UNIVERSITY OF COPENHAGEN
NIELS BOHR INSTITUTE

PhD Thesis
Frederik Grgnbaek Tidemand

Structural investigation of the tissue factor:Factor

Vlla:Factor Xa complex

Optimizing carrier systems to provide experimental setups allowing for the investigation
of lipid interactions and the structure of a multicomponent system

Principal supervisor: Professor Lise Arleth
Co-supervisor: Professor Birthe B. Kragelund

13t of September 2019






Project description

This project was conducted in the Structural Biophysics group, at the Niels Bohr Institute,
University of Copenhagen. The project was supervised by Lise Arleth and co-supervised by
Birthe B. Kragelund in the period between the 15" of September 2016 to the 14*" of September
2019. Exactly eight days after the official initiation of the project, I joined my first beamtime
in Grenoble, France, and throughout the entire course of the project I have participated in a
total of 16 beamtimes in France, Germany, England, and Australia. The project was conducted
and financed as a part of the Novo Synergy consortium headed by Birthe B Kragelund. A large
part of the three years has been spent in different labs, namely in the lab at the Niels Bohr
Institute, the Institute of Biology and a major fraction of the time at Anja Thoe Fuglsangs lab
at the Department of Plant and Environmental Sciences at the Faculty of Science. The thesis
has been submitted for the degree of Doctor of Philosophy at the University of Copenhagen. A
more detailed description of the focus of the work and the content of this thesis will be described

in the following sections.

Motivation and objectives

The interplay between lipids and proteins is to an increasing degree, recognized as an essential
parameter in many biological functions, and this interplay was also one of the main motivations
to engage in this project. Most structural experimental methods currently available, are mainly
directed towards investigating proteins or lipids separately, creating a gap in our knowledge on
the structural interplay between the two. During the last three years, I have investigated the
blood coagulation system, which contains one membrane protein (MP): Tissue Factor (TF), and
several lipid-binding proteins. As for many other similar systems, high-resolution structures
of many of the soluble proteins are available, but the interaction with the lipids is poorly
understood. The pathway is initiated by the complex formation between TF, and the soluble
Factor VIIa (FVIIa). The TF:FVIIa complex activates Factor X (FX) to FXa, in a catalytic
mechanism that is markedly increased by the presence of a lipid bilayer. Intriguingly, the lipid
composition of the membrane is also essential for the activity, as the Phosphatidylserine (PS)
lipids have been shown to increase the activity of the complex even further. The structural nature
of this effect is not entirely understood, but it is well known that the affinity between FX and
a membrane increases with the amount of PS present in the membrane. The lipid interaction
recruits FX to the membrane, where the TF:FVIIa complex is situated, thus increasing the
probability of activation. It is also likely PS affects the activation in various other ways, but
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this is still unclear.

The structures of the soluble proteins in the complex have been solved, using either X-ray
crystallography or nuclear magnetic resonance, but these methods are not useful for the full
complex due to the presence of the lipid membrane (which hampers crystallization), and the
large size of the system, respectively.

Therefore, other techniques, such as small angle scattering (SAS) or cryo electron microscopy
has to be employed. SAS is a technique that provides structural information in the medium
to low-resolution range. Measurements are performed in solution, and are compatible with the
presence of lipids and therefore ideal for bridging the gap between the high-resolution pieces and
the unknown overall structure of the complex. However, in order to perform such experiments,
TF needs to be incorporated in a carrier system, providing a hydrophobic environment for the
transmembrane domain, but also a lipid bilayer for the interactions with FVIla and FXa. A
fraction of the available carrier systems contains lipids, while others keep the MP in solution by
attaching to it directly, such as detergents and amphipols. One of the lipid-containing systems is
the nanodisc (ND), which has been used throughout this study. The ND is a molecule composed
of a lipid bilayer surrounded by two amphipathic membrane scaffolding proteins (MSPs). This
provides a particle which is interesting as a membrane mimic on its own, but also very useful to
facilitate studies on MPs incorporated in the ND. In relation to the blood coagulation system,
it is a very advantageous feature that the lipid composition of the ND easily can be varied. This
is especially important as recent studies have suggested that a broader range of lipids, besides
just PS, influences the activity of the TF:FVIla complex, but this is still to be explored.

In summary, the primary motivation to perform this project was to gain a deeper understanding
of the lipid-induced increase in activity as well as the structural features of the lipid: TF:FVIla:FXa
interplay. This was done by utilizing the ND technology which allowed for obtaining data on
the tertiary TF:FVIIa:FXa complex on a lipid bilayer.

Objectives

Three main objectives were defined for this project, and the main part of this thesis will revolve
around these. The first objective serves to lay the foundation for the experiments performed to
investigate objective 2 and 3.

1. Establish protocols which enable structural studies on TF in a membrane en-
vironment.
Before this project was initiated, initial attempts at producing and reconstituting TF in
NDs had been performed in our group. But as these previous studies were hampered by
low production yields and consequently, low sample concentrations for structural studies,
we decided to pursue a new production strategy. Also, optimization of carrier systems for
SAS were pursued as well as a sample deposition method for neutron reflectometry (NR)

experiments.

2. Investigate the mechanism behind the lipid-induced increase in activity of
TF:FVIIa.

Using the protocols established in objective 1, the aim was to obtain a combination of
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structural and functional data using different lipid compositions that could shed light on
the still elusive mechanism behind the lipid-induced activity increase of TF:FVIIa.

3. Obtain experimental data on the structure of the TF:FVIIa:FXa complex.
The overall objective of this project was to provide experimental data on the tertiary
complex, of which the structure has been pursued for decades. The protocols developed in
objective 1 should pave the road towards SAS data, which in combination with molecular
dynamics simulations could provide an experimentally supported model of the complex.

Cronology

The main goal of this project was to investigate the structure of the tertiary complex TF:FVIla:FXa,
but before it was possible to prepare such a sample, many roadblocks were faced. The first ob-
stacle was the production of TF in sufficient amounts and purity, which proved to be much
more complicated than first expected, and thus, an entire optimization study was conducted.
In parallel, a study on optimizing the NDs currently available was conducted, to ensure the
availability of a stable carrier system once the TF production was established. The two studies
converged at roughly the same time, allowing production of samples with TF and FVIla on a
solubility enhanced and circularized ND. However, to stabilize the tertiary complex, we needed
to utilize an inhibitor of the complex, as the FXa binding to the TF:FVIla complex is transitory.
In humans, the primary inhibitor of the complex is tissue factor pathway inhibitor (TFPI), but
this is reported to be difficult to produce. Therefore, for the present study, NAPc2 was chosen
as it possible to produce in E. Coli, had been structurally characterized and shown to stabilize
the quaternary complex. Though, as I started the investigation of NAPc2, it became clear that
the currently available structure did not represent the data I obtained, and thus what was sup-
posed to be a small part of the story ended up being a study on its own. At the same time,
an opportunity to perform NR emerged, and this seemed to be the perfect way to investigate
the protein-lipid interplay in the TF:FVIla complex. However, to perform such studies, a new
deposition technique had to be developed, which ensured incorporation of oriented membrane
proteins in a bilayer on a surface. I spent quite some time optimizing samples for these measure-
ments before ending up with a protocol that yielded the desired amount of TF in the membrane.
In this process we also discovered an interesting but rather annoying tendency of TF preferring
incorporation into discs containing PS lipids. Unfortunately, we also found that samples with
pure PC membrane were challenging to prepare in reasonable amounts. The mechanism be-
hind the PS preferring behaviour was not explored further due to time limitations, but this is
definitely the plan. However, the new deposition technique allowed for measurements on TF,
FVIla, and FXa on a PS containing bilayer, which in combination with a reference bilayer (e.g.
PC or PC/PE) might shed light on parts of the structural mechanism behind the PS induced
increase in activity. Lastly, SAS measurements were performed on the developed NDs with TF
and the complex assembled. Initial attempts at Cryo-EM measurements were also performed,

but due to technical issues with the microscope, the first attempts did not provide useful data.
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Thesis content

This thesis is divided into three parts, which serve to introduce the biology and experimental
methods, explain the main results, and show the seven resulting manuscripts, respectively. The

following gives a brief introduction to the different parts.
Part 1: Introduction

The introduction consists of two sections; ¢) introducing the biological background and the
available information about the structural features of the coagulation pathway. i) introducing
the theory behind the experimental methods utilized in this project. The hope is that this
introduction will prepare the reader for the following results and manuscripts, and provide the
overview needed to put the results presented in this thesis into the right context.

Part 2: Results and conclusion

This part functions as a summation of the most important findings in this project. I have both
included results that are also described in the manuscripts, but also some more preliminary
results that are not presented elsewhere. All results will be discussed ongoing and will be

wrapped up by a conclusion.
Part 3: Manuscripts

I have included six manuscripts and one report in which the main results obtained are presented.
One of the manuscripts is accepted in a peer-reviewed journal, while two are ready for submission.
The rest of the manuscripts and the report are currently lacking some final work before they are
ready for submission. A brief description of the status, the content, and my contributions to all
manuscripts can be found below.

Paper 1

Clircularized and solubility-enhanced MSPs facilitate simple and high yield production of stable

nanodiscs for studies of membrane proteins in solution’

Authors: Nicolai T. Johansen*, Frederik G. Tidemand*, Tam T. T. N. Nguyen, Kasper D. Rand,
Martin C. Pedersen, and Lise Arleth

* Authors contributed equally to the work.

This paper initiated the work on sequence optimized MSPs. By introducing a substantial amount
of solubility enhancing negatively charged residues, the yield of the circularization reaction
increased, and the final ND was in addition more stable at physiologically relevant temperatures.
An MP was incorporated, and SAXS studies showed that the structural integrity of the ND was

conserved despite all the mutations.
Status: Published in The FEBS journal, January 2019.

Author contributions: NTJ, FGT, and LA: Founded and planned the project. NTJ and FGT:
Designed the new constructs and conducted expression and purification of the proteins and did
the reconstitution of NDs. Also, SAXS, CD, SLS, and SEC measurement were performed and
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analyzed, except SAXS modeling, which was performed by MCP. TTTNN and KDR performed
MS and analyzed the data. NTJ, FGT, LA, and MCP co-wrote the manuscript.

Paper 11
"Clircularizing reconstituted nanodiscs using a fusion construct’

Authors: Frederik Grgnbaek Tidemand, Xiaoxuan Chen, Nicolai Tidemand Johansen, Tam T.
T. N. Nguyen, Kasper Dyrberg Rand, Birthe B. Kragelund, Lise Arleth

Continuation of Paper I, where the possibility to reconstitute an ND and perform the circulariza-
tion reaction post reconstitution was explored. In addition, a novel fusion construct containing
both the MSP and the Sortase was introduced, showing the possibility to rethink the circular-
ization process. An MP was also embedded, and the structure and activity were shown to be
unaffected by the post-circularization.

Status: In preparation. A fraction of the SAXS data presented is affected by radiation dam-
age and is preferably remeasured. Also, one of the purifications would benefit from further

optimization.

Author contributions: FGT, NTJ, and LA: Founded and planned the project. NTJ and FGT:
Designed the fusion constructs. FGT and XC: All experimental work except MS measurements
which were performed by TTTNN and KDR. FGT, XC, NTJ, BBK, and LA: Discussion of
results throughout the project and inputs to the direction of the project. FGT: Analysis of data
and writing of the manuscript.

Paper II1

"Peptide disc mediated control of membrane protein orientation in supported bilayers for surface-
sensitive investigations’

Authors: Alessandra Luchini, Frederik Grgnbeek Tidemand, Nicolai Tidemand Johansen, Mario
Campana, Javier Sotres, Michael Ploug, Marité Cardenas, Lise Arleth

To be able to investigate MPs in a lipid bilayer using NR, a method ensuring a unidirectional
orientation of the MP of interest was developed. Using peptidediscs as carriers of a patch
of membrane including the MP of interest, a complete membrane could be formed simply by
removing the peptide after deposition. This left a bilayer with all MPs in the same direction
ready for experiments such as NR, SPR, and AFM.

Status: In submission.

Author contributions: AL and LA: Founded and planned the project. AL and FGT: Opti-
mization of samples and sample preparation for experiments. AL and MCam conducted NR
experiments. AL, JS, and MCar conducted AFM measurements and did data analysis. MP
conducted SPR measurements and data analysis. AL conducted QCMD experiments and ana-
lyzed NR data. AL, FGT, NTJ, and LA discussed the data and results throughout the project.
AL wrote the manuscript with inputs from all authors.

Paper IV
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"Efficient refolding and reconstitution of Tissue Factor into nanodiscs facilitates structural in-

vestigation of a multi-component system on a lipid bilayer’

Authors: Frederik Grgnbaek Tidemand, Henrik @stergaard, Michael Ploug, Birthe B. Kragelund
and Lise Arleth

This work emerged as obtaining the quantities of TF needed for structural studies proved more
difficult than first expected. TF was expressed in inclusion bodies, and the subsequent refolding
was optimized as well as the reconstitution into NDs. The activity of the obtained TF was
probed to ensure a correct fold, and the first structural data on TF in NDs was obtained by

SAXS measurements, laying the foundation for some of the later work in this thesis.
Status: In submission.

Contributions: All authors contributed to the experiment design, FGT conducted all exper-
iments and data treatment with input from H@, BBK, and LA, except SPR measurements
which were conducted by MP. FGT wrote the manuscript with contributions and input from all

co-authors.
Paper V
"Probing the orientation of the tissue factor:Factor VIla complex in a lipid bilayer’

Authors: Frederik Grgnbaek Tidemand, Alessandra Luchini, Raul Araya-Secchi, Katrine Bugge,
Michael Ploug, Birthe B. Kragelund, Lise Arleth

The mechanism behind the increased activity of the TF:FVIIa complex upon the presence of
PS lipids is still not elucidated. One of the proposed mechanisms is interactions between the
ECD of TF and the membrane, and that this potentially could alter the activity. We explore
this by using the developed protocols from Paper III and IV and combining NR, NMR, SAXS,
SPR, QCMD, and molecular dynamics simulations to probe the importance of the bilayer in the

orientation of the TF:FVIla complex.

Status: In preparation. Unfortunately it has proven difficult to produce the samples with TF in
a pure POPC bilayer, and hence a useful dataset under those conditions is still needed before

this manuscript can be finalized for submission.

Contributions: FGT, AL, and LA founded the project. FGT produced proteins and samples. AL
performed NR and QCMD experiments and analyzed the data. RAS performed MD simulations.
FGT performed NMR and SAXS experiments. All results were discussed throughout the project
with all authors. FGT wrote the manuscript.

Paper VI
"Probing the flexibility of the blood coagulation inhibitor, NAPc2’

Authors: Frederik Grgnbak Tidemand, Katrine Bugge, Raul Araya-Secchi, Birthe B. Kragelund,
Lise Arleth

This project was initiated as NAPc2 was needed to stabilize the quaternary complex assembled
around TF. Initial studies of the structure of NAPc2, however, revealed that there was more
to the story than previously published, and a more thorough investigation was initiated. A
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combination of SAXS measurements and MD simulations revealed a large degree of flexibility in
NAPc2, and the initial NMR results also support this. Mapping the interface between NAPc2
and FVIla was unfortunately not finalized within the project time-frame, but will become im-
portant for modeling the entire complex.

Status: In preparation. Due to time limitations, NMR experiments using '*CN-NAPc2 were
not done, and hence, assignments of the residues were not possible. This leaves the NMR part of
the manuscript unfinished, and these experiments have to be conducted before the manuscript
can be finalized.

Contributions: FGT, BBK, and LA founded the project. FGT optimized expression and pu-
rification, produced all proteins, performed all activity assays and SAXS measurements. FGT
and KB conducted NMR experiments and data analysis. RAS performed all simulations. RAS
and FGT analyzed SAXS data. Results were discussed throughout the project with all authors.
FGT wrote the manuscript.

Report 1

’Structural investigation of the tissue factor:Factor VIla:Factor Xa:NAPc2 complex on a lipid
bilayer’

Authors: Frederik Grgnback Tidemand

This report contains SAS data on tissue factor in an ND, and with relevant interaction partners
bound. Data on the quaternary complex in an ’invisible’ ND is also presented.

Status: In preparation. Most data is collected, but modeling of the data is lacking. This
involves modeling of the individual parts, but also the assembly of the complex and subsequent
refinement using SAS data.

Contributions: FGT conducted all the work presented in this report.
Other manuscripts

During this project, I also contributed to the following paper, but as the contributions are rather
small, it is not included in the thesis.

"PSX: Protein-Solvent Exchange - Software for calculation of deuterium-exchange effects in
SANS measurements from protein coordinates’

Authors: Martin Cramer Pedersen, Yong Wang, Frederik Grgnbak Tidemand, Anne Martel,
Kresten Lindorff-Larsen and Lise Arleth

Status: Accepted in Journal of Applied Crystallography, April 2019.

FGT contributions: Sample preparation and SANS measurements of BSA at different pH-values
and D20 exposure times. Writing of methods section related to the SANS experiments.

Other work

As a part of the last three years, I have also conducted work on another study which is not
included in this thesis and has not resulted in publications. An extensive investigation of the

Sodium dodecyl sulfate mediated unfolding of various proteins probed by isothermal calorimetry,
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SAXS, and circular dichroism. This has also been the topic of three Bachelors’s projects of which
I was the daily supervisor. Plenty of data is available from these studies, and the plan is to

finalize a manuscript based on this data after handing in this thesis.

Also, I was the daily supervisor of a Bachelors’s and a Master’s project on the work presented

in Paper II.
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Abstract

Structural investigation of proteins in a lipid context remains challenging due to the unavail-
ability of suitable experimental techniques and sample environments. Two of the most common
techniques, for probing protein structures, are X-ray crystallography and nuclear magnetic res-
onance (NMR). However, for systems involving lipids, these two techniques are not commonly
applied, as the presence of a lipid membrane makes crystallization infeasible, and the relatively
large size of most lipid-containing systems makes the tumbling too slow for NMR measurements.
Therefore, other techniques, such as small angle scattering (SAS) or cryo electron microscopy,
have to be used. SAS measurements are performed in physiologically relevant conditions, and
measurements on systems containing both proteins and lipids are possible, albeit information is
obtained with a relatively low resolution.

In this thesis, the membrane protein tissue factor (TF), and its soluble interaction partner Factor
Vlla, has been investigated. Upon the rupture of a blood vessel, the formation of the TF:FVIIa
complex occurs and initiates the extrinsic blood coagulation pathway. TF:FVIIa recognizes
the macromolecular substrate, Factor X (FX) and activates it to FXa, which subsequently
participates in the common coagulation pathway, ultimately resulting in blood clotting. The
activity of the TF:FVIla complex, is markedly increased upon the presence of a lipid membrane,
and in general, lipid interactions are essential in the blood coagulation system. High-resolution
structures of the individual soluble parts of the tertiary TF:FVIla:FXa complex have been
solved, but as the tertiary structure can only be formed in the presence of a lipid bilayer, it is
challenging to approach experimentally. In the presented work, the nanodisc (ND), which is a
small lipid bilayer encircled by two amphipathic proteins, was utilized to facilitate the formation

of the tertiary complex.

Firstly, the production of TF was established in order to obtain the relatively large amounts
required for structural studies. In the same study, the incorporation of TF into the developed
circularized and solubility enhanced NDs (csND) was optimized. The csNDs were shown to
possess higher temporal stability, and to be easy to produce in large amounts. Having TF in a
¢sND enabled functional studies, showing the expected activity of TF. Also SAS measurements
were performed both on TF in a csND, but also with FVIla added, demonstrating the anticipated
enlargement of the particle. However, the interaction between the TF:FVIIa complex and FXa
is only transitory, and thus we had to deploy an inhibitor, NAPc2, which stabilize the complex,
allowing for SAS measurements. In parallel, neutron reflectometry was used to probe the heights
of TF and FVIla on a membrane. These measurements provided the opportunity to evaluate

the orientation of both TF and the TF:FVIla complex on a membrane. Measurements were also
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performed on FXa, revealing that the FVIla active site and the cleavage site on FX, are located
at the same height, which highlights an essential function of the membrane, and potentially
explains part of the membrane induced increase in activity.

In summary, this project provided new insights into the lipid-protein interplay in the TF:FVIla:FXa
system. In addition, the first structural data on the quaternary TF:FVIla:FXa:NAPc2 complex
on a lipid bilayer was obtained, laying the foundation for modeling of the TF:FVIla:FXa com-
plex.



Resumé

Strukturelle undersggelser af proteiner i samspil med lipider forbliver en udfordring pa grund
af de eksperimentelle metoder der er til radighed. To af de mest anvendte metoder til protein
struktur bestemmes er rgntgen krystallografi og kerne magnetisk resonans (NMR). Ingen af
disse to metoder er dog sarlig anvendelige nar der er lipider tilstede, da fleksibiliteten gor
krystallisering sveer, mens den store stgrrelse som protein-lipid komplekser ofte har, ggr NMR
umulig. Derfor ma man ty til andre metoder ved undersggelse af disse prgver, og her kommer
sméavinkel spredning (SAS) ind i billedet. Modsat krystallografi og NMR, kan man med SAS
kun fa information med lav oplgsning, men prgverne kan males under fysiologiske betingelser,

og man kan male pa prgver der bade indeholder proteiner og lipider.

In denne athandling er membranproteinet tissue factor (TF) of dets oplgselige binding part-
ner Factor VIIa (FVIIa) blevet undersggt. Ved skade pa en blodare kan TF og FVIIa danne
komplekset der starter den indre blod koagulerings kaskade. TF:FVIIa komplekset genkender
sa Factor X (FX) og aktiverer det til FXa som efterfolgende indgéar i den feelles koagulerings
kaskade der ender med stoppe blgdning.

Aktiviteten af TF:FVIla komplekset bliver markant forgget ved tilstedevaerelsen af en lipid-
membran, og generelt set er lipid interaktioner fundamentale i blodkoaguleringskaskaden. Hgj
oplgsnings strukturer af de individuelle oplgselige dele af det tertizere TF:FVIla:FXa kompleks
er blevet lgst, men da det tertizere kompleks kun kan dannes i tilstedeveerelsen af en membran
er det svaert at undersgge det eksperimentelt. I dette projekt er nanodiscen (ND), der er et lille
stykke membran omkredset af to amfipatiske proteiner, blevet brugt som membran til bindingen
af det tertizere kompleks. Fgrst skulle produktionen af TF dog optimeres, da den var vigtig for
at kunne fa de relativt store meengder rent protein der er ngdvendige for at lave strukturelle
studier. I det samme delprojekt blev inkorporeringen af TF i de udviklede cirkulere og oplgse-
ligheds optimerede NDs (csND) ogsa optimeret. Vi viste ogséd at csND’erne have en hgjere
stabilitet over tid, og at de var relativt lette at lave i store maengder. Med TF i csND’ere kunne
vi udfgre funktionelle studier der viste at TF havde den forventede aktivitet, men vi kunne ogséa
lave strukturelle studier. SAS-eksperimenter blev lavet pa bade TF i ND’ere men ogsd med
FVIla tilsat, hvilket viste den forventede stgrre stgrrelse af partiklen. Vi forsggte derefter at
tilszette FXa, men da interaktionen kun er kortvarig var vi ngdt til at bruge inhibitoren NAPc2
til at lase komplekset. Da vi tilsatte NAPc2 kunne vi samle det nu kvaternsere kompleks pa en
ND og derefter udfgre SAS malinger.

Samtidig lavede vi neutron reflectometri malinger der tillod os at male hgjderne og orien-

teringerne af bdde TF, FVIla og FXa pa en membran. Vi sa at hgjen af FVIlas aktive site
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var den samme som klgvningssitet pad FX, hvilket understreger at lokalisering af disse er en
vigtig membran funktion. Dette kan muligvis ogsé veaere del af forklaringen pa den lipid induc-
erede stigning i aktiviteten af TF:FVIla komplekset.

Alt T alt har dette projekt givet ny viden om lipid-protein sammenspillet i TF:FVIla:FXa kom-
plekset og lagt fundamentet for modelring af komplekset pa en lipidmembran.
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Acronym Description

Acronym Description
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AFM Atomic force microscopy

CMP Contrast match point

cMSP Circularized membrane scaffolding protein

cND Circularized nanodisc

csdHbH Circularized and solubility enhanced MSP1\delta H5D1
csE3 Circularized and solubility enhanced MSP1E3D1

d18A Dark 18A

desND Deuterated circularized and solubility enhanced nanodisc

DG-FVIla  Des-gla Factor VIla
DG-FXa Des-gla Factor Xa

dND Deuterated nanodisc

ECD Extracellular domain

EGF Epidermal growth factor

EM Electron microscopy

EPOr Erythropoietin receptor

eSrt Evolved Sortase

F Factor

fE3 Fusion construct of csE3 and eSrt
FL Full length

FRET Forster resonance energy transfer
FVII Factor VII

FVlIla Factor VIla

FX Factor X

FXa Factor Xa

GHr Growth hormone receptor
Gla v-carboxyglutamate

GuHCI Guanidine hydrochloride
hND Hydrogenated ND

ICD Intracellular domain

IEC Ton exchange chromatography
Ky Dissociation constant

Xiv



List of abbreviations

Km
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MSP
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SAXS
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SEC
SLB
SLD
SM
SPR
sTF
TEV
TF
TFPI
TMD

Michaelis—Menten constant

Linear and solubility enhanced MSP1E3D1
Molecular dynamics

Match-out

Membrane protein

Membrane scaffolding protein

Mass transport limitation

Nematode Anticoagulant protein c2
Nanodisc

Nikkel Nitrilotriacetic acid

Nuclear magnetic resonance

Neutron reflectometry

Nitrilotriacetic acid

Phosphocholine

Protein data bank
Phosphatidylethanolamine
1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
Phosphoserine

Quartz crystal microbalance with dissipation monitoring
Resonance units

Small angle neutron scattering

Small angle scattering

Small angle X-ray scattering

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Size exclusion chromatography

Supported lipid bilayers

Scattering length density

Sphingomyelin

Surface plasmon resonance

Soluble tissue factor

Tobacco etch virus

Tissue factor

Tissue factor pathway inhibitor

Transmembrane domain
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Part 1

Introduction






1 | The human blood coagulation system

The main aim of this PhD-project was to obtain structural information on the tissue factor
(TF):Factor VIla (FVIIa):Factor Xa (FXa) complex, which plays an essential role in the hu-
man blood coagulation pathway. This chapter presents an overview of the coagulation sys-
tem in humans and an in-depth description of the mechanisms and structural features of the
TF:FVIla:FXa complex.

1.1 Coagulation pathways

The blood coagulation pathway can be divided into three subpathways: The intrinsic, the ex-
trinsic, and the common pathway, as illustrated in figure 1.1A. These pathways consists of many
different proteins, all having their specific place in these cascade mechanisms. All the pathway
proteins share the common name: Factor (F) followed by and a Roman numeral unique for each
protein, with some exceptions listed in table 1.1. All the factors listed as Protease zymogens in
table 1.1 can be activated by limited proteolysis. Upon activation a lowercase ’a’ is added to
the name [1]. In some activation mechanisms the protein mass is keept intact, while in others
the so-called activation peptide is released. Following activation, the now separated domains
are held together by disulfide bonds, conserving the same overall shape.

The in vivo triggering mechanism of the intrinsic pathway is still not known, and it is likely that
multiple activators can initiate the pathway. Currently, activators ranging from specific proteins
to extracellular nucleic acids and glycosaminoglycans have been proposed [1]. In wvitro studies
show that activation of FXII to FXIla is initiated when blood comes in contact with an artificial
surface [2], as shown as the first step in figure 1.1. The next steps are well understood: FXIIa
activates FXI and FXIa activates FIX. FIXa and FVIIIa form the intrinsic Tenase complex that
activates FX, which then goes into the common pathway [3].

The extrinsic pathway contains fewer steps, and the triggering mechanism is well documented
[1, 4]. While all the other coagulation factors are present in the blood stream, TF is located
on the surface of the cells surrounding the blood vessels [5, 6]. Upon rupture of a blood vessel,
FVII is able to interact with TF by forming the TF:FVII complex which initiates the extrinsic
pathway. The complex formation increases the activity of FVIla by more than 100,000 times,
making TF an essential regulator. Low amounts of the active FVIIa (~ 1%) is present in the
blood, while the major fraction is zymogen FVII constituting 99% of FVII [7, 8]. Activation
of FVII can be performed by FVIla, FXa, or FIXa and mainly occurs after complex formation
with TF [9]. However, the precise mechanism by which FVII activation occurs is still not fully

3
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Figure 1.1: Simplyfied overview of the human blood coagulation pathway.

understood and will be discussed in greater detail in a later section. The activated TF:FVIla
complex is also called the extrinsic tenase complex as it activates FX to FXa. FXa interacts
with FVa in a complex on the membrane surface, called the Prothrombinase complex, which
activates Prothrombin to Thrombin. Thrombin cleaves Fibrinogen leading to formation of fibrin

which participates as structural elements in clotting the blood vessel leak.

As seen in table 1.1, the plasma levels of the different coagulation factors spans four orders of
magnitude, which is really one of the strengths of the pathway. Generally the concentration of
the specific protein involved is increased with each step of the pathway and in combination with
the consecutive activation this results in a really efficient way to amplify the signal. Especially
Fibrinogen is present in high amounts (~3 mg/ml), which is needed as it is the structural
foundation of clotting, but also both Prothrombin and FX are present in relatively high amounts

as they constitute the two final steps before clotting.

No  Common name Function MW (kDa) Plasma level (nM)
I Fibrinogen Structural 340 8824
1I Prothrombin  Protease zymogen 72 1389
111 Tissue Factor Cofactor 37 0
v Factor V Cofactor 330 30

VII Factor VII Protease zymogen 50 10

VIII Factor VIII Cofactor 330 0.3
X Factor IX Protease zymogen 56 89
X Factor X Protease zymogen 56 179
XI Factor XI Protease zymogen 160 31

XII Factor XII Protease zymogen 80 375

Table 1.1: Overview of relevant proteins involved in coagulation. Information about molecular weight and plasma

levels are from [6]. Plasma levels can differ from person to person.
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In addition to the mentioned coagulation factors, platelets are important constituents of a well-
functioning coagulation system. Platelets are cellular fragments of about 2-3 um in diameter,
which do not contain a nucleus, but still retain other cellular components such as mitochondria,
mitochondrial DNA and endoplasmic reticulum [10]. Platelets circulate in the plasma, and are
upon vascular injury recruited to the site of injury, forming an initial plug. Subsequently, the
platelets provide the phospholipid membrane facilitating the activation of many of the mentioned
coagulation factors and also participates as a part of the plug itself [11, 10].

1.2 Molecular features of the TF complex

1.2.1 The TF:FVIla complex

As previously mentioned, the formation of the TF:FVIIa complex initiates the extrinsic pathway.
TF is a 37 kDa integral MP with a single transmembrane helix connected to an N-terminal
globular extracellular domain (ECD) and a, likely disordered, short intracellular domain (ICD)
in the C-terminal. The ICD is generally accepted to be insignificant for the clotting activity but
possesses a possible regulatory mechanism in tumor growth and angiogenesis, both regulated by
phosphorylations in the ICD [12, 13]. However, as this introduction focuses on the mechanisms
behind blood clotting, the regulatory functions of the TF ICD is out of scope. The TF ECD
spans the first 219 residues, and is composed of two fibronectin type III domains, which is a
beta sandwich structure. Both fibronectin domains contains a disulfide bridge and are joined
at an angle of 125 degrees (figure 1.2). C-terminally of the ECD, a 10 residue long linker is
present before the TMD starts. No structural information is published about the linker, but it
is likely flexible, as no electron density was present in the crystal structure, even though the
crystallized protein contained part of the linker. Also the TMD is structurally uncharacterised,
and the exact start end end points are predicted by MP topology predictors.

FVIla is a soluble 50 kDa protein consisting of a Gla-domain, two epidermal growth factor
(EGF)-like domains, and a C-terminal serine protease domain. A signal peptides ensures local-
ization to the Golgi apperatus and later secretion to the blood. The Gla-domain is named after
the ten y-carboxyglutamate (Gla) residues situated in the membrane binding region and is only
completely folded upon the binding of multiple calcium ions. The Gla residues are formed by a
carboxylase in the Golgi and has been shown to be essential for clotting [14]. The binding of the
calcium induces a conformational change in the domain which serves to direct three hydropho-
bic residues outwards enabling the lipid interaction of the domain. The active site of FVIlIa is
located in the protease domain, is called the catalytic triad and consists of a His'%3, Asp?*? and
a Ser** (red residues, figure 1.2A) [15]. This triad enables a charge transfer which prepares
the serine for a nucleophilic attack [16]. Therefore, it is essential that these three residues are
located precisely in the correct spatial configuration, and this configuration is highly conserved
among serine proteases. Zymogen FVII is a single polypeptide string, but upon activation to
FVIla, cleavage of the scissile bond (between Arg!®? and Ile'®®) divides the protein into the
heavy and light chain. The two chains are keept together by a disulfide bridge, and the protein
is now active. Upon activation, the newly formed N-terminal (from the cleavage) inserts into
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the active site of FVIIa and stabilize the catalytic trade in the correct position [17]. The region
in FVII containing the scissile bond is unstructured, which hampers structural determination of
FVII, and thus the precise structural rearrangement is not fully characterized.

The binding between TF and FVIIa is very strong with a K, in the pM range [18, 19] (figure
1.3F) which is below the reported plasma levels of FVII (around 10 nM, see table 1.1). Many
studies have been conducted using a truncated version of TF only containing the soluble ECD
of TF called sTF. sTF has a lower affinity for FVIla with a K; three orders of magnitude
higher than WT TF in a lipid bilayer [18] (figure 1.3E). The crystal structure of the sTF:FVIIa
complex was solved in 1996 [20] (figure 1.2A) showing an extended binding interface providing
many contact points between the two proteins. FVII and FVIIa bind TF through approximately
the same interface, suggesting that TF confers a dual role a the membrane surface: ) recruiting
FVII to the surface for activation and %) increasing the activity of FVIIa. It is well established
that TF binding induces a stabilization of the FVIla catalytic trade and also loops which play
a vital role in substrate recognition [21, 22, 23]. Biochemical studies have shown that especially
Met!%* on FVIIa plays a critical role in the TF induced activity of FVIIa [24].

Figure 1.2: sTF:FVIla complex. Green: TF. Blue: FVIIa. PDB ID: 1DAN [25].

The membrane is also important for FVIIa binding: Firstly, the FVIla Gla-domain is known to
have affinity for the membrane (figure 1.3B) [26] (which will be discussed in details later) and
secondly, interacting with the membrane will restrict FVIIa in the correct orientation for TF
binding. To elucidate the importance of the FVIIa Gla-domain, Neuenschwander and colleagues
used a variant of FVIIa lacking the Gla-domain (des-gla, DG-FVIIa) [27], which did not have any
affinity for the membrane (figure 1.3A). Previous studies had shown that the affinity between
FVIIa and a membrane containing 30% PS had a K, in the low M range [26, 28] (figure 1.3B).
The K; of DG-FVIIa and TF in the membrane was found to be 50 nM which is a 1000 times
higher than that of FVIIa [27, 18] and is almost similar to that of sTF and FVIIa (figure 1.3D,
F and E).

In conclusion, it seems that the strength of the TF:FVIla interaction mainly arises from the
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Figure 1.3: Affinity between FVIIa and TF in different cases with the associated K, values stated in the figure.
All values are from [27, 18]. NB: No binding.

protein-protein interactions, but it is also evident that in order to obtain the maximal K, the

membrane has to be present.

1.2.2 Factor X

Structurally FX is very similar to FVIla, with the same overall domains: The Gla-domain, two
EGF-like domains and the serine protease domain containing the active site (figure 1.4). As
for FVIla, the Gla-domain binds a number of calcium ions, and mediates the lipid binding of
FX(a). The affinity for the lipids is critical for the function of FXa, as the complex with FVa
(the Prothrombinase complex) is formed on a lipid bilayer, only mediated by the Gla-domains
of FXa and FVa. The FXa catalytic triad is very similar to that of FVIIa and consists of His?3,
Asp?®2 and Ser®™ [29].

The structure of full length (FL) FXa is not solved, and the model presented in figure 1.4A is
based on existing strctures of parts of FXa and completed by homology modeling [30]. Contrary
to FVIIa, FX is divided into the heavy and light chain by specific proteolysis in the Golgi
apparatus [31]. This means that upon activation of FX by FVIIa, the cleavage of the Arg!94-
I1e!?5 bond results in release of the activation peptide. The structure of the protease domain of
FXa is also similar to that of Thrombin, however it is much more specific. The residue Asp3™
has proven important in substrate recognition and is probable the explanation for the relatively

high specificity of FXa compared to e.g. thrombin [29].

In the activation by the TF:FVIla complex, FX docks on the complex and is after activation
released again. The precise binding interface is not known, as the tertiary structure is not
determined (will be discussed in greater detail in a later section) but flourensence studies have
highlighted some important residues [32]. All these residues are located on the lower part of TF
on the opposite side of the FVIIa interface. As the formation of the tertiary complex requires
the presence of lipids, high resolution structural information is highly challenging to obtain.
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Figure 1.4: Overview of the structure of FXa. A: FXa from computational model presented in [30]. B: Illustration
of FXa.

1.2.3 Glycosylations

Both TF, FVII and FX are glycosylated in their natural form. Recombinant TF expressed
in mammalian cells has three N-glycosylations in the ECD, namely Asn'!, Asn'?* and Asn'37
[33]. Contradicting results have been published on the importance of these glycosylations with
regards to clotting activity. The very first study on this matter demonstrated that adding the
carbohydrate-binding protein Con A, markedly reduced the TF activity indicating glycosylations
are important for the function of TF [34]. However, later studies using recombinant purified TF
from mammalian cells (containing glycosylations) and E. Coli (without glycosylations) suggested
that glycosylations were without implications for the activity, as the two proteins exhibited
similar activity [35, 36]. Other studies suggests that there is a decrease in activity of TF from
human placenta compared to TF produced in insect cells and TF produced in E. Coli. In support
of this, deglycosylation of placenta TF has been shown to result in a decreased activity [37]. It
is still unknown what gives rise to these discrepancies in the literature. One explanation could
be the difference in experimental setups, as the TF dependency on glycans might be different
when probed in vivo or in vitro, but this is still to be determined [38].

FVII contains four glycosylation sites, two O-glycosylations (Ser’® and Ser®) and two N-
glycosylations (Asn'#® and Asn®??) [39]. It has been suggested that the N-glycosylations are
mainly involved during folding of FVII, while O-glycosylations are involved in the function of
FVII [40]. Studies by Ilno and colleagues showed that mutations of Ser®? and Ser® to Ala
reduced the clotting activity of FVII to only 14% of the WT activity [41]. This correlates with
a small increase in K of the double mutant towards TF compared to WT FVII [41] suggesting
that the O-glycosylations are involved in TF binding. The O-glycosylations have been found to
be relatively homogenous as only one species is found on Ser%” while three different glycans were

322

found on Ser®?. On the other hand the glycans on Asn®?? and on Asn'#® are rather heterogeneous

[40].

Similarly to FVII, FX contains two O-linked (Thr'®® and Thr'™) and two N-linked (Asn'®! and
Asn'?1) glycosylation sites. Very interestingly all four sites are located in the activation peptide
[42, 43]. A study by Wang et al. showed that the glycans on FX were essential in restricting
the interaction between FX and FVIla if TF were not present. Removing all four glycosylations
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resulted in a 20-fold increase in K, in the activation by the TF:FVIla complex, which suggests
that the glycosylations provide important interactions mediating FX binding [43]. Lastly, it was
found that the glycosylations protected FX from unspecific activation.

1.2.4 Encryption of TF

In the 1970s it was suggested that only a small fraction of the TF present on cell surfaces is
actually in an active state [44]. Later studies confirmed this finding and estimated that around
80% of TF on cell surfaces is in an inactive state, which is typically referred to as cryptic TF [45].
In addition, a study by P. Giesen et al. found that contrary to previously proposed theories,
low levels of TF are present in the blood [46]. This also points towards the fact that TF must be
regulated by other means than just being separated physically from FVIIa, as unwanted clotting
would otherwise occur. The origin of this cryptic state has been discussed and investigated ever
since, but to date no definite answer has been found. This is probably because there is no single
mechanism that can explain this phenomenon, rather it is the sum of different contributions
[47]. In the following sections the two main encryption mechanisms proposed will be described
as the encryption is a key question in the mechanism of TF regulation, and has been so for the

last decades.

1.2.4.1 Structural encryption

The ICD of TF is, as previously described, not important for clotting activity, but it was
hypothesised that it could influence the cryptic state of TF [12, 38]. TF is a member of the
cytokine receptor superfamily which also contains the growth hormone receptor (GHr) and
erythropoietin receptor (EPOr) [48]. Both the GHr and the EPOr are crystalized as dimers
[49, 50] and TF could therefore potentially also be regulated by a dimer:monomer equilibrium.
Chemical cross-linking experiments revealed the presence of dimeric TF on the cell surface and
laid the foundation for the theory illustrated in figure 1.5A and B [51, 52]. As seen in the figure,
TF contains a free cysteine in the ICD which was expected to mediate the dimerization, but
studies showed that both the ICD and the TMD were important for the dimerization [52]. When
treating cells with an ionophore that binds calcium irreversibly and triggers the TF activity it
was found that this ionophore also induced monomerization of TF as probed by cross-linking
[52]. It was proposed that the mechanism behind this finding was blocking of the FX binding
interface due to dimerization, resulting in deactivation of the complex. Upon calcium influx
monomerization was thus propsed to increas hence increasing the TF activity. However, other
studies have shown that TF is mainly expressed as a monomer, which should provide unwanted
clotting according to the hypothesis stated above. In addition, a study using an sTF construct
forced to form a dimer in the C-terminal did not show any decrease in activity [53]. Furthermore,
two studies published shortly after, showed that the ICD does not interfere with the encryption
of TF, again suggesting that the explanation should be found elsewhere [54, 55]. Even though
the current data demonstrate conflicting results, the most common opinion is that dimerization
is not a part of the encryption mechanism of TF.

The other suggested structural encryption mechanism for TF, is the formation of the second
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Figure 1.5: Structural encryption of TF: A 4+ B: Dimerization of TF. A: Cryptic state when TF is a dimer. B:
Active state upon monomerization of TF. C + D: Formation of a disulfide bridge in the TF ECD. C: Cryptic
state when disulfide bridge is not formed. D: Active state upon formation of disulfide bridge.

disulfide bridge (between Cys'® and Cys?%?) located in the C-terminal part of the ECD of
TF (figure 1.5C and D). A mutational study showed that mutating both cysteines (Cys'®6 and
Cys?%) to serines decreased affinity to FVIIa 20-fold and the activity of the complex 30-fold,
while mutating the two other cysteines in the ECD did not affect binding nor activity [56]. A
recent molecular dynamics study showed that sTF with all disulfide bridges formed, introduced a
rigid conformation of FVIIa upon complex formation [57]. When performing the same simulation
with the mutant unable to form the second disulfide bridge, a much more flexible conformation
of FVIla was observed. The introduced stability in FVIla was suggested to mediate the correct
orientation, needed to reach a high activity. The dramatic loss in affinity of the mutant sTF
towards FVIla is contrary to what has been described for the cryptic state of TF, as the affinity
of cryptic TF is unchanged, and thus the mutant do not directly confer the cryptic TF. Thus
in conclusion with the data currently available, it is impossible to draw any conclusions on this

encryption mechanism.

1.2.4.2 Lipid mediated encryption

It is well established that the human lipid membrane has an asymmetrical distribution of lipids,
and that this asymmetry aids and regulates many cellular processes [58, 59, 60]. The membrane
contains a variety of phospholipids, sterols and MPs and the general comprehension moves
towards the hypothesis that many biological processes involving either of the three is regulated
by an interplay between all three. When disregarding the MPs, the human membrane consists
of about 50% Cholesterol and 50% phospholipids [58]. The distribution of the most common
phospholipids can be seen in figure 1.6A, with mainly Sphingomyelin (SM) and Phosphocholine
(PC) in the outer leaflet and mainly Phosphoserine (PS) and Phosphatidylethanolamine (PE)
in the inner leaflet. As seen from the phospholipid structures in top of figure 1.6B, this also
gives an asymmetrical distribution of charges, as PS is the only one of the four carrying net
charged headgroup, while both SM, PC and PE are zwitterionic. The structures in figure 1.6B
are the ones primarily used in vitro studies, but in the human membrane a variety of different

tail lengths can be found.

It has been evident for many decades that the blood clotting cascade is heavily dependent on
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Figure 1.6: A: Distribution of the most common phospholipids (based on headgoup) as found in the human
membrane. Numbers from [61, 62]. B: Chemical structures of relevant lipids.

the presence of a lipid membrane, and especially the fact that the PS enhances the activity of
the TF:FVIla complex [63, 64, 65]. It is widely accepted that PS is needed to obtain decrypted
TF, but whether exposing TF to PS can cause full TF activity is still discussed [66]. In addition,
the mechanism by which PS increases the activity of the TF:FVIla complex is not understood
and is still investigated. As mentioned earlier FVIIa has a K; in the low uM for a membrane
containing a mixture of PS (30%) and PC(70%), while no interaction occurs in with a pure PC
membrane [26, 28]. Therefore, it is quite curious that the K, of the interaction between FVIIa
and TF in a membrane with an increasing amount of PS is not affected [18].

Figure 1.7: Activity of different FVIIa variants with or without different TF variants. Upper panel: Activity of
the given FVIla towards a peptide substrate. Lower panel: Activity of the given FVIla towards FX. All values
are from [26, 28, 27, 18].

A decrease in Ky is also observed for the FX:membrane interaction when increasing the PS con-
tent and no binding when the membrane only consists of PC lipids [19]. This probably correlates
with the decrease in K, of the FX activation by TF:FVIIa when increasing the PS content in
the membrane, but other factors might also participate in the increased activity. An explana-

tion for the increased activity upon PS exposure was proposed to be a PS induced allosteric
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conformational change of FVIla, which would alter the active site. This was investigated by
comparing membrane-anchored TF bound FVIIa and DG-FVIIa cleavage of a peptide substrate
mimicking FX [27]. From this study Neuenschwander et al. found that the activity towards the
peptide substrate was identical for the two proteins (figure 1.7D and F), and concluded that
the interaction between FVIIa and PS did not change the active site of FVIIa. On the other
hand the activation of FX decreased 740-fold by removing the FVIIa Gla-domain (figure 1.7D
and F) suggesting that the Gla-domain plays an essential part in the activation of FX [27]. It
is also very interesting that activity towards the peptide substrate is identical for FVIIa and
DG-FVIla bound to sTF, but that the activity towards FX is three orders of magnitude higher
for the FVIIa complex (figure 1.7C and E). This underlines the importance of the Gla-domain,
not only for membrane binding, but also for substrate (FX) recognition.

To further asses these different scenarios, McCallum et al. investigated the height of the active
site of FVIIa over the membrane [67, 68]. This was done by fluorescence resonance energy
transfer (FRET) measurements between a probe attached to the active site of FVIIa and one
attached to the lipid head groups. The height of free FVIIa on the membrane was determined
to be 83 + 3.3 A (figure 1.8A), while when TF was in the membrane the height decreased to
75+ 1.8 A (figure 1.8B). This suggests that TF induces a change in the orientation of FVIIa
towards the membrane, to a more tilted angle. The same height of the active site was found
by an MD study performed on the TF:FVIIa complex on a membrane, supporting this theory
[69]. Performing the FRET experiment with DG-FVIIa provided a distance of 78 4= 1.8 A (figure
1.8C), which is within the error range of TF bound FVIIa, and thus these data suggests that the
Gla-domain does not influence the FVIIa orientation when bound to TF [67, 68]. Potentially,
the tilted orientation of FVIIa upon TF binding provides the correct height for accessing the
scissile bond in FX, but as the structure of the tertiary complex is not solved, this is yet to be
shown (figure 1.8D).

Figure 1.8: Distance between the active site of FVIIa and the membrane as measured by FRET [67, 68]. A:
FVIla on a membrane. B: TF:FVIIa on a membrane. C: TF:DG-FVIIa on a membrane. D: TF:FVIIa:FX on a
membrane. Distance to the FVIIa cleavage site on FX is unknown.

Assuming that the TF:FVIla and TF:DG-FVIIa complexes have the same orientation in relation
to the membrane (figure 1.8B and C), the only thing guiding this orientation must be TF. As
the only structural data available on the ECD and TMD of TF in a lipid bilayer are the FRET
studies just presented, the mechanism by which TF guides the orientation is not known. Also the
relationship between the orientation and the activity of the TF:FVIla complex is not known yet.
It could be hypothesized that the linker region between the ECD and the TMD of TF could be
involved in controlling this orientation, but studies using an artificial linker attaching TF to the
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headgroup of lipids, showed a similar activity to that of TF incorporated in a bilayer [70]. This
suggests that neither the specific sequence of the TMD or the linker is important for maintaining
the activity, but solely their ability to anchor TF to the membrane. It was speculated by Ke et
al. that the similar activity was correlated with a similar orientation of TF with respect to the
membrane, which then must then be controlled purely by the ECD. Therefore, they proposed
that the ECD of TF could interact with the membrane, particularly with PS lipids which could
potentially explain the PS induced increase in activity, by changing the orientation of TF. K. Ke
et al. performed an Alanine scan on 20 residues located in the C-terminal region of sTF which
they, based on the available structure of sTF, believed to interact with the membrane [71]. They
found that FX activation was significantly decreased for eight of these mutants and confirmed
that for all eight the amidolytic activity of FVIla was still intact. This suggests that these eight
residues are either involved in the orientation of the TF:FVIla complex, in the recognition of
FX binding, or both. To verify this hypothesis, molecular dynamics (MD) simulations were
performed on sTF in the presence of a membrane containing PS lipids. Indeed, K. Ke et al. did
find TF residues that were in contact with PS lipids more than 30% of the time and even a few
residues which were in contact with PS more than 70% of the time of the simulation [72, 71].
Especially the loop containing the two residues, Lys!%® and Lys'% which are expected to interact
with FX, [73, 32, 74] showed many interactions with PS in the MD simulation. This suggests
that this loop both mediates the interaction with lipids, and also functions as a docking point
for FX.

After the discovery of the PS influence on TF activity, other membrane constituents have been
investigated, with a main focus on phospholipids. PC lipids are usually used as balance when
performing experiments with a fraction of PS present, as PC is by far the most common phospho-
lipid in the outer leaflet of the cell membrane (figure 1.6). Neuenschwander et al. investigated
the effect of PE, which are also present in the outer leaflet in small amounts [75]. They found
that PE and PS synergize with the increasing of TF activity, and that only 3% PS was neces-
sary to obtain full TF activity in the presence of PE, while 30% was needed without PE. Later
studies showed that the Gla-domain of FVIla contains a single specific PS binding site and
multiple other phosphate binding sites [76], which lead Tavoosi et al. to propose the so-called
ABC hypothesis - anything but choline [76, 77]. As the name indicates, the theory concludes
that it is actually not specifically PS that is needed (at least in high amounts) to obtain full TF
activity, but any phospholipid, without the bulky choline head group would be able to support
the activity.

While the ABC theory was mainly directed at the discovery of the synergetic effect between PS
and PE, it might be stretched even further as more recent studies suggests a decreasing effect of
SM on TF activity [78]. While not being a classical phospholipid, SM still contains a headgroup
which is identical to that of PC (figure 1.6B), and the inhibitory effect is thus in agreement with
the ABC hypothesis. In a study by Wang et al. it was discovered that vesicles containing 50%
SM only exhibited 20% TF activity compared to vesicles without SM, while samples with 20%
SM showed similar activity to vesicles without SM [78]. As seen in figure 1.6A, the SM content
on the outside of cells is roughly 20%, which should suggest that the decreased activity of TF
induced by SM is a neglectable amount in normal cells. However, other studies have shown that

TF is present in caveolae, which are a specific type of lipid rafts rich in proteins, cholesterol
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and SM [79, 80, 81]. This finding asks the question of whether the local concentration of SM
around TF on the cellular surface is higher than the average SM content, and in extension if it is
possible that the SM induced decrease in activity actually occurs. To suggest a mechanism for
the decryption of TF, Wang et al. investigated the effect of ceramide on TF activity. Ceramide
is the hydrolysis product of SM, with the same tail group, but without the phosphocholine head
(figure 1.6B). Wang et al. found that ceramide did not have a significant effect on the TF
activity, suggesting that hydrolysis of SM to ceramide might be an efficient decryption of TF as
illustrated in figure 1.9.

Figure 1.9: Schematic overview of the correlation between lipid content and encryption level of TF.

Lastly, cholesterol has also been suggested to influence TF activity, as it is also present in
caveolae [81, 82]. Studies by Dietzen et al. showed that removing cholesterol caused disruption
of the caveolae which lead to a 3-fold increase of the TF activity [79]. However, once again
there are contradictory studies in the litterature, as studies by Awasthi et al. showed that
disrupting caveolae (albeit in another cell line) had no impact on TF activity [80]. A possible
link between cholesterol and TF activity was proposed to be that cholesterol affects the cells
ability to externalize PS, which would otherwise naturally decrease TF activity [83]. Yet again
other studies suggest that the effect of cholesterol on TF seems to be independent of PS, and it
is proposed that cholesterol modulates the interaction between TF and FVIIa [82]. As opposed
to all the other lipids presented in this section, no biochemical studies investigating cholesterol
effects on TF:FVIla affinity or TF activity in a reconstituted systems have been published yet,

also leaving this topic with a lot of controversies.

In conclusion, studies on lipid encryption has demonstrated conflicting results obscuring the
overall picture. The only thing that is certain is that the activity of TF is highly dependent
on the lipid environment and that the exact dependencies and mechanisms are far from well
understood.

1.2.5 FVII activation

While the above sections have mainly focused on studies concerning FVIIa, the first step in the
extrinsic coagulation pathway is actually the association between TF and FVII (figure 1.1). As
mentioned, FVII is the zymogen of the activated FVIIa, and is the main FVII constituent in
the blood as 99% is in the zymogen form while only around 1% is active FVIIa [84]. Therefore,
the conversion of FVII to FVIIa is an essential step in coagulation, but compared to many
of the later events, this step is more diverse. It is well established that many factors in the
coagulation pathway are capable of activating FVII. Both 1Xa [85], FXIIa [86], Thrombin [87]
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and FXa [87, 88, 89] (figure 1.10A) have been shown to be able to activate FVII and lastly,
FVIIa can activate FVII in a mechanism called autoactivation [90]. It is well established that
TF promotes both the activation and autoactivation of FVII [91] but whether the autoactivation
is mediated by two FVII(a) molecules which dock onto the same TF (figure 1.10B) or two TF
molecules each bound to one FVII(a) that are in close proximity (figure 1.10C) is currently not
completely understood [90]. Neuenschwander et al. presented evidence that the main mechanism
of autoactivation could be the one depicted in figure 1.10C. The most distinct difference between
these two mechanisms is the presentation of the substrate, which in the case of mechanism
B is dependent on the affinity between FVII and the substrate on TF, and as well as the
concentration of FVII. In the case of mechanism C, presentation of substrate is dependent on
lateral diffusion of the TF molecules and the density of TF molecules on the surface [9]. As
mentioned Neuenschwander et al. found that enzyme kinetics correspond to the latter, however,
it is very likely that the TF region which interacts with the Gla-domain of FXa [92] is also able
to interact with other Gla-domains, such as that of FVIla, and thereby also be able to mediate
the autoactivation depicted in figure 1.10B which is also still suggested [93]. To distinguish
between these two mechanisms, a system with TF in a state or system where lateral diffusion is
impossible, is needed.

Figure 1.10: Schematic overview of different mechanisms of FVII activation. A: Activation by FXa. B: Activation
by FVIIa docked onto same TF as FVII. C: Activation by FVIIa docked onto another TF molecule than FVII.

1.2.6 Inhibitors of clotting

As important as it is to be able to clot unwanted bleeding, it is equally important to be able to
control and eventually stop the clotting. The primary inhibitor of the blood coagulation pathway
is the tissue factor pathway inhibitor (TFPI), which is a 42 kDa protein containing three Kunitz-
like domains each containing three disulfide-bonds [94]. TFPI is able to simultaneously inhibit
the TF:FVIla complex and FXa by forming a quaternary complex which inhibits FXa from
participating in the prothrombinase complex [95]. The first Kunitz domain inhibits the active
site of FVIIa, while the second Kunitz domain inhibits the active site of FXa [96]. The plasma
concentration of TFPI in healthy adults has been reported to be approximately 2 nM [97].

As the number of people suffering from thrombosis is increasing, an increase in the research of
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new anticoagulants has emerged in the last couple of decades [98]. Stassen et al. investigated the
anticoagulant properties of the nematode Ancylostoma canium, and found that three proteins
(NAP5, NAP6 and NAPc2) were the main contributors to anticoagulation [99]. All three proteins
were found to inhibit in much the same way as TFPI which is by forming a quaternary complex
with TF, FVIIa and FXa. NAPc2 was found to form a high-affinity complex with FXa with
a K4 of 1 nM [100] but when the crystal structure of the FXa:NAPc2 complex was solved, it
revealed that the binding site on FXa was not in the active site, but in an exosite site [101].
This was also supported by biochemical studies showing that FXa in the quaternary complex
TF:FVIIa:FXa:NAPc2 was still active on peptide substrates [100]. Other studies showed that
NAPc2 bound equally well to FX and FXa, which both functioned as a scaffold for the inhibition
of the TF:FVIIa complex [102]. This is in contrast to TFPI which only binds FXa, as the binding
site is in the active site of FXa. The resulting FX:NAPc2 complex has a very strong inhibitory
effect on the TF:FVIIa complex with an K; in the low pM range [102].

The mechanism by which these binding events occur is still debated, but two mechanisms are
the most commonly presented. As the interaction between TF and FVIIa and the interaction
between NAPc2 and FX(a) are both very strong, it is broadly accepted that these two complexes
are formed initially (figure 1.11) [102]. The FXa:NAPc2 complex can then either bind onto the
membrane (figure 1.11A) and by translation encounters a TF:FVIIa complex and form the
quaternary complex, or interact with a TF:FVIIa complex directly from solution (B).

Figure 1.11: Schematic overview of NAPc¢2 mediated inhibition of FVIIa and FXa. A: NAPc2:FXa complex binds
membrane surface and translate to find a TF:FVIIa complex to interact with. B: NAPc2:FXa complex binds
directly to a TF:FVIla complex from solution.

Bergum et al. investigated the importance of the FXa Gla-domain in the formation of the
quaternary complex, and found that it was essential for the inhibitory effect on a membrane
[102]. They found the affinity between DG-FXa and NAPc2 to be similar to that of FXa and
NAPc2, but that the DG-FX(a) was not able to mediate the scaffold function. This suggests
that the main function of FXa in NAPc2 mediated inhibition of FVIIa, is to stabilize NAPc2
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at the correct position enabling it to interact with FVIla. In addition it was shown that the
inhibition was more effective in the presence of PS lipids, as these increase the affinity of FXa
towards the membrane, leading to the mechanism illustrated in figure 1.11A.

The structure of NAPc2 was solved by NMR by Duggan et al. in 1999, and generally showed
an unstructured conformation with a few small secondary structure elements [103]. The main
restians of the protein size was confered by five disulfide bridges and a number of salt bridges
formed by the high number of charged residues (40% of the sequences is charged). The low
amount of hydrophobic residues lead to a lack of a hydrophibic core, and thus the protein is
not folded with a compact core, which results in a certain flexibility. This flexibility is likely
essential to the function of NAPc2, as it is to function in other organisms than the nematode
itself. Therefore, a promiscuous behaviour with regards to binding partners is important, and it
has been shown that NAPc2 also has a high affinity for bovine FXa [101]. Human and Bovine
FXa are structurally very similar, and have a 70 % sequence similarity, which results in a Ky
between Bovine FXa and NAPc2 of 266 nM. Currently, there are not determined affinities for
other FX homologes, but FX among many animals have sequence similarities ranging between
60 and 80 % suggesting that these proteins might also confer a tight binding with NAPc2.

The binding interface between NAPc2 and FVIla has not been determined by a high-resolution
structure, but biochemical assays have suggested that the loop region of NAPc2 spanning Leu®?
to Val*® binds to the active site of FVIIa [102]. Taken together the NMR structure and the
information about the binding interface with FXa as obtained by the crystal structure (figure
1.12A), it seems that two flexible regions interact with FVIIa and FXa (figure 1.12B). However,
it is also evident that a folding-upon-binding event occurs for NAPc2 upon interaction with
FXa, and it is very likely that a similar event is happening upon FVIIa binding.

Figure 1.12: NAPc2 bindingsites. A: Crystal structure of NAPc2 (black) and FXa (red) (2H9E) overlayed with
NMR structure of NAPc2 (grey) (1COU). B: NMR structure of NAPc2 (1COU) with binding site of FXa (red)
and FVIIa (blue) marked.

1.2.7 Structure of the TF:FVIIa:FX:NAPc2 complex

The overall aim of this project was to obtain structural information about the TF:FVIla:FXa
complex. As mentioned, this complex is only formed transiently and only on a lipid bilayer
which hampers the experimental possibilities substantially. The first issue was addressed using
NAPc2 which locks the complex by the high affinity interactions, leaving a stable quaternary
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complex. The second issue points towards a more general consideration when investigating an
MP: Choosing a suitable carrier system. All integral MPs have a hydrophobic domain which is
normally situated in the membrane, but when performing in vitro studies, a carrier system is
needed to keep the MP in solution. Detergents are usually employed during purification, but as
TF is highly dependent on the lipid environment, a carrier system containing lipids is necessary
to investigate the TF:FVIIa:FXa complex. The nanodisc (ND) was the carrier system of choice
in this project, and the following section will introduce this technology.

1.2.7.1 Nanodiscs

The ND is a soluble particle consisting of two amphipathic membrane scaffolding proteins
(MSPs) surrounding a lipid bilayer patch [104, 105]. Besides functioning as a model-system
for a lipid bilayer itself, it can also carry an MP inserted into the bilayer patch. The reconstitu-
tion of an ND is a self-assembly process in which the MSP, lipids (dissolved in detergent, usually
cholate) and the MP of choice is mixed. After an equilibration time, the detergent molecules
are removed, usually using detergent absorbing beads, and the NDs self-assemble (figure 1.13A).
After reconstitution, the beads are removed and in order to separate empty (MP free) NDs
from MP loaded NDs, a NiNTA purification is usually performed (if the MP contains a His-tag)
followed by a size exclusion chromatography run, ensuring monodispersity of the final sample
(figure 1.13B).

Figure 1.13: Schematic overview of the production of a TF loaded ND. A: Reconstitution of TF into an ND. B:
Final purification steps of the production.

The circumference of the ND is to a large degree controlled by the MSP encompassing the lipids,
and thus there have been attempts at adjusting the length of the MSP, as this would allow tuning
of the final ND size [105, 106]. One of the first developed MSPs, MSP1D1, was derived from
the protein Apolipoprotein Al, which mediates lipid transport in the human body [104]. The
sequences consists of amphipathic helices termed helix 1 to helix 10, which are punctured by
either proline or glycine linkers (figure 1.14). Most attempts at modifying the length of the MSP
has been either elongating MSP1D1 with helix segments or deleting helix segments [105, 106].
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Two of the most successful new sequences are MSP1E3D1 which is elongated by the three helices
H4, H5 and H6 [105], and MSP1AH5D1 in which H5 is deleted [106] (figure 1.14).

Figure 1.14: ND sizes: Overview of the three most common MSPs originating from MSP1D1.

Tuning the size of the ND is relevant for mainly two purposes; 1) the MP of interest needs
to fit inside the ND, and especially if lipid interactions of either the MP or binding partners
are of interest, it is desirable to have an excess lipid bilayer to mediate those interactions. 2)
Some experimental techniques are sensitive to the size of the particle of interest. Eg. NMR is
hampered by slow tumbling time of a large particle, and by decreasing the MSP length from
MSP1D1 to MSP1AH5D1 studies have shown a substantial increase in the peak sharpness of
the embedded MP [106]. On the other hand electron microscopy usually provides the best data
on large particles, and larger NDs are usually employed for this technique [107, 108]. For small
angle scattering (SAS) experiments, the aim is usually to have an ND which is just large enough
to fit the given MP, but does not have a large excess of bilayer, as the lipids will contribute
considerably to the overall scattering signal, thus blurring out the contribution from the MP,
hampering the final modelling of the MP.

During the last couple of years another major improvement has been developed by Nasr et al.
who used the enzyme Sortase to circularize the MSP [109]. Sortase recognizes a five residues
motif and a free N-terminal glycine, and links the two by forming a covalent bond (figure 1.15).

Figure 1.15: Circularization process of an MSP. First the MSP is cleaved by TEV protease, leaving a free Glycine
which together with the eSrt-motif is recognized by the eSRT which forms a covalent bond. Lastely the two
enzymes are removed using the His-tag. Adapted from Paper 1.

After circularization of the MSP, the reconstitution of an ND can be performed using the stan-
dard protocol. The circularized nature of the ND improved the stability and induced monodis-
persity which are both desired properties, especially for structural studies [109, 110], but pro-
ducing them in large amounts is challenging [111]. Later studies by our group, further developed
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these circularized NDs, by introducing a substantial amount of negatively charged residues to
enhance the solubility of the final ND (called circularized and solubility enhanced MSP1E3D1,
csE3) (presented in Paper I) [110]. Besides improving the temporal stability of the NDs, the
circularizing reaction was also enhanced by the extra charges, and yielded 75 mg of pure csE3
per liter of culture which was much more than reported in previous studies [109, 111].

NDs have been used for structure investigation of MPs using both NMR [112] Cryo-EM [108, 107]
and SAXS [113, 114] and as the csE3 provides high stability and a relatively large bilayer it is
ideal for investigation of the quaternary TF:FVIla:FXa:NAPc2 complex.

1.2.7.2 Available structures

As mention throughout the last sections, parts of TF:FVIIa:FXa complex has been solved by
X-ray crystallography (overview in table 1.2). There are many more deposited structure of the
proteins in the Protein data bank (PDB), but only the first structures are presented in the table.

Protein(s) PDB ID  Exp. method Year Comment Ref
sTF 1BOY X-ray 1994 Soluble TF [115]
sTF:FVIla 1DAN X-ray 1996 Structure of the complex [25]
DG-FXa 1HCG X-ray 1993 Only DG-FXa [116]
Th iment it d
NAPc2 1COU NMR 1999 ¢ CXPETIIMENES at PEHOTREd 1y )
at a pH close to pl of the protein
Only the binding interf: f
FXa:NAPc2  2H9E X-ray 2007 Ty PRe DIGME IMEHace o8 oy
NAPc2 is determined
TF-FVIIaFXa ) Computational 9003 Based on docking of FXa on 130]
model sTF:FVIIa structure (1IDAN)

Table 1.2: Overview of a number of published structures of proteins in the TF:FVIla:FXa:NAPc2 complex.

The 1BOY and 1DAN structures almost contain all residues of the given proteins, and show that
the conformation of sTF is almost identical in the free and FVIIa bound state. As mentioned
earlier there is no high-resolution data on the FL TF, but there is currently 43 structures
of sTF deposited with different binding partners or different experimental conditions. More
than 200 different structures have been deposited for FVIla, but interestingly not a single FL
structure of free FVIIa is available. It seems that the flexible nature of free FVIIa [72, 117, 57|
is not suitable for crystallization, which also means that the possible structural rearrangement
of FVIIa upon TF binding is still not described on an atomistic level. A similar issue exists for
FXa, as a FL high-resolution structure is missing, yet 140 structures containing parts of FXa is
deposited in the PDB. Most of the structures are of DG-FXa, and all of them are complexed
with different inhibitors to stabilize the structure. One of the inhibitors is NAPc2, and the DG-
FXa:NAPc2 crystal structure was published in 2007 [101]. The structure only contains electron
density of NAPc2 in the binding interface, which shows more secondary structure than what is

present in the structure of free NAPc2. In a study in 2003 Norledge et al. tried to assemble
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the TEF:FVIIa:FXa puzzle using all the structural pieces available at the time [30]. The main
piece was the structure of sTF:FVIla and a structure of FXa was modelled and docked onto
the sTF:FVIIa complex (figure 1.16A). However, when overlaying the structure of FXa:NAPc¢2
which was published four years later (figure 1.16B) it was clearly visible that NAPc2 was not
able to bind in the active site of FVIIa in the proposed conformation. Therefore, it is very
likely that the proposed model in figure 1.16A is not representative of the actual complex, but
structural data on the entire complex is needed to verify the model or propose a new one.

Figure 1.16: For both figures: sTF: Green. FVIla: Teal. FXa: Red. NAPc2: Black. A: Model of the
sTF:FVIIa:FXa complex [30]. B: Same model as in A, but with crystal structure of the FXa:NAPc2 complex
overlayed [101].

1.3 Related diseases

While all the sections above retain to how the healthy body functions, there are also cases where
parts of the cascade do not work, or work suboptimally. Table 1.3 shows four bleeding disorders
which arise from lack of the proteins involved in coagulation. Haemophilia A, B and C arise due
to the lack of FVIII, FIX and FXI respectively. The lack of any one of these factors effectively
stops the coagulation cascade, and they will be discussed in greater detail later. In contrast, the
Scott syndrome highlights a mechanism which is not yet well understood: The externalization
of PS lipids. This disease was reported for the first time in 1979 [118] as a patient had frequent
bleeding events, but normal levels of coagulation factors and platelets. However, the calcium
dependent PS exposure was substantially decreased leading to a very ineffective clotting. About
30 years later it was discovered that the MP, TMEMI16F, was essential for the PS exposure
and subsequent genomic analysis revealed that Scott syndrome patients have a loss-of-function
mutation in both alleles encoding TMEMI16F [119].

Subsequently, it was determined that TMEMI16F is a calcium-dependent scramblase, which
makes it essential for regulating blood clotting activity [123, 124, 125]. This information provides
another step in the mechanism of enhancing TF activity shown in figure 1.17. The finding of
a ’'molecular-switch’ such as this scramblase which has this big an effect on blood clotting is
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Disease Defect in ~ Ref
Haemophilia A FVIII [120]
Haemophilia B FIX [121]
Haemophilia C FXI [122]

[123]

Scott syndrome TMEMI16F [123

Table 1.3: An overview of diseases related to missing proteins involved in blood coagulation.

potentially also very important in the development of anticoagulant drugs, as repressing the
activity of TMEM16F would effectively lead to less clotting.

Figure 1.17: Schematic overview of the activity of the TMEMI16F scramblase.

Haemophilia A, B and C are the most common bleeding disorders and those who have been
studied the most. Hemophilia A is an X-linked disease and the most common bleeding disorder
estimated to affect 1 out of 5000 males [126, 127]. The disease results in recurrent bleeding
events usually in the joints, and is normally treated with intravenous FVIII upon bleeding [120].
Both Hemophilia B and C are also usually treated with injections of the missing coagulation
factor, but patients carrying either of the three mutations are expected to have shorter lives and
with a much higher number of hospital stays than the average person [121]. One problem is
that patients can develop antigens for the injected coagulation factor, and in that case a backup
treatment has to be used. In many cases this is injection of recombinant FVIIa, which does
not solve the problem with the missing coagulation factor, but instead boosts the FX activation
to a degree that will cause clotting [128]. The problem with this treatment is that it is only
applicable upon bleeding and not to prevent bleeding, and the resulting amount of clotting can
be difficult to control.

On the other hand excessive clotting (thrombosis) is also a major problem and in the United
States more than 300,000 people die from thrombosis annually [129, 130]. When the coagulation
system is active to a degree undesirable for the body, it is called hypercoagulation. The exact
mechanism leading to this phenomenon is not fully understood, but it is well known that the
environment, unhealthy habits and age influences the risk [131]. The unhealthy habits usually
highlighted are smoking and alcoholism [131].

Many different drugs against thrombosis are available, normally called blood-thinners. The most
common drugs are in the class of Heparins which are glycosaminoglycans mainly functioning by

inhibiting Thrombin and FXa [132]. Also proteins have been investigated for their potential use
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as anticoagulants, and in one study where NAPc2 was used to inhibit the unwanted bleeding of
patients during and just after a surgery, but to date there is no approved NAPc2 drug on the
marked [133].

1.4 Outlook

Even though the coagulation system and the TF:FVIla:FXa complex have been investigated
for many decades, and the amount of literature on the topic is extensive, there are still some
important mechanisms and structural features that are not yet understood. One of these is the
increase of TF:FVIIa activity upon the presence of a membrane and especially PS exposure.
The increase in activity was established many years ago, but the structural features and the
mechanism explaining the increase, is still not fully elucidated. Similarly the large increase in
FVIla activity upon TF binding, is still not understood on a structural level. Two key pieces
in the puzzle are missing: 1) Structural information about the complex in a lipid environment.
As mentioned two FRET studies are available [67, 68], but more information in a lipid context
is needed to fully elucidate the role of the lipids. 2) A high-resolution structure of the free form
of FVIla. As mentioned, obtaining a high-resolution structure of the free FVIla is hampered
by the flexibility of the free protein as shown by MD simulations. The structure of FVIla was
determined in complex with sTF and also with other binding partners which all introduces a

certain rigidity in the protein favouring crystallization.

One of the reasons why it is difficult to clarify the role of the lipids in the increased activity,
is that it is multi faced. The lipids participates in the binding of the substrate (FX) but likely
also affects the TF:FVIIa complex (possibly the orientation). In addition, FX also binds the
TF:FVIIa complex in a not fully understood way, making it difficult to pinpoint the individual
contributions. It is likely that the heights of FX and FVIla are important for the activity, as
they most likely has to be correct before an optimal enzymatic reaction can take place. This
height might be guided by the lipid bilayer, but more studies have to be performed to shed light
in this. In addition, the components of the lipid bilayers used for the studies might have to be
extended, as recent studies have suggests an influence of both SM and cholesterol.

Lastly, the structure of the TF:FVIla:FXa complex still remains the missing cornerstone, al-
though multiple mutational studies provides information on the binding interface of TF:FXa.
However, a full structure of the complex on a lipid bilayer will provide invaluable insights to the
mechanism of the lipids, and also to provide a basis for development of new drugs targeting this
complex. As a lipid bilayer is needed to form the complex, a carrier system containing lipids
and TF have to be utilized. This could potentially be an ND which also would provide an excess
lipid bilayer for FVIla and FXa binding. In addition, an inhibitor such as NAPc2 is needed
to stabilize the complex. However, the size and flexibility of the system makes it difficult to
investigate, as an ND has never been crystallized, and the complex will exceed the size limitation
of NMR, other techniques such as SAS and cryo-EM has to be applied.
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2.1 Sample production

Even though this project has been conducted at the physics department, a major part of the
projects have had a more protein chemistry-oriented focus, which has been aided by the use of
many biophysical experiments. In this section, some of the considerations done before starting
up this project as well as some of the adjustments made along the way will be described. This
will include protein purification, the considerations laying the foundation for the protein design
as well as sample preparation for structural analysis.

2.1.1 Designing constructs

Generally speaking, this project has revolved around two different kinds of proteins: 7) proteins
with a biologically relevant sequence, which has been investigated to obtain information about
their structure and function in the human body and i) proteins which solely purpose is to
function as MP carriers. The use of proteins in the 7 class is the main focus of Paper IV, V, VI,
and Report I, while the 77 class is the focus of Paper I, II, and III. The considerations behind the
construct designs are critical in both cases but usually more difficult in the i case. In the i case,
the first consideration should be if working with the full length (FL) protein or if a truncated
version is preferable. The obvious reason to work with the FL protein is that it represents
the native situation the best, while working with a truncated version can be selected to make
either the expression and purification or subsequent experiments easier (or feasible at all). In
this project, a truncated version of TF lacking the ICD has been used for all experiments. As
mentioned earlier, it has been shown that the ICD is not important for the coagulant properties
of TF, which was the main focus of this project. In addition, the ICD contains a free Cys
which can potentially cause problems with undesired dimerization during purification. The next
consideration should be whether a tag is needed for purification. In the purification of most
proteins produced recombinantly, a tag is very convenient. In this project, the His-tag has been
used for almost all proteins, and has proved very valuable, as it has provided a relatively high
purity. In addition, it is functional under denaturing conditions, which is used in a fraction of
the used protocols. Many other tags are available, and there is generally proportionality between
the provided purity and the cost of the resin (high cost = high purity). In addition, a linker
region should be considered as the tag needs to be available to the resin used for purification.

A short sequence of flexible residues is usually selected as a linker, ensuring the desired reach

24



Chapter 2. Experimental methods 25

and flexibility of the tag. Commonly used residues are Gly and Ser, which are often seen in the
combination called G4S (Gly-Gly-Gly-Gly-Ser) [134].

2.1.1.1 Introduction of charges in the MSP sequence and joining eSrt

In case i, it is difficult to outline a general strategy, as the purpose of the protein and the
desired properties ultimately dictates the design. Therefore, this paragraph is a walkthrough of
the thoughts behind the constructs designed during this project.

The development of the csE3 MSP was based on the idea that it should be possible to optimize
the sequence of the MSP, as the MSP sequences are simply derived from the human apolipopro-
tein A1 (ApoAl), which posses other functions in the body than acting as MP carrier [104].
Previous studies on optimized MSPs were conducted using truncated or elongated versions of
MSPs, but still using the original MSP1D1 sequence [105, 106]. As even a small amount of ag-
gregation in SAS experiments will have a large impact on the final scattering signal, our major
aim was to produce more stable and if possible also more monodisperse NDs. As an article
on circularized NDs was just published [109], demonstrating production of more monodisperse
NDs, we decided to continue this development using Sortase for circularization. In addition, we
decided to introduce a considerable amount of negatively charged residues, as previous studies
(on completely unrelated proteins) have shown these residues to induce solubility [135, 136]. We
used the original MSP1E3D1 sequence [105] as a template and substituted all Thr — Ser, all
Asn — Asp and all Gin — Glu. With that, the number of negatively charged residues increased
from 53 to 73, changing the pl of the protein from 5.8 to 5.0. Of course more charges could be
introduced, but by only including these specific mutations, we tried to conserve the overall size
of the residues in order to ’disturb’ the MSP structure the least possible. As described in more
detail in Paper I, the extra charges increased the temporal stability of the final ND, and also
aided in providing a high yield from the circularization process.

To further develop on the circularized and solubility enhanced MSP (cs-MSP), a fusion construct
was designed containing both the MSP and the eSrt in one construct, in order to ease the
production of samples (figure 2.1A). Two main objectives were addressed using this strategy; 7)
circumventing the need for producing the sortase in parallel and i) decreasing the amount of

dimers and oligomers created during circularization.

A problem with the csMSP is that, besides circularizing a MSP, eSrt can also open an already
circularized MSP and form a dimer by attaching it to a neighboring MSP. This is most likely
part of the explanation of the more than 35% of dimers and oligomers formed when performing
the reaction at high concentrations (see Paper I). In Paper I, the issue was solved by decreasing
the concentration, which decreased the amount of dimers and oligomers. However, this leads
to a very large volume increase, which was a tedious step in the production, and the hope was
that we could avoid the need for large volumes by using the fusion construct for an on-column

strategy.

The idea was to perform on-column circularization and purification in one step (see figure 2.1)
after the TEV cleavage was performed in dialysis (as performed for csE3 production, see Paper

).
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Figure 2.1: Fusion construct design and proposed production protocol. A: Overview of the construct. B: After
TEC cleavage, a free Gly is recognized by eSrt which performs the circularization. C: Circularized product.

As the eSrt is reported to be calcium-dependent, the idea was to load the TEV-cleaved fusion
construct (figure 2.1B) on the NiNTA column and then run a buffer with low salt content (~ 80
mM) and 10 mM calcium over the column. This should circularize the MSP, which would then
be released from the NiNTA column and bind the IEC column (the eSrt would still be attached
to the NINTA by the His-tag). After end circularization, the NINTA column would simply be
removed, and the circularized product eluted from the IEC column using a salt gradient. The
hope was that the MSP would be released from the column as soon as the reaction was performed
as this would circumvent the possibility of an additional unwanted reaction. In addition, we
believed that by joining the MSP and eSrt a proximity effect would be present, meaning that
the chances of the two termini of the MSP meeting would be higher than two different MSPs
meeting, thus resulting in a majority of monomeric circularized MSPs.

However, as will be described in a later section (and Paper II), we faced some unforeseen problems
with the fusion construct, which resulted in a change of plans and production strategy. This
is often the case when designing new constructs from scratch, and usually much optimization
(and updated constructs) are needed before a construct comprising all the desired properties
is obtained. Therefore, the on column circularization has not yet been performed, but it was
possible to produce c¢sE3 from the fusion construct without producing Sortase in parallel.

2.1.1.2 Tuning the MSP length

Besides the csE3 and the fusion construct, a few other attempts at optimizing the MSPs were
conducted, which did not yet result in functional MSPs. However, the ideas and considera-
tions will be explained in the following section. All the new MSPs contained the mutations to

negatively charged residues and the eSrt motif in the same manner as csE3.

A primary goal in the ND field has been to develop discs of different sizes, which are useful
for different purposes. The most commonly used MSPs are shown in figure 2.2A, which are all
based on the same sequence (MSP1D1) but either elongated with three helices (MSP1E3D1)
or decreased in length by one helix (MSP1AH5D1). The helices in MSP1D1 are relatively well
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Figure 2.2: Construct design. The ’Original MSPs’ are included for comparison. New attempts of tuning the
length were made (Tuning length). tH1: truncated Helix 1.

determined, as they are seperated by Pro or Gly residues. The helices vary in length but are
all amphipatic in nature. Previous studies using a number peptides corresponding to truncted
versions of one of the helices from ApoAl showed that even peptides consisting of only 14
residues (compared to the initial 22 residues) were able to form lipid containing discs [137].
Peptides shorter than 14 residues were not able to solubilize the lipids, while all peptides longer
than 14 residues were able to form discs. Whether this is also true for MSPs is not certain as
linking the helices provides different properties, but it is worth considering when designing new
constructs. Therefore, we decided to try shortening each helix by one turn (e.g. four residues),
thus maintaining the amphipatic nature, as well as the number of helices (which were all 14
residues or longer) and punctuations (MSP_ trunc, figure 2.2B).

One of the most succesful MSP designs is the MSP1E3D1 which seems to be stabilized by the
repeat of H4, H5, and H6. Thus we decided to design a construct with these three helices as the
major part of the sequence and only conserve the terminal helices. We started by designing the
MPS_ 2xE3 (figure 2.2B), and the idea was that it could potentially be elongated to MSP_ 3xE3
and so on. Both of these new MSPs were expressed and purified using the standard MSP
protocols, but they yielded poor amounts of the final product (around 5 mg per liter of culture,
data not shown). In addition, an initial experiment showed that the MSPs did not form NDs
with POPC lipids, as a larger particle, which ended up in the void of the SEC column, emerged
instead of a peak at the expected size (performed by a Masters student, data not shown).
For now, no further experiments have been conducted, as changing the constructs is necessary.
Maybe a less dramatic change would be a better starting point. Although the final goal is to
make significant changes in the sequence, smaller changes might be a better starting point, as
these might not affect the expression levels as significantly.

2.1.2 Purification of proteins

Throughout this project, establishing solid protein production strategies has proven to be the
most critical factor in obtaining good results, although the process it is rarely described in much
detail in the final papers. Paper IV and VI describe two new protocols for TDF and NAPc2,
respectively. In this section, a brief overview of the different considerations, advantages, and
disadvantages related to different strategies will be given (all strategies are outlined in table
2.1). All proteins produced in this project have been made recombinantly in E. Coli, and thus

only strategies using F. coli expression will be discussed.
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The protocols for producing the two enzymes TEV and eSrt are probably the most straight
forward methods utilized in this project. They rely on expression of the protein in a soluble
conformation, followed by cell lysis and an affinity purification using the His-tag. For both TEV
and eSrt this provides an amble amount of protein with a purity acceptable for use in enzymatic
reactions. A similar protocol was used for NAPc2 in Paper V apart from the use of a special cell
line BL21 Origami which provides an oxidizing environment to support the formation of the five
disulfide bridges in NAPc2. Before NAPc2 was ready for experiments, the His-tag was removed
using TEV, and a SEC run was performed to remove minor impurities as well as the fraction of
the protein present as a dimer. The important parameters for the expression of TEV, eSrt and
NAPc2 have been time and temperature, as lowering the temperature to 20 °C and inducing
expression for around 20 hours increased the yields of all three considerably, compared to ex-
pression at 37 °C. TEV and eSrt have been used for almost all projects presented in this thesis
and have been produced throughout the three years from solid protocols available beforehand
[109, 138]. Most earlier experiments on NAPc2 have been performed using a Pichia pastoris
produced protein [100, 101], while a single example of an E. Coli produced protein is present
[139]. In this project, we further developed the E. Coli based strategy and simplified the proto-
col (see details in Paper V). When introducing a new production protocol it is always important
to prove that the final product posses the same properties as the same protein produced using
previous protocols. Therefore, the inhibitory efficiency of NAPc2 was probed in two different

assays confirming native activity (Paper V).

Similar to the protocol for TEV and eSrt, the protocol to produce MSPs (which is also similar
to the protocol used for the Fusion construct) has been used extensively in this project. The
protocol has been described elsewhere and has only been adjusted slightly (see details in Paper
I). The protocol is based on expression at 37 °C, which provides a very high yield but also
a fraction of the MSPs produced as inclusion bodies (IBs). However, by lysing cells in 6M
GuHCI, all proteins is solubilized and unfolded. Affinity chromatography is performed under
these denaturing conditions, and the protein is refolded on the column. As all proteases are
unfolded until purification is done, the risk of undesired degradation is minimized. Refolding on
a column is probably only feasible for the MSPs as they contain no tertiary structure, and only
helices have to fold.

Developing the protocol for the production of TF was the single most time-consuming project
presented in this thesis. The aim was to establish a protocol providing amble amounts of protein
for structural studies, which was not possible with the protocol available at the time [140]. The
original protocols are all based on expression in a membrane-anchored state, with a subsequent
solubilization of membranes in detergent [140]. We pursued a strategy involving expression in
inclusion bodies, and a subsequent refolding. To begin with, the expression levels were relatively
high, but the refolding yields were tiny. This is a commonly encountered problem [141], and after
much optimization, the refolding yields increased, enough to yield protein in sufficient amounts
for functional and structural studies (see details in paper IV).

In conclusion, the production strategy ultimately depends on the nature of the given protein,
and if a protocol is not established previously, it is likely that different attempts are needed
before successful production is obtained. In this project, a variety of different strategies have

been used, and much time has been spend on optimizing some of these.
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Expression Purification Proteins Used in
P I II, IV
20 °C BL21 Star His-tag TEV and eSRT aper L, 15 AV
V, VI and Report 1
20 °C BL21 Origami His-tag NAPc2 Paper VI and Report I
Refolding on column All MSPs and Paper I, 11, IV,
using His-tag Fusion construct V, VI and Report I

37 °C BL21 Star

Refolding 11.1 reservoir TF Paper IV
and His-tag

Table 2.1: Overview of protein production strategies used in this project. Details of the different protocols can
be found in the relevant papers.

2.1.3 Production of samples

In many research fields, protein purification would be the last step before conducting the final
experiment, but for this project, additional sample preparation was usually required. As working
with MPs often involves incorporation of lipids into the sample of interest, the final sample
preparation was therefore usually a self-assembly process. This either involved the incorporation
of the MP of choice into a carrier system or just self-assembly of the MP-free carrier system. The
work presented in this thesis mainly revolved around NDs and peptidediscs, which are produced
using two different self-assembly protocols (see overview in figure 2.3) [104, 142]. One of the
reasons for the two different protocols is that the peptides were able to solubilize the lipids on
their own, while the MSPs, needed to be assisted by a detergent initially.

Both processes start with the purified MP in detergent. Subsequently, for the ND, MP, MSP
and detergent-solubilized lipids were mixed and incubated before detergent absorbing beads were
added (described in detail in Paper IV). After incubation, the beads were removed, and both
preparations were applied to a NiNTA column to capture only the MP containing discs. For the
peptide discs, MP was added to a lipid film and subsequently incubated, before purifying the MP
containing discs using a NiNTA column (described in detail in Paper IIT). The NiNTA elutions
were then analyzed by SEC to verify the existence of a single species and remove potential
aggregates/impurities before the sample was ready for experiments.

Many parameters can be optimized in the self-assembly process including the ratio between lipid
and MSP, the ratio between MSP and MP, temperature, and incubation time. Usually the effects
are evaluated by SEC, and the success criteria is usually a single symmetrical peak eluting at the
expected volume. Both optimization of TF reconstitution into NDs and peptidediscs have been
performed in this project, which was necessary to obtain useful data in many of the subsequent

structural studies.
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Figure 2.3: Incorporation of MPs in carrier systems. Left: Incorporation of TF into nanodiscs. Right: Incorpo-
ration of TF into peptidediscs. See details in main text.

2.2 Small angle scattering

Small angle scattering (SAS) has, for many decades, been used to probe the size and shape
of molecules. The method has developed extensively since the early experiments in the 1940s
[143] to the large scale facilities performing thousands of measurements each year today. Due
to the relatively large size span this technique covers, a wide variety of samples ranging from
superconducting material, over polymers, and purified proteins can be measured, the latter being
the focus of this project. In contrast to methods such as X-ray crystallography and electron
microscopy, SAS experiments on proteins are performed in solution. This is an advantage as
well and a disadvantage. The fact that the experiments are performed in solution and under
physiological temperatures makes the comparison to a native situation more reliable. On the
other hand, the free tumbling of the molecules lowers the information content of the final data,
leading to problems of resolving the 3D structure of the molecule of interest, and necessitates

the combination with extensive structural modeling.

The scattering experiments performed in this project have either been conducted using X-rays
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or neutrons, hence called either small angle X-ray scattering (SAXS) or small angle neutron
scattering (SANS). Most of the theory presented in this section is the same for X-rays and
neutrons and only differ slightly. In this project, many samples have been investigated with
both techniques as they provide different information on the same sample due to the fact that
X-rays are scattered by electrons and neutrons are scattered by the nuclei of an atom. This
information is highly complementary, and it is an advantage to obtain both, especially in the
modeling of more advanced samples.

In this section, the general theory behind a SAS experiment will be explained, as well as the
initial data treatment and methods for a more in-depth analysis. This theory is well explained in
the following reviews and books which have been used for the entire section [144, 145, 146, 147].

2.2.1 The scattering vector

A monochromatic incident beam of X-rays or neutrons can be described as a wave k with the
wavelength, A\, and the length of k given by |k| = 27/A. When the wave interacts with a scatterer
(red point, figure 2.4) an elastic scattering event can occur, which gives the scattered wave vector
k’ with an angle of 26 relative to the incident direction. For all elastic scattering events it can
be assumed that |k| = |k’|. From this, the scattering vector q is defined as q = (k — k') and
from this it follows that

4msin(0)

0= la] = 2/K[sin(0) =~

(2.1)

If scattering occurs by two scatterers separated by the distance r, then the phase difference is
k-r —k'-r =r-q which explains the angle dependent modulation of the scattering.

Figure 2.4: Scattering geometry. See main text for discussion.

2.2.2 Scattering lengths

As mentioned above, the scattering from X-rays arises from the interaction between the electric
field of the X-ray photon and the electric field of the electron in the particle. On the other
hand, the neutron scattering occurs from interaction with the nuclei of the atom. This means
that different isotopes of an atom will scatter X-rays in a similar fashion, while the scattering

of neutrons can be very different.
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The amplitude of a given scattering event, F.: is dependent on the scattering length, b, as
given by equation 2.2:

Ein-b |1 —cos?(20)
R 2

Escar(0) = (2:2)
Here R is the distance of the scattered photons or neutrons and E;, is the amplitude of the
incoming beam. The last term in equation 2.2 is only valid for X-rays and is not included for
neutrons. From this equation, it is seen that the unit of b is a length, usually provided in cm.
For small angles of 6, the last term in equation 2.2 approaches unity, and Fs..+ can be assumed
to be independent of §. For larger values of 0, the E..+ will be affected, and the so-called atomic

form factor will be included in equation 2.2.

The scattering lengths of atoms commonly found in the samples used in this project can be seen
in table 2.2. The values for X-ray scattering lengths are simply dependent on the number of
electrons, and increase linearly, while the neutron scattering lengths are isotope dependent and
empirically determined [148]. For neutrons, both coherent and incoherent values are provided.
The coherent scattering contains the structural information, which is of interest, while the
incoherent simply gives a background signal for the experiment. The incoherent values are only

provided for H and D, as the values for the rest of the elements are negligible.

b-10713, em
Atom X-ray SANScon SANSincon
H 2.82 -3.740 25.27
D 2.82 6.671 4.04

2C 1692  6.646
MN  19.74  9.360
160 2256  5.803
3lp 4230  5.130
329 4512  2.847

Table 2.2: Scattering lengths of atoms commonly found in samples used in this project. Values for nuetrons are
found in Sears, 1993 [148]

When performing a SAS experiment it is not the amplitude of the scattered X-rays or neutrons,
FEgscqr that is measured, but the intensity of the scatted X-rays or neutrons, Is.q, hitting the
detector. As Iscar = |Escat|? - Adetector, Where Agetector 18 the area of the detector hit, and the
incoming amplitude, Ey = |E;,|?, then the ratio between the scattered and the incoming X-rays
or neutrons is

Escat |Escat’2 ' Adetector |b|2 : Adetectar 2
o ToE 2 1d (2.3)

where A2 is the solid angle spanned by the detector at a distance R. This can also be expressed
as in equation 2.4 which gives the ratio between scattered and incoming X-rays or neutrons in
the detector direction.
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Escat
EoAQ

= [bf? (2.4)

To obtain the full scattering from a sample in all directions, all angles will have to be measured:

/Q 1b2dQ2 = 4n]b]? = & (2.5)
Which implies that:
do
99— (2.6)

where o is the scattering cross-section, while g—g is called the differential scattering cross-section.
This is the value that we measure in the scattering experiments, and it is typically reported in

em?, or more commonly in scattering cross-section per unit volume (cm_l).

2.2.3 The form factor

In order to calculate the scattering intensity, or differential scattering cross section from a particle
we have to have a good model for its structure. The scattering amplitude of a particle changes
with the angle of view and the distance between the scattering atoms in the particle. All atoms
that scatter will contribute with their scattering length, b and a phase factor e =T, This can
be summed up to give the expression for the scattering amplitude of a particle consisting of n
scattering atoms:

n
A(g) = bie T 4 bye I 4 4 he T = N pre i (2.7)
j=1

Knowing the scattering lengths of all the atoms in the particle, allows one to calculate the
scattering length density (SLD), p, which is simply the sum of the scattering lengths divided
by the volume of the particle. However, this is more difficult if the particle contains multiple
contrasts (e.g., the ND), which will be discussed in greater detail in a later section. All SAS
experiments conducted in this project are on particles in solution. In this case, the solution will
also contribute to the overall scattering, which has to be taken into account by subtracting the
SLD of the solvent, to provide the excess SLD:

Ap= Pparticle — Psolvent (2.8)

The excess SLD is often called the contrast of the system and is a critical parameter to have in
mind when designing an experiment. Assuming that the contrast function Ap(r) is homogeneous,
equation 2.7 can be rewritten as an integral over the volume, V', of the particle of interest:

A(q)particle :/Ap(r)e_iq.rdr (29)
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It is important to note that the amplitude can not be measured and instead the form factor
intensity of particle in a sample can be described as follows:

do (Q)particle

o (2.10)

I(Q)partide = A(q)particleA(q);article = AQ(q) =

*

where A(q) is the form factor amplitude (as calculated in 2.9) and A(q)* is its complex conju-

gated. This relationship will become important later on.

When particles are in solution, they are free to rotate, which means that upon a measurement,
we can assume a random orientation of all particles. In practice, this means that the signal
measured upon a SAS experiment is orientationally averaged to yield I(q) instead of I(q),
which lowers the information content of the data. In addition, if the solution is sufficiently
diluted, the scattering intensity of the sample can be described as:

I(q) = nAp*V*P(q) (2.11)

Here, n is the number of particles in the sample, Ap is the excess SLD, as calculated in equation
2.8, V is the volume of each particle, and P(q) is the normalized form factor intensity. The P(q)
term contains all the structural information about the particle of interest and can be described
by the following;:

((Jy Dp(r)eiardr)®)
M

P(q) = (1(@)particte) = (2.12)

J Ap(r)
particle

tionally averaged. Following equation 2.10, I(q) is the square of A(q) and thus all information

where M is the total scattering mass, M =

, and the brackets mean that it is orienta-

about phases is lost. This, together with the orientational averaging, means that the data cannot
be transformed into a full 3D SLD function, p(r), which confers one of the major struggles in
analyzing SAS data.

For all samples measured during this project, an attempt was made to use a concentration that
did not introduce interparticle interaction, but at high sample concentrations, these can occur.
The interactions can either be repulsive or attractive, and they will affect the obtained data in
different ways, which are both undesired. For samples in this concentration range, an additional
term has to be included in equation 2.11, that is the effective structure factor, S(q), and the
scattering intensity can then be described as

I(q) = nAp*V2P(q)S(q) (2.13)

Except for a few ideal cases, the S(q) term is almost impossible to calculate as it is dependent
on both the shape, size, and orientation of the particles. This makes it highly desirable to
avoid this contribution. This is done by lowering the concentration, and thus obtaining useful
data is always a balance between avoiding interparticle interactions and having a high enough

concentration to obtain good statistics.
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2.2.4 Contrasts

As mentioned in equation 2.8, the contrast in a sample is simply the difference in the SLD
between the particle and the solvent. Due to the inherent difference in the scattering lengths
of the same atom between SAXS and SANS, the same particle will have different contrast
situations in the two different experiments. This is illustrated for a number of molecules used
in this project in table 2.3. This will, on its own, provide complementary information on the
same sample, which will aid the subsequent data handling. However, especially for particles
consisting of multiple components with different scattering lengths, performing contrast variation
experiments can provide much stronger information, compared to just a single contrast. It is
difficult to dramatically change the contrast in a SAXS experiment as it requires adding or
removing a substantial amount of electrons to either the molecule or the solvent. Changing the
molecule this much does not make sense, as it would also change the properties of the molecule.
Changing the SLD of the solvent can be done by adding electron-rich molecules such as specific
salts or sugars, but this will in many cases also affect the particle of interest and is not often
used. On the other hand, changing the contrast in SANS experiments is one of the strongest
and most used features of this technique. The main reason why this is possible in SANS is the

large difference in scattering length between H and D, as seen in table 2.2.

SAXS in H,O SANS in D20
Molecule  Ap-10"",em-A=3 Ap-10~1 c¢m - A3
POPCheaa 5.10 -4.50
POPCiain -1.65 -6.17
Protein 2.80 -3.30

Table 2.3: Excess scattering lengths of molecules used in this project.

Changing the solvent from HsO to D20 is relatively easy and will slightly increase the contrast
between, e.g., protein and solvent (as seen in figure 2.5), but most importantly this will omit the
high incoherent scattering from H, yielding an improved signal-to-noise ratio. As visible from
figure 2.5, all the molecules will at some D2O content have precisely the same p as the solvent
(water), which means that the contrast will be zero, which is also called the contrast match-point
(CMP). In practice, this means that a molecule measured at a D2O content corresponding to
its CMP will be ’invisible’ to the neutrons (as Ap will be zero in equation 2.13), and in this
situation, the molecules are so-called 'matched-out’. It might seem silly to make your particle of
interest invisible, but when investigating a multicomponent system, it is often beneficial only to
be able to only see one of the components by changing the D2O content in the solvent. The exact
CMP of a molecule will usually have to be determined by doing a so-called contrast series, which
is done by conducting SANS experiments at varying D2O contents, but for most molecules, the
values in figure 2.5 are approximately correct. From figure 2.5, it can be seen that the CMP is
found at approximately 65% DO for DNA, and around 42% D-O for a protein. This can be
used to investigate protein-DNA complexes, both at 42%, at 65% and 100% D20 and thus gain
information about the DNA, the protein and the entire complex, respectively [149, 150, 151].

This method has also been used to investigate the ND, exploiting that at 42% D50 only the
lipids are visible [152].
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Figure 2.5: SANS scattering length densities for different molecules at different D2O contents.

Instead of changing the scattering length of the solvent, another approach is to modify the
particle of interest, by changing the particle contrast. For biomolecules, this is usually done
by deuteration, either chemically, or by producing them recombinantly in deuterated media.
An example of the first is the chemically deuterated detergents used to study MPs without a
contribution from the scattering of the detergent at 100% D2O [153]. A similar example was
seen with a matched-out deuterated ND, where the MSPs and the lipids were produced in E.
Coli in deuterated media [154, 155]. The neat thing about these methods is that the MP of
interest can be produced as for any other experiments because it is only the carrier system that
is modified. At present, the major drawback of the method is the cost of producing the material
for the matchout deuterated carrier systems. Synthesizing deuterated detergent and lipids is
expensive and time-consuming, and producing lipids and purifying from E. Coli, as performed
in [154], is difficult to do in the high amounts typically needed for SANS experiments. However,
establishing a solid synthesis protocol will potentially enable higher yields, and thus easier access
to the deuterated material. An example of the use of a match-out deuterated ND is presented
in Report 1.

2.2.5 Experimental setup

Even though there are many differences in practice, the overall principles of the experimental se-
tups at a SAXS and SANS beamline are quite similar. For all experiments in this project, X-rays
were produced by a synchrotron, and neutrons by either a spallation source or a reactor, after
which they were guided to the actual beamline. The first objective is to obtain a monochromatic
beam which, for X-rays, can be done by the use of double crystals. For neutrons, it is usually
done by a velocity selector, which can select neutrons with a specific wavelength band based
on their velocity. After having obtained a monochromatic beam, the beam is collimated using
slits, to have a narrow beam focused on the sample. The scattering intensity is recorded by a
detector placed behind the sample. For SAXS experiments, the distance between the sample and
the detector is usually fixed, but for all the SANS experiments performed in this project, two
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sample-to-detector distances have been used for each sample. This ensures that a sufficiently
broad ¢-range is obtained. The data from the different settings are then merged into one final
dataset after reduction.

Detector
X-ray/neutron source Optics Slits ~ Slits Sample

Figure 2.6: Schematic illustration of the setup of a SAS experiment. See main text for detailed description.

In a SAXS setup, a robot is typically used to load the sample, which will be flowed through a
capillary where it is irradiated while flowing. The flow ensures that the X-ray dose is spread
out on a larger volume, hence minimizing the X-ray induced destruction of the sample, called
radiation damage [156]. For SANS the most typical setup is a rack containing about 10 slots for
flat Hellma Quartz cuvettes. The cuvettes can have different shapes and thicknesses, depending
on the beamline and the sample content, respectively.

For both SAXS and SANS it is now possible to perform a SEC run directly into the beam
[157, 158, 159]. This is especially useful to avoid contributions from aggregates in the sample
preparation. As scattering patterns are otherwise heavily influenced by the presence of only
a minor fraction of aggregates, this method has quickly become a standard method for SAXS
experiments and is also gaining ground for SANS. The main drawback of this method is the
prolonged measurement time, which for SAXS is determined by the time it takes to run an
entire column volume (typically between 35 and 50 min). For SANS the flow usually has to be
decreased in the region of interest, giving measurement times of up to 2 hours. In addition, if
measuring two settings for SANS, the experiment has to be performed twice, using the double

amount of sample and time.

Most SAS data presented in this thesis is obtained using SEC-SAS. In addition, to avoiding
aggregates, it is also an advantageous way to separate excess binding partners when probing a
multicomponent system. The sample can be prepared with excess binding partners, ensuring
elution of the main peak with the complex of interest, and subsequently excess binding partners.
In a regular SAXS or SANS measurement, the presence of excess binding partners will contribute
to the overall scattering. Examples of this can be found in Paper III and Paper VII.

2.2.6 Initial data treatment

As mentioned, SAS data is recorded on a detector in two dimensions, but as the molecules
are free to rotate, the data can be radially averaged as illustrated in figure 2.7 to provide the
one-dimensional curve of the intensity, I, as a function of q.

In all scattering experiments conducted in this project, a background containing the buffer was
also measured. For most SANS data, the background is well described by a flat line, but in
all SAXS data, it is essential that the buffer is identical to the one of the sample. In figure
2.7, an example of a buffer subtraction from a protein sample is seen (black curve is scaled

for visualization). Small deviations in the buffer measurement are usually seen by a lack of
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Figure 2.7: A: Illustration of a detector and the radially averaged data. B: Subtraction of a background from a
sample measurement. Black: Final data, scaled for visualization.

convergence of sample and background in the high-q region. For SEC-SAS measurements, frames
are measured during the entire course of the SEC run. This means that frames corresponding
to the particle of interest as well as a buffer region have to be selected afterward. Many frames
will usually be averaged, and buffer subtraction will then be performed as usual. Buffer frames
from SEC-SAS are typically chosen from the region before the void volume, as it is certain that

no particles are eluting at this point.

For further analysis of the scattering data, the data has to be calibrated to an absolute scale

in units of em™1.

Obtaining data on absolute scale can be performed in many ways, but in
this project, the SAXS data was always converted using HoO. The isotropic scattering signal
of H>0 at 20°C has been determined to be 1.632 - 10~2¢m ™! and can be used to calibrate the
data [160]. For the SANS data presented in this work, the absolute calibration was performed
using a measurement of the incoming beam with the use of mechanical attenuation (at D22,
ILL, Grenoble). However, this can also be done by using a secondary standard (such as HyO or

a polymer) as is the routine at FRMII, Munich.

2.2.7 Data analysis

With background subtracted and absolute calibrated SAS data at hand, the data analysis can
begin. There are a few relatively easy methods that can give an initial estimate of some param-
eters describing the sample, but more advanced modeling methods are commonly applied. In
this section, some of the methods used in this project by me or others will be described to give
an overview of the available SAS data modeling possibilities.

2.2.7.1 Guiner analysis

The first parameter usually estimated is the radius of gyration, Ry, which is the root mean square
distance from excess scatters to the center of mass in the particle. The R, is only meaningful

if the particle has a homogeneous SLD. This makes it very useful for protein samples, but less
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easy to interpret for, e.g., protein-DNA complexes and NDs. The R, is related to scattering
intensity at small ¢g-values, and can be described by the following equation:

I(q ~ 0) ~ I(0)e ¢ Fa/3 (2.14)

A sample only containing particles giving rise to scattering at higher g¢-values than the g¢-
range covered (meaning that they are sufficiently small), will have a linear relationship between
log(I(q)) and ¢? in the low g-region, which is usually called the Guinier-region. Obtaining a flat
Guinier region is often the first criterion of success for a useful dataset.

If the scattering data is on absolute scale, and the particle of interest has a homogeneous SLD,
the molecular weight, M,, can be estimated using the /(0) and the concentration, ¢, in weight

per volume:

_ MyApie

1(0) o

(2.15)

Where Ny is Avogadros number and Ap,, = (pm — Psolvent)V- Pm 1s the scattering length
of the particle, psowent is the scattering length of the solvent and v is the specific molecular
volume of the particle. For globular proteins in a SAXS contrast Ap,, has an average value
of 2-10%m/g[161]. This can be rewritten in to a relatively simple relationship between the
molecular weight of the sample and the forward scattering:

I(0)Ny4

M, = A
Y Apte

(2.16)

Where 1(0) may be approximated from the Guinier fit.

2.2.7.2 Pair distance distributions

Another commonly used parameter is the maximal distance within the particle, D4z, which is
closely related to the so-called pair distance distribution, p(r), function proposed by O. Glatter
[146]. The idea of the p(r)-function is to represent the SAXS data in real space instead of
reciprocal space, to give a more intuitive understanding of the data. This could in principle be
done by doing a Fourier transformation of the data, except that this would require a dataset with
a g-range from 0 to oo, which is not possible to obtain experimentally. The low-¢ region would
be affected by the beamstop, and the high-¢ would drown in the background of the instrument
at some point, as well as the detectors can not be infinitely large. The principle introduced by
O. Glatter was to propose a p(r) function in a finite r-interval, Fourier transform the p(r) and fit
it to the data. This is why this method is also called the indirect Fourier transformation (IFT).
However, two constraints have to be imposed during this transformation; one is that the curve
should be smooth, and the second that the data has a finite D,,4;. Using these assumptions,
the scattering intensity, I(q), is related to the p(r) by
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in which r is the distance between two scatters.

Figure 2.8 shows four different samples with the buffer-subtracted data in A and the correspond-
ing normalized p(r)-functions in B. The globular and the flexible protein show the same trend
in the p(r)-functions which roughly descends toward the same D,,q,. On the other hand, the
aggregated protein has a definite upturn in the low-q region of the raw data but also has a long
tail in the p(r) function, which is indicative of aggregation. In the last sample, the nanodisc has
a p(r)-function that is clearly different from the other three with the two peaks. This feature
arises from the negative contrast of the lipid tails as seen in table 2.3. The small oscillation in
the ND curve around 130A probably arises from imperfections in the data, and the "true’ Dyuqez
is most likely around 130A.

Figure 2.8: A: SAXS data on four different samples. Red: Globular protein. Grey: Globular flexible protein.
Green: Nanodisc. Blue: Aggregated protein. Scaled for visualization. B: Normalized p(r) functions of the same
samples.
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2.2.7.3 Kratky plot

Even though the most common way to represent scattering data is I(gq) vs. ¢, many other
representations have also gained ground, each emphasizing different features in the data. The

Kratky plot is simply ¢? - I(q) vs g plotted as seen in figure 2.9B.

Figure 2.9: A: SAXS data on four different samples. Red: Globular protein. Grey: Globular flexible protein.
Green: Nanodisc. Blue: Aggregated protein. Scaled for visualization. B: Normalized Kratky plot of the same
samples.

The Kratky plot is primarily used for probing differences in the flexibilities of samples. Globular
proteins will have a bell-shaped curve (similar to the red curve in figure 2.9B) while more flexible
samples will have a more upwards trend (as seen for the grey curve in figure 2.9B). This is a
rapid way to evaluate the flexibility of the system being investigated, but the results should be
evaluated with care, and especially multi-contrast samples are challenging to evaluate using this
method.

2.2.7.4 Modeling of proteins

To obtain more information than given by the parameters described in the above sections, differ-
ent options are available depending on the scientific case. Generally, when modeling a protein,
two scenarios are possible: 7) a high-resolution 3D structure of the protein (or parts of it) is
known (e.g., from crystallography, NMR or Cryo-EM) or ) the 3D structure is entirely un-
known. For case 7), it may seem silly to investigate a protein with a known structure using
a low-resolution technique such as SAXS, but in many cases, it is relevant to investigate the
solution structure of the protein as this might differ from the crystal structure. Also, investiga-
tion of the protein with a ligand bound, or under different buffer conditions are very common
experiments. Software such as Crysol, Cryson and SASREF [162, 163, 164] performs rigid-body
modeling of known protein structures to SAS data. As the computational possibilities increase
with the continuing development of better molecular dynamic (MD) simulation, a combination
of MD and rigid body modeling is commonly applied, as the crystal structure seldom represents
the solution structure. Another common problem is that the protein contains domains that are

not included in the crystal structure. In this case, this part of the model would preferably be
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modeled and then fitted to the SAS data. In general, MD and SAS fitting fields are merging
more and more, as they complement each other to a high degree [165, 166].

In case i) ab initio modeling can be performed, e.g., modeling without any prior knowledge
about the structure. In practice it is rare that no prior knowledge is available, as information
about the protein sequence, molecular weight (e.g., from mass spectrometry and SDS-PAGE),
the overall size (e.g., from SEC), the secondary structure (e.g., from circular dichroism) ect.,
would be available in most cases, but the 3D structure is often unknown. A typical approach
is bead-modeling which can be performed using the DAMMIF software or similar software
[167]. The idea is that the protein is represented by small dummy beads of a given size. In
the starting conformation, the beads are placed in a sphere where the radius is the D,,q, of
the protein. Following this initial step, one bead at a time is moved in a random orientation,
and the theoretical scattering pattern is calculated and fitted to the data. This process is
repeated until the fit is satisfactory. A continuum penalty is introduced so that all the beads
will always be interconnected [167]. The same idea has been developed for multi-contrast systems
in the software called MONSA [147]. The bead modeling is usually performed multiple times to
evaluate the consistency of the end-model.

2.2.7.5 Geometrical models

Another approach to modeling is using geometrical models build from simple geometrical shapes.
As an example the ND can be build from different geometrical components [168, 152] as seen in
figure 2.10.

Figure 2.10: Geometrical model of a ND. Simplified model from [168, 152].
The form factor-amplitudes from the different components can then be summed to the total
form factor amplitude of the ND:
A(q) MSP + A(Q)lipidheadgroup + A(q)lipidtails = A(Q)nanodisc (218)

This results in a model with many parameters to fit, but most of them can be constrained by

physically relevant bounds. As a part of this, the molecular composition is well-known along
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with the molecular specifics such as volume and scattering length of all the components. In this
system, it is valuable to have data from the same sample in different contrast situations (e.g.,
SAXS and SANS, or SANS at 100% and 42% D20) as simultaneous fitting to more contrasts
helps to restrain the fit. This model and other similar models can be found in the WillltFit
software [169]. Usually, parameters such as the number of lipids and the axis ratio of the disc
can be determined using this method.

Lastly, the two mentioned methods can be combined. That is the structure of an MP incorpo-
rated in an ND is to be determined. This can be done by fitting an empty reference ND, and
then using these parameters for the ND with the MP, but fitting the MP either using rigid body
or bead modeling [114, 113]. From these strategies, the position of the MP in the disc (e.g., in
the rim or the center) and potentially also the orientation of the MP can be determined. In
principle, if the MP is of an unknown structure, it is also possible to make a bead-based model
of the structure in the ND[114].
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2.3 Experiments on a surface

In contrast to the SAS experiments, which are performed on particles freely rotating in solution,
other techniques require the sample to be deposited on a surface. This comes with advantages
and disadvantages, all depending on the technique of choice. In this project, two surface tech-
niques have been used: Neutron reflectometry (NR), for probing structures on surfaces and
surface plasmon resonance (SPR), for measuring binding kinetics. The basic concepts of these
methods will be discussed in later sections. But before applying these methods, the sample of
interest has to be deposited or immobilized on a suitable surface, which is a research field of its
own. My personal experience from the last three years has been that preparing a good surface
is the key to a successful experiment, whether it is for NR or SPR. Therefore, the deposition
technique of choice and the general sample preparation must be performed carefully. In the
following section, the pros and cons of different deposition techniques will be discussed.

2.3.1 Forming a supported lipid bilayer

In this project, NR has been used to investigate lipid bilayers on a surface, and the prerequisite
for obtaining useful data using NR on such a sample is the formation of a homogeneous layer with
high surface coverage. Supported lipid bilayers (SLB) are routinely created via vesicle fusion in
the proximity of a hydrophilic solid support surface (figure 2.11) [170, 171, 172]. Formation of
SLBs via vesicle fusion allows the lipid composition of the bilayer to be varied and the produced
bilayers have been characterized with a range of different techniques [173, 174]. In addition to
NR and SPR which will be covered in this section, SLBs can also be characterized by other
surface sensitive techniques such as Quartz Crystal Microbalance with Dissipation monitoring
(QCMD), Atomic Force Microscopy (AFM) and fluorescence microscopy [175, 176, 177].

Figure 2.11: Deposition of a lipid bilayer on a solid support using vesicle fusion. A: Vesicles injected. B: Vesicle
fuse on the support. C: The SLB is formed.

After the injection of vesicles into a sample cell containing the solid support with a hydrophilic
surface (figure 2.11A), the vesicles will adsorb on the support surface and subsequently fuse once
a critical concentration of adsorbed vesicles is reached (figure 2.11B). The vesicle fusion can be
optimized by temperature and/or ionic strength of the buffer but either way, it is a spontaneous
process, leaving a lipid bilayer on top of the support surface (figure 2.11C).

Creating SLBs with different lipid compositions can shed light on the behavior of cellular mem-
branes and the different micro-domains forming in the membrane [178]. Furthermore, these
membranes can be used to investigate the binding of soluble proteins and peptides to lipids
[179, 180]. These interactions can be probed with regards to the height of the soluble protein
over the surface, and the penetration depth in the lipid bilayer.
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2.3.2 Forming a bilayer containing a membrane protein

Forming an SLB containing MPs is much more challenging than forming a pure lipid bilayer.
At present, two methods have mainly been used, but in paper III, a novel method is presented.
All three methods will be discussed in this section.

The first method is very similar to the one presented in figure 2.11, except that the vesicles now
contain the MP of interest as seen in figure 2.12 [181]. However, the random orientation of the
MPs in the vesicle might compromise an effective formation of the supported membrane on the
support surface. For MPs with an extramembrane domain (such as TF), it is very likely that
this domain will have repulsive interaction with the support. This means that in most cases no
stable supported bilayer can be formed, which will result in low surface coverage and MPs in
both orientations (see schematics in 2.12C). For an MP without any extramembrane domain,
the main problem will be that the MPs end up with a random orientation in the bilayer, which

hampers any subsequent binding experiments or similar studies.

Figure 2.12: Deposition of a lipid bilayer containing TF on a solid support using vesicle fusion. A: Vesicles
containing TF injected. B: Vesicle collapse on the support. C: Lipid bilayer containing TF molecules pointing in
both directions is formed.

For any binding study, the random orientation means that half of the MPs are unavailable
to the binding partner, making data interpretation difficult. For structural studies, the added
heterogeneity and low surface coverage of the bilayer decrease the information content of the
obtained data. In conclusion, this method has several drawbacks, and other methods have

started to emerge.

To overcome the problem of random orientation and to produce supported membranes with
high surface coverage, the second approach uses chemical anchoring of the detergent-solubilized
MPs to the surface, ensuring a unidirectional orientation of all MPs (figure 2.13A and B) [182].
Afterward, the lipids are added to the system by vesicle fusion, which also ensures detergent
removal (figure 2.13C).

This method requires chemical modification of the surface, usually involving gold coating, which
limits the application of the method to a few surfaces sensitive techniques. After coating the
substrate, the anchoring molecules have to be introduced (usually thiols with an NTA group)
before the sample can actually be deposited. One of the critical parameters to optimize in this
method is the number of anchoring molecules grafted on the support surface in order to load a
suitable amount of MPs in the membrane, as too few will provide to low signal while overcrowding

the membrane will provide undesired MP-MP interactions. Using the NTA anchoring requires
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Figure 2.13: Forming a lipid bilayer containing TF on a solid support using chemical anchoring. A: Tissue factor
in detergent is injected on a chemically modified surface. B: Tissue factor is anchored to the surface, and vesicles
are injected. C: Vesicles collapse and fill the gaps between the TF molecules to form the bilayer.

the MP to have a His-tag in the correct position to reconstitute the MP in the membrane with
its native conformation. Besides the advantage of the unidirectional orientation, the ability
to choose the length of the surface anchor can be convenient as it determines the height of the
bilayer and allows for MPs with large extramembrane domains to be included in the lipid bilayer
also with such domains facing the support surface. However, the MP anchoring omits lateral
diffusion of the MP, which is an important asset when aiming to replicate a native membrane.
In conclusion, the many different preparation steps make this method time consuming, and
also very sensitive to the success of each preparation step, setting the need for more convenient

deposition methods.

To overcome the problem of modifying the support surface and the protein sequence while
concomitantly controlling the orientation of the MP, a third approach was developed as described
in Paper III. The method is based on the formation of a so-called peptidedisc, which is very
similar to the ND except that the MSP is replaced by the amphipathic peptide, 18A. 18A is
well studied and has been shown to be able to form discs with different lipids as well as the
incorporation of an MP [142]. However, these discs are much more unstable than the original ND,
as the peptides are in a constant equilibrium between the disc and the free peptide in solution.
As unwanted a feature as this is for many structural studies in solution, it is also precisely this
feature that is utilized for the production of SLB with oriented MPs. The schematics of the
formation of the bilayer on the surface using these peptidediscs is demonstrated in figure 2.14.

Figure 2.14: Forming a lipid bilayer using peptidediscs. A: Injection of peptidediscs. B: Washing with buffer
which removes the peptide. C: Final lipid bilayer without peptide.

After injection of peptidediscs (figure 2.14A) absorption to the surface occurs, and after a certain
incubation time, the peptide can simply be washed away with buffer (figure 2.14B) leaving an
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intact lipid bilayer without peptides (figure 2.14C). The surface coverage of the SLB formed via
the peptidediscs is as good as for the ones formed by vesicles, and no peptide is left in the bilayer
after washing with buffer according to the characterization performed by NR, (Paper III). The
sample preparation of the peptide discs is straightforward and only requires buying 18A (which

is commercially available).

However, the real strength of the method becomes apparent when depositing a lipid bilayer with
MPs exhibiting one large extramembrane domain. An MP can be incorporated in a peptidedisc,
by simply adding the purified MP in the reconstitution step. When injecting the MP-loaded
peptidediscs on the surface, the discs will all be oriented with the large extramembrane domain
pointing away from the surface (figure 2.15A), as this is the most energetically favorable orienta-
tion since the lipid headgroups can interact with the support surface. The rest of the procedure
is identical to that of the empty discs, apart from now leaving a surface with a lipid bilayer
containing oriented MPs incorporated (figure 2.15C).

Figure 2.15: Forming a lipid bilayer containing TF using peptidediscs. A: Injection of TF loaded peptidediscs.
B: Washing with buffer which removes the peptide. C: Final lipid bilayer containing TF.

The clear drawback of this method is that it requires an MP with an extramembrane domain on
one side only, as this is what guides the orientation. Furthermore, it is not possible to control
the orientation of an MP, which is only situated inside the membrane. With that said, this
method was shown to orient two different MPs (one of them being TF, as shown in figure 2.15)
without the need of chemical anchoring. This leaves an ideal sample for NR experiments, but
the sample preparation method was also shown to work for SPR, AFM, and QCMD as described
in Paper III. This method has been used for all NR experiments conducted during this project.

For most of the SPR experiments performed in this thesis, samples were immobilized using an
anti-His antibody, as this is also the most used technique in the SPR field. This would not
be preferable in an NR experiment, as the large antibody would contribute significantly to the
signal, but in an SPR setup, this is not a problem. This issue will be addressed in greater detail

in the following two sections.

2.4 Neutron reflectometry

In this project, NR has been used to investigate the structure and orientation of MPs with
respect to the lipid bilayer as well as of protein complexes, and thus, a basic introduction will be

given in the following section. At present, there are many good reviews describing the theory and
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the instrumental setups available for the different beamlines, and these have laid the foundation
for the following section [183, 184, 185, 186].

2.4.1 Theoretical background

When going through the theory of NR, it is often convenient to treat neutrons as particles which

make the Schroedinger equation come in handy:

h2
-~ 8m2m

VXU 4+ VU = EV (2.19)

Here h is Planck’s constant, m is the mass of the neutron, V is the potential to which the neutron
is subject and FE is the energy of the neutron. In the case of NR, V' is the interaction potential
describing the effect of the interaction between the scatters in the sample, i.e., the nuclei, and

the neutron. A good approximation of V' is the Fermi pseudopotential:

h2
V=— (2.20)

- 2mm

where p is the SLD as we know it from earlier. However, in this case, we need a new way to

calculate p which is given by

p= ijnj (221)
J

where b; is the scattering length of nucleus j and n; is the number of nuclei per volume. The

scattering lengths are, of course, the same as provided for SANS in table 2.2.

Lets first have a look at the simple setup in which a neutron beam is approaching the surface

of an infinite layer as depicted in figure 2.16A.
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Figure 2.16: A: Schematics of a reflectivity event from an incoming beam. B: Example of a scattering length
density profile. C: Example of reflectivity data.

As there is no structure on the surface, the only force present is perpendicular to the surface.
This means that the incoming vector K is only affected by the barrier potential, and furthermore
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that it is the kinetic energy and the composition of the medium that determines if the neutron
is totally reflected. The kinetic energy can be described as

(hKi sin 91)2

E; =
i 8m2m

(2.22)
where 6; is the angle of K; as seen in figure 2.16A. Total reflection will occur in the case where
FE;, is larger than V. The critical angle, 0., which is exactly when E;, = V, can thus be
determined. Looking at the following expression for ¢ at the critical angle:

4 1/2
Gec = Tﬂ (1 — cos? 96> 2 (167 Ap)/? (2.23)
it becomes clear that the final expression is not dependent on the angle but solely the difference

in SLD between the two media conferring the interface.

From a setup as the one seen in figure 2.16A the SLD profile as seen in figure 2.16B would
be obtainable, from the raw reflectivity data (figure 2.16C). The SLD profile clearly shows the
transition between the two layers, while the reflectivity curve on its own can be difficult to
interpret.

In NR two different types of reflection can occur; ¢) nonspecular reflection and i) specular
reflection. 4) nonspecular reflection is defined by the angle of the reflected beam, 6y being
different from the angle of the incoming beam, 6;. This phenomenon occurs when the sample
is characterized by an inhomogeneous composition in-plane (along the direction parallel to the
surface). In principle, from nonspecular reflectometry measurements, structural information
about the lateral direction of the substrate can be obtained. This was not used in this project
and will not be discussed any further. In contrast i) specular reflection is when 6y = 6;,
which provides information on the structure and composition of the sample along the direction
perpendicular to the surface and is the technique actually used in this thesis.

Generally speaking, when the neutron beam is not totally reflected because E;; > V', the beam
can either be reflected (figure 2.16A, K, ) or transmitted (figure 2.16A, K;). In terms of NR, it
is very convenient to introduce the momentum transfer vector perpendicular to the surface, q.
q is defined as follows

4
g =2k = ; sin 6; (2.24)
where A is the wavelength of the neutrons. In the case of NR, the Schroedinger equation
(equation 2.19) with the Fermi pseudo potential leads to the same results as treating the neutron
as waves and it is possible to apply the laws from optics. Therefore, we can use the Fresnel

coeflicient:

ki — Ry

= 2.25
kil + ko (225)

and it becomes clear that by substituting in ¢ we get
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2

q— (q2 - q?)l/j (2.26)

g+ (¢2—g2)"?

where ¢, is the g-vector of the critical angle, 6., and R is the reflectivity. In practice, the g-value
for most measurements is much larger than g.. This means that a high g-values, the following
approximation can be used (called the Born approximation [187]):

1672
R~
q4

Ap? (2.27)

We now have an expression for the reflectivity only dependent on ¢ and Ap.

However, for all data obtained in this project, it was necessary to use equation 2.26 to describe
the data. This equation only describes a single interface, and in practice, multiple interfaces will
typically be present in a biological sample. The equations to fit such data are made by combining
equation 2.26 for each interface, while also considering interferences between the neutron wave

reflected at each interface. The data analysis will be discussed in more detail in a later section.

2.4.2 The instrumental setup

The exact instrumental setup of the reflectometers around the world differs a bit, but in general,
they all contain some fundamental components, as shown in figure 2.17. This is a schematic
of the SURF instrument at ISIS, where all the data presented in this thesis are collected [188].
As evident from equation 2.24, ¢ is dependent on A and 6#;. This means that in order to cover
the desired g¢-range, either of the two parameters can be changed. At some beamlines, a ¢g-scan
is performed by changing 6;, usually by moving the sample, but at other beamlines (such as
SURF), the time-of-flight (TOF) method is used. The TOF method relies on the relationship
between wavelength and velocity of the neutron, which means that by using a polychromatic
beam containing neutrons with many different wavelengths, the desired g-range can be obtained
in a few settings. The time of arrival of the neutron at the detector can then be used to calculate
the wavelength of that exact neutron, and hence, it can be correlated to its ¢g-value.

Detector

Detector tank

Choppers

Neutron source Collimator

Sample

Figure 2.17: Schematic illustration of the SURF instrument, based on [189, 188].

At ISIS, the neutrons are produced by a spallation source, which means that the neutrons arrive

in pulses, whereas, e.g., in Grenoble a reactor is used as the neutron source to produce a stable
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beam of neutrons. At SURF, the fast neutrons are removed from the beginning of each pulse by
the use of two choppers, which ensures that only neutrons with the desired wavelength (between
0.5A and 13A, depending on chopper settings) enters the rest of the instrument. Subsequently,
the slow neutrons are also removed using overlap mirrors, which makes the final wavelength
range 0.5A to 7A. Afterward, the beam is narrowed down to approximately 60 x 10 mm using
a collimator (including a set of mirrors) and a set of slits. Then the sample is irradiated in an
upside-down position, meaning that the SLB is facing downwards. The neutrons corresponding
to the transmitted and reflected neutrons are first separated by a third slit, which is used to
select only the reflected neutrons to reduce the background and finally, the reflected neutrons
go into the detector tank and hits the detector. In the case of NR experiments at solid-liquid
interfaces, it is usually possible to mount a number of suitably designed solid-liquid cells that
can be moved in or our of the incoming beam with a sample changer. Lastly, it is possible to
control the buffer flow in the cells using external pumps.

2.4.3 Performing an experiment

As with many other methods, obtaining useful data is really about sample preparation. NR is
no exception, and the cleaning of the cell and the solid support, as well as the deposition of
the sample of interest, are critical parameters in obtaining a good data set. Depending on the
desired surface, different cleaning procedures are performed but obtaining a clean surface before
the deposition is in any case essential. In this project, we used monocrystalline silicon supports
in the dimensions: 5 x 8 x 1.4 cm. The substrate was cleaned adequately before depositing the
samples, in order to obtain a hydrophilic silicon oxide surface, which spontaneously grows on
the silicon support surface when exposed to air. The two layers can relatively easy be separated
as their SLDs are quite different. When depositing a lipid bilayer (with or without MP) the
hydrophilic SiO5 surface is usually selected. If any impurities or hydrophobic areas are present
on the surface, this will most likely affect the deposition of the lipids.

A wide range of commonly used buffers can be used for NR experiments, and in most cases, the
same sample should be measured under three or four different D2O contents. This procedure
enables a robust data analysis by simultaneously fitting the same structural model to the data
collected in the different contrast situations. Samples should always be measured in 100% and
0% D20 but also in 38% D20, which is called silicon matched water (SMW). Sometimes a fourth
contrast is also applied, which is measured at 68% and is called 4MW. The different contrasts
are essential to be able to constrain the fitting of the data later on.

2.4.4 Data handling

The data analysis is performed by comparing a theoretical model of the sample to the collected
data. The data analysis performed as part of this project was performed using the Rascal
software and based on the optical matrix method. By this approach the sample is described as
a stack of layers characterized by different molecular compositions and each layer is assigned
with a thickness, t, a scattering length, p, a roughness, o, and a solvent fraction, ¢. The p is
simply the average scattering length of the molecules in the layer, while o takes into account
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that the interface of each layer is not perfectly flat. ¢ is the solvent fraction which both accounts
for imperfections in the coverage of the surface but also naturally occurring solvent in the layer
(e.g., between lipid headgroups).

After fitting the defined model to the data, the obtained parameters can be used to calculate
an SLD profile which contains information on the distribution of the molecules in the direction

perpendicular to the substrate.

The lipid bilayer can be separated into four different layers as visualized in figure 2.18A. The
silicon oxide is, of course, not of interest but has to be included in the model. In addition, the
values for the inner and outer lipid head groups can, in many cases, be constrained to have the
same structural parameters in order to reduce the number of free parameters in the fitting model.
As all experiments in this project have been conducted using lipids of known composition, it is
possible to calculate the SLD for both headgroups and tails, which further aids the fitting.

Figure 2.18: A: Separation of a lipid bilayer on a silicon surface into four different layers. B: Tissue factor in a
lipid bilayer. Separation into five different layers for analysis of NR data.

In the case where an MP is incorporated in the bilayer (in this case TF), more layers have to be
defined and the existing layers have to be redefined. As TF only has a single extramembrane
domain (the ECD), a model with five layers was applied in Paper III. In addition to the fifth
layer with the ECD of TF, the other parts of TF were included in the other layers, as seen in
figure 2.18B. Creating these layers requires some prior knowledge about the structure of the MP,
and how the different domains behave in a membrane.

In the case of TF, the lipid tail layer can be described by the following equation:

PLipidtail+TMD = ¢TMDPTMD + (1 — OTMD)PLipidtail (2.28)

where prpp is calculated using the sequence of the TMD. pripigtqai is known from the data
previously collected on the pure bilayer. To reduce the number of free parameters, the volume
fraction of TF in the acyl chain layer can be described by:

ts V-
drMD = PECD D (2.29)
t3VEcD

which means that the number of TMDs and ECDs of TF are the same. ¢ and V are the volume

fraction and the molecular volume, respectively.
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A dataset from a measurement on a POPC/POPS membrane on a silicon oxide surface can be
seen in figure 2.19A (example from Paper III).

Figure 2.19: A: Reflectivity data on a POPC/POPS bilayer under three different buffer conditions, with fits. Data
is scaled for visualization. B: SLD profiles of the data from A. The illustration of the model used for the fitting
is overlayed. C: Reflectivity data obtained on a POPC/POPS bilayer with TF embedded under three different
buffer conditions, with fits. Data is scaled for visualization. D: SLD profiles of the data from C. The illustration
of the model used for the fitting is overlayed.

The model from figure 2.18A was applied to the data, and the obtained SLD profile can be
seen in figure 2.19B. As seen, the different layers are visible in the SLD profiles of the different
buffer, and it is also evident that the different buffers provide a different contrast (difference
in SLD between the sample and the buffer) with the different parts of the membrane. The
same measurements were performed on a bilayer with TF embedded (figure 2.19C), and the
model presented in figure 2.18B was fitted to the data. In this case, the height of the ECD
layer is what’s the most interesting, as it indicates the orientation of the domain relative to the
membrane. As demonstrated in figure 2.19D, the ECD layer can also be seen in the SLD profile,
albeit not as distinct as the other layers, probably due to a higher solvent fraction in this layer.

2.4.5 Outlook

Even though NR has been used for decades to investigate surfaces of different substances,
biomembranes and especially the interplay between MPs and membranes is still a relatively

new subject in this field. This is, as it is for many techniques, in part due to problems with
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sample preparation. However, as more and more techniques for depositing membranes with
incorporated MPs emerge, this technique will certainly become more relevant for the general
protein structure community [190, 191, 192]. In particular, lipid-protein interplay is becoming
increasingly important. Many physiological processes are dependent on the presence of a lipid
bilayer, and in some cases on specific lipids to maintain the activity (as seen for the coagulation

pathway).

Interactions between membranes and soluble proteins (or peptides) are also studied to a greater
extent, as the sample preparation is easier, and it provides interesting results about the pene-
tration depth of the protein, and also the height of the protein over the membrane [193, 194]. In
addition, this technique provides a very good constraint for supplementary MD simulations, as
the height and penetration depth can be used. On the other hand, the MD results can provide
an atomistic picture of the events on the membrane [195, 196, 197].

2.5 Surface plasmon resonance

SPR was used to determine binding kinetics and binding constants in this project and will be
discussed in the following section. Many reviews are available on the topic, and a selection of
these has been used for this section [198, 199, 200].

2.5.1 General theory

As for NR, SPR is all about a beam hitting a surface; in this case, the beam is of light instead
of neutrons. When a beam of light hits a surface, the light is slightly bent, if it passes from a
medium with a high density to another medium with a lower density (as illustrated in figure
2.21A, dashed line). By changing the angle of the incoming beam, 6, it will at some point reach
the critical angle, where total reflection occurs (figure 2.21A, solid line).
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Figure 2.20: A: Illustration of a beam of light hitting a surface. B: Illustration of evanescent waves from a gold
film. C: Intensity of the evanescent wave as a function of the distance perpendicular to the surface (Z). See main
text for detailed explanation.

In an SPR setup, the chip (the surface) is usually covered with a thin gold film, as it posses
some beneficial properties for the experiment, but other metals can also be used. At a specific
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electrical field of the incoming photons, it can interact with the free electrons in the gold film.
The energy of the photon beam is then absorbed by the gold film and transferred to the free
electrons which are converted to plasmons. A plasmon is defined as the electron density wave,
and it propagates parallel to the gold film. The oscillations of the plasmons create the so-called
evanescent wave which is perpendicular to the surface and has a range of about 300 nm (see
illustration in figure 2.21B). The intensity profile of the evanescent wave in the Z direction is
demonstrated in figure 2.21C.

In summary, this means that when the energy of the light, at the critical angle, is precisely right,
the conversion of photons to plasmons will change the intensity of the reflected light. The exact
angle (the SPR angle) at which this resonance happens, is dependent on the refractive index
of the material on the other side of the surface. This means that if the refractive index on the
other side of the gold film changes, the SPR angle will also change, and this change in angle is
exactly what that is measured in the experiment.

2.5.2 Performing an experiment

To explain the course of an SPR experiment, we will look at an example from Paper IV where TF
is reconstituted in an ND and immobilized using an anti-his antibody on the surface. The aim
of the experiment is to investigate the binding kinetics between TF and FVIla. The experiment
starts with the immobilization of TF on the antibodies. At this point, 61, is the angle giving rise
to the largest decrease in intensity (figure 2.21 (1)). Upon injection of FVIIa and subsequent
binding to TF, the refractive index changes, and hence the angle giving rise to the largest

decrease in intensity also changes (now 6s).

Figure 2.21: Schematic overview of a simplified SPR experiment indicating the change in the SPR angle upon
binding of FVIIa. See main text for detailed explanation.

This change in angle can be converted to resonance units (RU), adhering to the definition:
1RU = 10~* degree, and thus the development of RU as a function of time can be followed
(figure 2.21, bottom right).

When performing an actual experiment, both the association and the dissociation will be followed

as they contain information about the K,, and K,s; rates, respectively. Continuing with the
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same example as before, the experimental output would look similar to the one presented in
figure 2.22.

Figure 2.22: Schematic overview of an SPR experiment with an example of the obtained RU as a function of time
in the lower panel.

After FVIIa injection, an increase in RU is observed as above. After a certain period, the
system will reach equilibrium, and the RU will be flat, indicating that no more FVIla will
bind at this concentration. Lastly, buffer is flushed through the system, and the dissociation of
FVIIa is followed until reaching a new flat RU signal, which should be the same as the initial
signal. This cycle is repeated using different FVIIa concentrations ranging around the Kp of
the interaction. In practice, a reference experiment is always conducted simultaneously and is
subtracted from the actual experiment to remove contributions from, eg. FVIIa binding to the
surface, ND or similar events. Having a good reference experiment is essential for obtaining
useful data, and can, in some cases, be difficult.

When fitting the kinetic constants, multiple different concentrations should be measured, ranging
around the Kp of the interaction. This was done for the TF:FVIla interaction in Paper IV, as
seen in figure 2.23.

Figure 2.23: A: Experimental setup of FVIIa binding to immobilized TF. B: SPR data obtained on the interaction
between TF in a nanodisc and FVIIa (as presented in Paper IV)

Assuming pseudo first order kinetics, the association phase can be described by the following

equation:

d[TF : FVIIa]
dt

= kon - [TF] - [FVIIa] — koss - [TF : FVIIa] (2.30)
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where K, is the off rate (in units of s71) and K, is the on-rate (in units of M ~1s~!). In other
words, K,ry is the fraction of the complexes that dissociate per second and K,, is the number
of moles that associate per second. These values are usually fitted using this relationship:

R = Req (1 _ e—(kon~c+koff)(t—to)> (2.31)

where R is the resonance in RU, R, is the resonance at equilibrium, and c is the concentration
of FVIIa.

The dissociation phase of the data can be described by the following equation:

— = —koss-R (2.32)

and is usually fitted using:

R = Ry - e Fors(t=to) (2.33)

A global fit to all measured curves is usually applied to obtain common values for K,, and K.
These values can be used to determine the affinity of the interaction by using the relation to the
dissociation constant, Kp:

(2.34)

2.5.3 Experimental challenges

Multiple experimental challenges can be faced when performing an SPR, measurement, which is
often related to the immobilization of one of the interaction partners. This immobilization has
to facilitate the correct orientation and be of sufficient strength to ensure that the interaction
partner is situated at the surface during the entire experiment. In many cases, this is done by
attaching an antibody that recognizes the protein of interest, but also covalent methods can be
used. As such, in order for this immobilization to be successful, the protein of interest should
contain a tag or a site for covalent interaction in order for this immobilization to be successful.

When performing the experiment, one of the things to be aware of is the so-called mass transport
limitation (MTL). This phenomenon usually occurs if the binding partner is large and thus
diffuses slowly. Upon association, this will result in a depletion zone (figure 2.24, left) where the
concentration of the ligand is lower than in the injection, simply because it diffuses slowly. This
gives rise to a RU signal as the solid line, while the binding without MTL is depicted as the
dashed line. However, eventually, the same equilibrium RU as without MTL will be reached.
The same issue is present upon the dissociation, now just with a retention zone, in which binding
and unbinding events will continue to happen because the binding partner does not diffuse away
(see figure 2.24, right).



Chapter 2. Experimental methods 58

Figure 2.24: Illustration of masstransport limitation. The solid line is the obtained data while the dashed line

represents the data if mass transport limitation had not been an issue.

If MTL is observed in a dataset, the first thing to try is to reverse the experiment and immobilize
the other binding partner. If this is not possible, or if MTL still occurs, only equilibrium binding

information can be obtained using SPR.
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3 | Results and discussion

This section is divided into three subsections, each describing the main results obtained during
this project. Most of the results are also included the in manuscripts in Part III, however, a
few results of a more preliminary nature are also presented here. The first subsection describes
the process of method and protocol optimization performed during this project, which indeed
laid the experimental foundation for the results in the two last subsections. The first section
describes the findings on the orientation of TF in a bilayer, while the last concerns the quaternary
TF:FVIIa:FXa:NAPc2 complex on an ND.

3.1 Development of carrier systems and purification protocols

Having a suitable carrier system for the membrane protein (MP) of interest, is key to a successful
experiment, and hence development of new and improved carrier systems is an essential part
of the MP research field. For both structural and functional experiments, three parameters
are highly valued, when selecting a carrier system; stability of the MP, sustaining a native-like
activity and structure, and lastly the ease of the method. In addition, the SAS methods that
have been used extensively throughout this project are also dependent on a relatively narrow
size distribution of the carrier system. In conclusion, the demands for an ideal carrier system
are very high, and in practice, compromises on some of the parameters have to be made. In
this project, most of the experiments have been conducted using NDs, as they provide the
necessary lipid environment for the TF complex to be assembled. An optimized ND with a
higher temporal stability and easier production was developed during this project, to facilitate
subsequent SAS measurements. For NR experiments, the available methods of sample deposition
all have drawbacks inconsistent with our aim, and in consequence we also developed a new

method producing samples with the desired composition in a straightforward manner.

Lastly, TF had to be produced in the relatively large amounts needed for structural studies.
The available protocols all relied on expression of a membrane-anchored TF, which resulted in
low yields, not suitable for SAS experiments. We developed a protocol based on expression
in inclusion bodies (IB) and subsequent refolding, which yielded more than 10-times as much
protein, and amble for structural studies.

61
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3.1.1 Circularized nanodiscs

Based on the work on the circularized ND performed by M. Nasr. et al, we designed a new
construct called circularized and solubility enhanced MSP1E3D1 (csE3) [109]. M. Nasr et al.
utilized an evolved version of the enzyme Sortase (eSrt) to form a covalent bond between the
two termini of the MSP, resulting in a circularized protein. We adapted this strategy, but
also introduced a substantial number of negatively charged residues, which had already been
shown to enhance the solubility of other proteins (figure 3.1A for an overview of the construct)
[135, 136]. The general idea was that an initial TEV cleavage would provide a N-terminal free
Glycine which together with the C-terminal eSrt-site would be linked by the eSrt, leaving a
circularized MSP without any His-tags (figure 3.1B).

Figure 3.1: Production of csE3. A: Overview of the sequence of csE3 and the respective enzymatic sites. B:
Schematic overview of the enzymatic reactions. C: Expression of csE3, lane 1: Before induction, lane 2: After
induction with IPTG. D: Visualization of enzymatic reactions. Lane 1: After purification by NiNTA. Lane 2:
After TEV cleavage. Lane 3: After circularization by eSrt. Lane 4: Both non-circularized and circularized loaded
to visualize the difference in migration.

The expression of the new csE3 construct was very high (figure 3.1C) (similar to many other
MSPs), and also the subsequent steps were performed without any issues, resulting in 75 mg of
pure csE3 per liter of bacterial culture (figure 3.1D).

A vital optimization step in this protocol was the concentration of the substrate in the sortase
reaction, linear soluble E3 (IsE3). We found an almost linear relationship between the fraction
of csE3 oligomers and dimers, and the ISE3 concentration used in the reaction (figure 3.2).
To maximize the fraction of monomeric csE3, a concentration of 10 uM IsE3 was used in all
further reactions, as it provided a yield of ~ 95%. This was contrary to the previously reported
circularization reactions, which had shown a much lower circularization yield as well as a lower
final yield (around 20 mg per liter of culture for similar-sized MSPs) [109, 201, 202]. Another
previous study found that the reaction yield could be optimized by adding detergent to the
preparation [201], and it is very likely that the high abundance of charges in our new construct
introduced the same repulsive properties, circumventing the need for detergent.
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Figure 3.2: Yields of csE3 by different IsE3 concentrations. A: Gel of the samples at different IsE3 concentrations
and relevant standards. B: Band intensities from A estimated and plotted as a function of ISE3 concentration.

To investigate the ND formation using the new construct, NDs of csE3 and IsE3 were recon-
stituted and analyzed by SEC. The two samples looked virtually identical (figure 3.3A), and
fractions were selected for SAXS analysis. Both the I(q) and the p(r) representations of the
data revealed highly identical structures (figure 3.3B) (see details in Paper I).

Figure 3.3: Structural investigation of NDs formed by IsE3 and csE3. A: SEC analysis of the reconstituted NDs.
Marked fractions were used for SAXS measurements. B: SAXS data of the respective fractions. Insert: p(r)
functions. C: Nanodisc model fitted to the SAXS data (see fitting parameters in Paper I). D: Representation of
the axis ratios applied in the ND model to account for polydispersity.

An ND model [168, 152] was fitted to all four data sets, to evaluate the properties of the new
MSPs as ND scaffolds. When a range of axis ratios were included in the fit, to account for
the slight polydispersity, the model fitted the data (figure 3.3C+D). This range of axis ratios
is commonly applied when investigating NDs made by the MSP1E1D1 belt, as they provide a
relatively large bilayer which confers some polydispersity.
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With an easy production at hand and ensured that the belt still formed NDs, we investigated
the temporal stability at different temperatures. Besides c¢sE3 and IsE3, we also investigated
the template for the new constructs, MSP1E3D1, with the aim of evaluating the effects of the
extra charges. As seen by following the static light scattering signal over time, at three different
temperatures, both the charges and the circularization improved the stability (3.4A). This was
especially evident at 37 °C where the csE3 signal was completely flat, while the two other
curves increased in count rate, suggesting formation of larger particles. The same samples were

analyzed by SEC subsequent to SLS measurements(figure 3.4B).

Figure 3.4: Temporal stability of NDs. See sample overview in C. A: SLS measurements as a function of time,
performed at three different temperatures. B: SEC analysis of the same samples as in A. C: Overview of the three
different samples. D: Proposed energy diagram of the three different samples.

From SEC analysis, it was evident that at 50 °C both the IsE3 and MSP1E3D1 NDs contained
material eluting at an intermediate size, but also in the void volume of the column, the latter
indicative of aggregation. On the other hand, the csE3 ND only contained material eluting
in the void and in the ND peak. This made us propose the energy diagram seen in figure
3.3D. We speculated that circularization restricts cskE3 NDs from forming what we call a 'fused
disc’, which in the SEC profiles eluted at an intermediate size (it should be noted that we
have no structural data suggesting a merger of discs, but the size approximately corresponds
to two discs). This 'fused-disc’ state was visited by 1sE3 and MSP1E3D1, but the barrier was
higher for IsE3, as suggested by SLS and SEC. Thus we concluded that both the charges and
the circularization enhanced the temporal stability of the NDs and that this made them ideal
for experiments performed at physiologically relevant temperatures. We also showed that an
MP could be incorporated using existing protocols, meaning that neither extra charges nor

circularization of the MSP affected reconstitution in this case.
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As a next step we wanted to further optimize the production of a circularized MSP, as well as
the reconstitution of a circularized ND. Therefore, we designed a new construct which joins csE3
and eSrt (figure 3.5) resulting in a fusion protein (called fE3), with a flexible linker between the
two proteins. The idea was to circumvent the need for production of Sortase in parallel, hoping
that it could also minimize the production time, as the enzymatic capabilities will be inherent in
the protein. In addition, we hoped that this construct would be useful for the class of MPs with
hydrophilic domains on both sides of the membrane. These might struggle with the classical
incorporation into a ¢cND, as one of the hydrophilic domains would have to pass through the
hydrophobic interior of the MSP, and circularization after reconstitution will circumvent this.

Figure 3.5: Overview of the fusion construct and the proposed reaction mechanism.

The proposed reaction scheme for fE3 was very similar to the one for csE3, except that the eSrt
would be present all the time, and did not have to be added. The expression and purification
of fE3 proved to be more challenging than first expected, as a fraction of fE3 was degraded
during expression at both 20 °C and 37 °C (figure 3.6). We tested four different constructs
with different linker lengths and different versions of Sortase (see detailed construct design in
Paper II), but all four showed a propensity towards degradation. This could either be due to
proteolysis of the linker region, or to Sortase being enzymatically active and attaching the MSP
to a free Glycine in the bacterial cells. However, neither shortening the linker nor choosing a
less active Sortase solved the problem. The same problem was encountered in studies using a
similar construct, but the problem was not further addressed in these [203, 204, 205].

Thus, we continued using expression at 37 °C as it provided the highest amount of fE3. Purifi-
cation was performed using NiNTA resin followed by an ion-exchange chromatography column
providing relatively pure fE3 (details in Paper II). Sortase is reported to be calcium-dependent
[206]; thus we tested the circularization of fE3 in the presence and absence of calcium (figure
3.7TA).

fE3 was circularized even in the absence of calcium, albeit, at a slower rate than when calcium
was present, at which the reaction was almost immediate (figure 3.8A). This was in contrast to
the circularization of IsE3 (figure 3.7B), which was much slower in the absence of calcium, while

the reaction with calcium was again almost immediate. This was probably due to a proximity



Chapter 3. Results and discussion 66

Figure 3.6: Expression of fE3. Green asterix: Soluble fE3. Blue asterix: fE3 in inclusion bodies. Red asterix:
Degradation/enzymatic products of fE3.

Figure 3.7: A: Circularization of fE3 in the presence or absence of calcium. B: Circularization of ISE3 in the

presence or absence of calcium.

effect, as the local concentration of Sortase substrate was much higher for fE3. The csE3 from
fE3 was also analyzed by mass spectrometry, which confirmed the overall mass and identified
the unique peptide arising as a result of the circularization (Paper II). After confirming the
circularization properties, we investigated the possibility to post-circularize a reconstituted ND.
The schematics of the process is illustrated in figure 3.8A and is very similar to that in figure 3.5
except that the ND was reconstituted with a non-circularized MSP, and thus lipids are present

throughout the enzymatic reactions.

The circularization of a reconstituted ND was indeed possible, using both fE3 (figure 3.8B) and
IsE3 (figure 3.8C). In the case of ISE3 the process was yet again, dependent on calcium, but
showed similar turnover times. However, in the case of fE3, the reaction was slower compared
to the reaction without lipids. This could probably be explained by the sterical hindrance posed
by the lipids restricting the reach of the Sortase. To evaluate the size of the NDs formed using
this new reconstitution process, four samples were analyzed by SEC (figure 3.8D). The free fE3
eluted in a relatively broad peak around 14 ml, which is commonly seen for MSPs, which tend
to migrate as oligomers. Forming an ND with fE3 resulted in a peak in the void, and a peak
eluting slightly earlier than the normal csE3 ND. In contrast to the two post-circularized NDs
(from either fE3 or ISE3) eluted at the expected (and identical) size. It is currently not clear why
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Figure 3.8: A: Schematic overview of the circularization of a reconstituted ND using fE3. B: Circularization of a
fE3 ND. C: circularization of a ISE3 ND. D: SEC analysis of NDs and fE3 (see legend).

a fraction of the fE3 NDs ended in the void, and due to time limitations, this was not further

explored.

To gain a deeper understanding of the fE3 structural features and the post-circularized NDs,
five samples were prepared for SAXS analysis (top panel, figure 3.9).

Figure 3.9: SAXS measurements of different NDs. A: SEC analysis of the five samples, with the fraction selected
for SAXS marked. B: Buffer subtracted SAXS data on the five samples. Scaled for visualization. C: p(7)
distributions of the five samples. Normalized p(r)-functions calculated using Bayesapp.org.

As evident from the SEC peaks, the fraction eluting in the void volume was still present in
the fE3 ND sample (red), but seemed to be smaller when the post-circularization reaction was

allowed (csE3 ND from fE3) (figure 3.9A, green). All five samples contained an oscillation in
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the SAXS data (figure 3.9B) around 0.1A~! which is characteristic for an ND, and the p(r)
distributions are also quite similar. The only distinct difference was the extra bump in the
p(r) of the fE3 ND, which could correspond to the two sortases attached to the periphery of
the ND. Unfortunately, issues with radiation damage occurred during the beamtime, which was
probably the reason why the buffer subtractions looked unreliable, making it challenging to
extract conclusive information from the data. However, this data strongly suggested that NDs
were formed, and the structure was conserved throughout the post-circularization reaction of a
reconstituted ND.

Lastly, we embedded TF in NDs, and performed the circularization after reconstitution. This
worked well using both fE3 and IsE3, yielding circularized NDs containing TF with similar
activity to probing it in a ¢cND produced using the original protocol (Paper II and IV).

These findings showed the potential for improving the currently available NDs by optimizing the
sequence. Furthermore, the available production protocol can be challenged by different purifi-
cation steps, but also by designing new constructs as the fusion construct. Some optimization
is still needed for the fE3 to function optimally, but developing new constructs and protocols
easing the use of the ND technology will increase the applicability of the technology and aid the

MP community in general.

3.1.2 Deuterated nanodiscs

The possibility to match-out (MO) deuterate bio-molecules, has previously been used to make
a deuterated ND (dND) that was ’invisible’ to neutrons. This was done by using the original
MSP1D1 belt and PC-lipids both from bacteria grown in deuterated medium [154, 155]. By
performing a contrast variation series, this ND was shown to almost match-out in 100% D-O.
Insertion of an MP into the ND and subsequent SANS data allowed probing different conforma-
tional states of the MP, without contributions to the signal from the ND [155]. After developing
the csE3 belts, and finding them to confer high stability, we believed they would provide a good
scaffold for dNDs, as the D2O content in the buffer had previously proven to be a problem
for less stable NDs. In addition, chemically deuterated POPC lipids had been developed by a
collaborator, and the combination of the two resulted in the deuterated, circularized and solu-
bility enhanced NDs (desND) presented here. We conducted SANS experiments in buffer with
a varying amount of D2O to estimate the precise MO point (figure 3.10A+B). As seen in figure
3.10A, the intensity decreased when the D2O content increased, and when visualized as in figure
3.10B, the intercept of the fit provided the match point, which was 101% D-O. Naturally, it
is not possible to perform an experiment in more than 100% D>O, but the overlay of the raw
desND data with background measurement in 100%D2O (figure 3.10C) revealed that the signal
from the ND, over background, was neglectable.

In conclusion, we have developed different NDs for different SAS experiments. The high stability
of the cskE3 NDs was ideal for both SAXS and SANS, and the use of fE3 might make circularized
NDs applicable to a broader range of MPs. On the other hand, the desND was perfect for SANS
measurements in 100% D»O, as it resulted in data with a signal only from the MP of interest.
All the NDs have an approximate diameter of 13 nm, leaving enough lipid surface to facilitate
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Figure 3.10: Matchout deuterated ND. A: Contrast variation series. SANS measurements at varying D2O contents.
B: Match point determination. I(0) values determined from A. C: Unsubtracted data for the ND in 100% D20
and the corresponding background.

the formation of a complex on top. In later sections, all of these features will prove valuable in
the investigation of the quaternary complex structure.

3.1.3 Deposition of a lipid bilayer

For the NR experiments conducted in this project, the preparation of a lipid bilayer containing
TF in a unidirectional manner was essential. Therefore, we set out to develop a deposition
method using the so-called peptidediscs. The peptidedisc is very similar to the ND, except
that the MSPs are substituted with the amphipathic peptide 18A. Peptidediscs have previously
been used to study MPs [142, 207], but as the peptides are in constant equilibrium with the
free monomer state, it promotes a rather unstable nature of the molecule, which makes them
infeasible for longer measurement times. However, it is this equilibrium that makes them ideal
for deposition of a lipid bilayer, and it is this exact feature that was used in this new protocol.
The first step was to prepare peptidediscs with the desired lipid content. Subsequently, the
peptidediscs were injected into the sample cell and after a short incubation time, buffer was
flushed over the surface, which removed the peptides in solution (figure 3.11A). As the peptides
are in constant equilibrium, eventually all the peptides would be washed away, leaving a pure
lipid bilayer. We followed this process by QCMD (figure 3.11B) and found that after washing,
a frequency shift (AF) of about 26 Hz was observed, which was exactly what we expected for a
POPC bilayer, confirming the utility of the method. Furthermore, NR measurements confirmed
that no peptides were left in the membrane (Paper III).

The next step was to use the peptidediscs for incorporation of TF in the membrane. Peptidediscs
were produced with TF incorporated, and the same procedure (as above) was followed (figure
3.12A). To confirm the presence of TF in the (POPC) membrane FVIIa was injected, and the
decrease in AF proved the presence of accessible TF (figure 3.12B). As evident from the QCMD
data, a small fraction of FVIla was washed away when flushed with buffer, but this was probably
FVIIa bound to the membrane and not to TF. As a control experiment, FVIla was injected onto
a pure POPC membrane, and no binding was observed (Paper III).

To confirm that all TF molecules were in the same direction, NR measurements were conducted,
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Figure 3.11: Depositing a lipid bilayer using peptidediscs. A: Schematic overview of the procedure. After injection
of peptidediscs and a brief incubation time, buffer was flushed over the surface, removing the peptides and leaving
a pure lipid membrane. B: QCMD data on the procedure presented in A.

Figure 3.12: Depositing a lipid bilayer containing TF and subsequent binding of FVIIa. A: After injection of
peptidediscs with TF incorporated the surface is flushed with buffer which removes the peptide and leaves a
bilayer with TF incorporated in a unidirectional manner. Afterwards, FVIIa is injected and can bind to TF. B:
QCMD data on the events presented in A.

demonstrating that the TF ECD was only present on the side of the membrane pointing away
from the substrate (see Paper III).

A drawback of this new method, is the difficulty in estimating the concentration of the MP
in the sample, as the absorption at 280 nm was a combination of the contributions from the
MP and an unknown number of peptides. Therefore, we explored the helical structure of 18A
(figure 3.13A) to see if we could mutate the Tryptophane and the Tyrosine, which contributes
to the UV280 absorption. As evident from the peptide wheel, the Tyrosine is located on the
hydrophobic side of the peptide, while the Tryptophane is in between two charged Lysines but
close to the border of the hydrophobic part. Therefore, we decided to substitute the Tyrosine to
a hydrophobic Leucine, while the Tryptophane was substituted to a Glutamine (figure 3.13B).
We believed that these mutations would preserve the amphipathic properties of the peptide
while removing the UV280 absorption, and hence called the mutant dark-18A (d18A).

The first test we did was to determine if d18A formed lipid-particles of a similar size to 18A.
To be able to monitor the d18A peptidediscs, UV absorption at 214 nm was also monitored, as
contributions from peptide bonds would be visible here. An 18A peptidedisc elutes around 14
ml on an SEC (figure 3.13C), and as seen in figure 3.13D, the d18A peptidedisc eluted at the
same volume, but without any UV280 signal. The d18A chromatogram also showed a minor
fraction eluting around 19 ml, which was probably free peptide. This could either be due to a
slightly skewed lipid:peptide ratio (which is known to provide some free peptide) or to a slight
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change in the properties of d18A compared to 18A. Therefore, a thorough optimization of the
lipid:peptide ratio is needed, as it is essential for this kind of sample.

Figure 3.13: d18A design. A: Peptide wheel of 18A. B: Peptide wheel of d18A. Peptide wheels created using
the EMBOSS server. C: SEC chromatogram monitoring UV absorption at both 280 nm and 214 nm for an 18A
peptide disc. D: same as C, but with a d18A peptidedisc.

The incorporation of TF in 18A (figure 3.14A) and d18A (figure 3.14B) was monitored by
SEC. As evident from the 18A chromatogram, it was impossible to see if TF was incorpo-
rated, but the UV280 peak in the d18A confirmed the presence of TF. The fractions from the
chromatograms were analyzed by SDS-PAGE showing a TF band (figure 3.14C). The gel also
demonstrated a band corresponding to the MP CorA, which was also incorporated with success
(SEC chromatograms not shown). The fraction of UV280 in the void of d18A was probably due
to pre-aggregated TF, as the same feature was present in the sample with 18A.

Figure 3.14: A: 18A peptidedisc with TF incorporated. B: d18A peptidedisc with TF incorporated. C: Gel of
fractions from empty, TF (from A and B) and CorA incorporated peptidediscs made using either 18A or d18A.
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To evaluate d18As properties as a deposition tool, the same QCMD tests as demonstrated for
18A were performed with the same outcome (data not shown). This means that a peptide with
the same MP carrying properties is now available, and that this enables monitoring only the
MP signal on the SEC, and also estimation of the final sample concentration using the UV280
absorption. This is very useful as knowing the concentration is important when performing most

experiments, or when optimizing experimental conditions.

In conclusion, this novel technique enables a relatively straight forward sample deposition
method, allowing for experiments such as NR and SPR to be performed on unidirectional MPs

in a lipid bilayer.

3.1.4 Refolding of tissue factor

As the overall goal of this project was to obtain structural information on TF and its interaction
partners, solid production of TF had to be established. Previously reported recombinant TF
production relied on expression of a membrane-anchored TF [33], but as this provided relatively
low yields, we pursued a strategy involving expression in inclusion bodies (IBs). This led to the
overall production scheme illustrated in figure 3.15A.

The expression of TF was clearly visible in the cellular lysate (figure 3.15B+C, lane 3) and after
cell lysis, TF was present in IBs, as the lysis supernatant almost contained no TF. After washing
the IBs, they were dissolved in a 6 M GuHCI buffer, which unfolded everything, making the
preparation ready for refolding. The refolding was performed by dripping the preparation into
a buffer reservoir containing different volumes of refolding buffer, and extracting samples over
a timespan of 24 hours. After NiINTA purification, the refolding yields were estimated by gel
quantification, and the solubility of the sample by SEC (see Paper IV for details). The refolding
yields, as a function of dilution factor and time, can be found in figure 3.16D. As figure 3.16D
clearly demonstrates, the yield is dependent on time and dilution factor, with an optimal yield
of 80% obtained using a dilution factor of 60 and an incubation time of 24 hours. This provided
a total of 5 mg TF per liter of bacterial culture, which could then be used in future experiments.

To provide the required lipid bilayer for TF, reconstitution into the developed csE3 NDs was
optimized with different lipid compositions (Paper IV). In order to probe the activity of the
refolded TF, an activity assay based on FX activation by the TF:FVIIa complex was used (see
the experimental setup in figure 3.16A). This assay relies on the substantial difference between
the activity of free FVIla and TF bound FVIla, as described earlier. The activity of free FVIla
is neglectable, and thus only signal from TF bound FVIla was measured, which allowed for an
indirect determination of the K  of the interaction.

The measured signal arose from FXa cleavage of a peptide substrate. Subsequent to cleavage,
the substrate absorbed light at 405 nm, and the slope of the absorbance was evaluated as a
function of the added FVIIa concentration (figure 3.16B). The Ky s of the interactions were
determined to be 48 +8pM and 10+ 1pM for the sample containing 15% POPS and 30% POPS,
respectively, which is in agreement with values reported previously from similar experiments
[19]. Interestingly, the SPR measurements conducted (see schematics in figure 3.16C), did not
show the same dependency on PS presence. For these measurements, the K;s were determined
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Figure 3.15: A: Schematic overview of the production of TF. B: SDS-PAGE gel, Coomassie-stained, of the
different purification steps and relevant standards. C: SDS-PAGE gel, western blot with primary TF antibody,
of the different purification steps and relevant standards. D: Refolding yields as a function of dilution factor and

time.

to 126 pM, 127 pM and 125 pM for 0% POPS, 15% POPS and 30% POPS, respectively. This
was also in agreement with similar experiments [18], but highlights that affinity is not affected
by the lipid composition, as discussed in the introduction. The reason for this dependency in

the activity assay is currently unknown, but it could be due to the interaction between the
Gla-domain of FX and PS [19].

3.2 Tissue factor and Factor VIla

Prior to the work presented here, the only available structural data on TF in a membrane was
two FRET studies indicating a change in the membranal orientation of FVIIa when it interacted
with TF [67, 68]. This change in orientation was explained by lipid interactions of the TF ECD,
which was supported by mutational studies and MD studies [71]. Therefore, we set out to
investigate TF lipid interactions and the orientation of TF and FVIla on a membrane, using the
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Figure 3.16: A: Experimental setup of the activity assay. B: Data obtained from the activity assay. The slope of
the absorbance at 405 nm as a function of the FVIIa concentration added. The data were fitted by a quadratic
binding curve to obtain the K4. C: Setup of the SPR experiments. D: SPR data fitted using a non-linear regression
model assuming pseudo-first-order reaction conditions.

tools developed in the previous section.

3.2.1 The orientation of Tissue factor

The first aim was to investigate the lipid binding properties of sTF and if possible, to map the
lipid binding residues for a comparison with the MD study. In the first experiment conducted,
we used QCMD and a pure lipid membrane containing 30% PS and 10uM sTF, to see if the
mass on the surface increased (figure 3.17A). However, as seen in the resulting data (figure
3.17B) no absorption on the bilayer was observed, as the AF was completely flat throughout

the experiment.

To further investigate the apparent lack of interaction, a labeled version of sTF (D9 N) was
mixed with NDs containing either pure POPC or a mix of 4:1 POPC:POPS (figure 3.17C).
The NDs used in this experiment were the circularized and solubility enhanced MSP1AH5D1
(csdH5), which were identical to csE3, except that the template was MSP1AH5D1, and hence the
final ND was smaller, with an approximate diameter of 9 nm [208]. The reason for choosing the
smaller ND, was that a potential sTF:ND complex could tumble fast enough to provide a useful
NMR signal, while the larger NDs would definitely tumble too slow. The labeled sTF provided
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Figure 3.17: Lipid interactions of sTF. A: Setup of QCMD experiment. B: QCMD data. C: Setup of NMR
experiment. D: NMR data. The intensity ratio between free sTF and sTF+ND. Experiments performed with
pure POPC NDs and POPC/POPS NDs. Lower panel is the difference in ratios between POPC and POPC:POPS.

LA N-HSQC with nicely separated peaks (Paper V), and as all assignments were available for
sTF, only the ' H'®» N-HSQC spectra had to be collected at different sTF:ND ratios, to be able
to see effects on a single residue level. This was obtained for the pure POPC ND as well as
and the mixed ND, but there were no observable chemical shift changes (details in Paper V).
Consequently, we investigated the change in intensity compared to free sTF, but observed no
difference between the two different NDs (figure 3.17D), once again suggesting no lipid binding.
As evident from the figure, the signal decreased for both NDs compared to the pure sTF sample,
but this change was assigned to a change in viscosity, as a substantial amount of material was
added (the NDs), and hence the tumbling of sTF was potentially slower. At least this change
was very similar for the two different NDs, indicating the same effect, and no apparent effect of
PS. In conclusion, we observed no interactions between sTF and lipids. However, this does not
necessarily mean that no interactions takes place when FL TF is incorporated in a membrane,
as the local concentration of the ECD is much higher as it is anchored in the proximity of the

lipids.

The next step was, therefore, to investigate the structure of TF incorporated into a lipid mem-
brane and to determine the orientation of TF. We used the deposition method, presented earlier,
(and in Paper III) to make a PCPS bilayer containing TF. The obtained NR data suggested
a height of 61 + 3A of the TF ECD layer, which conferred a slightly tilted orientation of TF
(figure 3.18). The parameters of the lipid bilayer were virtually identical to those obtained on
the pure lipid membrane (Paper III).
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Figure 3.18: Orientation of TF in a lipid bilayer. A: NR data with corresponding fits. B: Calculated SLD functions
with an overlay of the illustrated TF orientation. C: Fitting parameters from the fit in A.

3.2.2 Binding of FVIIa

The next step was to investigate the FVIla interaction. As shown in figure 3.12, FVIla was
able to bind TF on a surface, meaning that NR experiments could be performed. The obtained
data (figure 3.19A) could be fitted using the same strategy applied when analyzing TF in the
membrane alone, only now factoring in FVIIa.

Once again, similar parameters were again obtained for the lipid bilayer, but this time the height
of the protein layer (now TF and FVIIa) was determined to be 99 & 3A. This coincides with a
greater height of FVIIa (compared to TF), and still confers a tilted angle of the complex.

Figure 3.19: Orientation of the TF:FVIIa complex in a lipid bilayer. A: NR data with corresponding fits. B:
Calculated SLD functions with an overlay of the illustrated complex. C: Fitting parameters from the fit in A.

In addition to these two measurements, we also used NR to measure FXa on a pure bilayer
revealing a FXa height of 92 + 3A. The collected data from all the measured heights, and the
available structural information on the proteins, allowed us to use simple trigonometry to cal-
culate the orientations of the proteins (figure 3.20). From the available crystal structure [25],
the longest distance in the ECD of TF was measured to be 80A (figure 3.20A). Measurements
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on FVIIa (figure 3.20B) and FXa (figure 3.20C) were based on the model presented in [30]. The
angle of TF in relation to the membrane was calculated to 41° (figure 3.20D) which probably
reflects a broader range of conformations, with the average angle of 41°. This was also demon-
strated by MD simulations, which showed that TF interacted with the lipid headgroups in a
minor fraction of the time, while the majority of the time was spent occupying conformations

corresponding to the NR values (Paper VI).

Figure 3.20: Distances and calculated angles in the TF, FVIIa and FXa lipid interplay. A: sTF, pdb-ID: 1BOY.
B: FVIIa: Model from [30]. Active site residues in red. C: FXa: Model from [30]. New terminal residues after
cleavage by FVIIa in teal. D: TF in a membrane with the height from NR and calculated angle. E: The TF:FVIIa
complex in a membrane with the calculated angle and height of active site over the membrane. F: FXa on a
membrane with calculated angle and height of cleavage site over the membrane.

The FVIIa and FXa Gla-domains have been reported to penetrate a PS containing membrane
[209], and thus a penetration depth (8A) was subtracted from the height when performing the
calculations. Using the calculated angle of the TF:FVIIa complex and the position of the active
site on FVIIa (red residues, figure 3.20B), the height of the active site over the membrane was
calculated to be 77A (figure 3.20E). This coincides well with the 75+ 3A determined by FRET
[67, 68] and the 79A found in an MD study [69]. Using the NR measurements on FXa, a similar
calculation was performed using the remaining residue left after cleavage of the scissile bond
in FX (teal residue, figure 3.20C, blue circle, figure 3.20E). The angles of TF:FVIIa and FXa
were almost identical and intriguingly, so were the heights of the FVIla active site and the
cleavage site on FXa. This suggests that an important feature of the membrane is positioning
the two components for the catalytic reaction in the same height. It should be noted that the
height measurements have to be confirmed using FX, but as there is no considerable difference
between FX and FXa in the Gla-domain, the height is expected to be similar. In addition,

it is important to underline that the NR data contains no orientational information, meaning
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that the measurements of the active site and the cleavage sites are connected with uncertainties
related to protein orientation.

Whether this particular localization of the active site is the underlying mechanism of the activity
increase upon PS exposure, is still unclear. As the binding between the Gla-domain and the
membrane is expected to change considerably when no PS is present, this will most likely
also change the orientation of FVIIa, thus removing it from the FX cleavage site. However, NR
measurements on the same samples in a pure PC membrane is needed to confirm this hypothesis.

3.3 Investigation of the quaternary complex

The overall aim of this project was to investigate the tertiary complex of TF, FVIla, and FXa. A
couple of computational models have been published on the soluble part of the complex [30, 210],
but experimental evidence to support these are yet to be published. It is well established that a
lipid bilayer is needed for the assembly of the complex, and thus the csE3 NDs developed here
were utilized. In this section, results on the assembly of the complex is shown together with
initial structural data describing the complex on an ND.

3.3.1 Assembly of a multicomponent complex on a nanodisc

The aim was to investigate the complex on an ND using SEC-SAS, and the first step was to
investigate the behavior of the samples using SEC. Therefore, a sample of TF in a POPC:POPS
ND was prepared (details in Paper IIT), and split into four samples to which a different number
of binding partners were added (figure 3.21, orange, green, blue and purple). All samples were
analyzed using SEC (including an empty reference disc and a FXa sample) to evaluate the
elution volumes (figure 3.21). The TF ND was enlarged upon addition of FVIIa (from orange
to green), but was not further enlarged upon addition of FXa (blue). Therefore, the inhibitor
of the complex, NAPc2, was added which caused an earlier elution (purple), suggesting that
the quaternary complex was stable throughout an SEC run. This was very important for the
subsequent SEC-SAS measurements, but the need of NAPc2 to be present further challenges
following data modeling, as yet another protein has to be taken into account.
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Figure 3.21: SEC analysis of the assembly of the quaternary TF:FVIla:FXa:NAPc2 complex on an ND.

3.3.2 Solution structure of NAPc2

As NAPc2 proved necessary to assemble a stable complex, in depth information on the NAPc2
solution structure had to be obtained. A new production protocol was established, and the
inhibition of FVIIa (both in the presence and absence of FX) was measured, and found to
be similar to previously reported values (Paper V). Subsequently, SAXS measurements were
performed on NAPc2, and the resulting data was compared to the available NMR structure (red,
figure 3.22B). As evident from the fit, discrepancies were found between the NMR structure and
the measured SAXS curves. This was probably a result of the markedly different buffer condition
used for the two experiments, and thus we had to come up with a new model representing the
structure in the buffer conditions used for the SAS measurements. In particular, it became
evident that the NMR structure was more compact than the solution structure, as seen by
the smaller Dy,q, (figure 3.22C). To further explore this, an MD simulation was performed,
which showed the ensemble to have a high degree of flexibility, as demonstrated by the overlaid
structures (figure 3.22A) (details in Paper V). The generated ensemble also had a lower average
Rg-value as well as a lower D,,, than the one found for the experimentally determined (figure
3.22C). Therefore, a Bayesian/Maximum Entropy approach [211] was applied to reweight the
ensemble to better represent the experimental R, Both the simulation and the reweighting
improved the fits (figure 3.22B) and the best frame from the ensemble fitted the data decently.
However, discrepancies were still present in the high-q region, which was probably due to the
fact that NAPc2 is mainly stabilized by disulfide bridges and the salt bridges. The salt bridges
are often over stabilized in MD simulations, and the model might therefore not be an entirely
correct representation of the actual structure. However, this new model represents the solution
structure much better than the NMR model and will become important in the modeling of the

full complex.
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Figure 3.22: A: Overlaid structures taken every 40 ns of the simulation. B: SAXS data including fitted models.
C: p(r)-functions of the same samples as in A. D: Kratky plot of the same samples as in A.

3.3.3 Overview of small angle scattering data

All SAS measurements on TF in NDs were performed in a SEC-SAS setup. This setup ensured
removal of potential aggregates and excess binding partners, which would both have affected the
resulting SAS data. The samples were all made from the same stock of TF in ND which was
split into nine subsamples (three for SAXS and two times three for SANS), after which relevant
binding partners were added. The SANS measurements were run twice to cover the desired
g-range. Relevant frames were selected for further work (see details in Report I), and after
a background subtraction, the SAXS data (figure 3.23A) exhibited an increasing I(0) as more
binding partners were added. It should be mentioned that the concentration determinations
from the SEC-SAS measurements are not particularly precise, which probably influences the
obtained I(0)s. The increase in () was also reflected in the p(r)-functions (figure 3.23B), as
the Dpqy increased from ~ 130A (empty ND) to ~ 150A (TF ND) to ~ 220A (TF ND +
FVIla) and to ~ 290A (TF ND + FVIIa + FXa + NAPc2). The same trend was seen in
the p(r)-functions from the SANS measurements (figure 3.23D), although all the Dj,q.-values
were smaller than for SAXS. This difference probably relies in the way the p(r)-functions are
calculated. The contrast situations of the samples are very different in the SAXS and SANS
measurements. The lipid tails have the largest contrast in SANS, while the MSPs have the
largest contrast in SAXS, meaning that the interior of the ND scatters the most in SANS and
the pherifery in SAXS. When calculating p(r)-functions, the curve is ‘pushed’ towards 0 by the
algorithm. This means a low signal at large distances will be forced to zero and hence a low
Dz will be obtained, as in this case for SANS. In the SAXS contrast, the large distances will
scatter more (due to the high contrast of the MPSs) and hence a larger D, is obtained.

The SAXS data for the empty ND (figure 3.23A, red) demonstrated the expected double bump
in the 0.1 A=! region, which is characteristic for an ND [152]. The same feature was present
when TF was incorporated in the ND (green), but disappeared when FVIla was added. The
SANS data did not contain particular features, but still serves as an important restraint for the
fitting when modeling will be performed.

In conclusion, the SAS data demonstrated the expected overall features (figure 3.23), and indeed
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Figure 3.23: SAS data on four different samples: Empty ND (red), TF containing ND (green), TF containing
ND + FVIIa (blue) and TF containing ND + FVIIa + FXa + NAPc2. A: SAXS data on absolute scale and
normalized by concentration. B: p(r)-functions of the data presented in A. C: SANS data on absolute scale and
concentration normalized. D: p(r)-functions of the data presented in C.

showed that it was possible to obtain data on the quaternary complex on an ND. Due to
time limitations modeling of the data has not been performed yet, but the foundation for an
experimentally supported model of the complex, is definitely present.

To further support the modeling of the complex, the previously described dcsNDs were utilized.
TF was incorporated, and after purification, as usual, FVIIa, FXa, and NAPc2 were added in
excess. As the ND was assembled with only dPOPC, the binding of the interaction partners
was unclear. However, when analyzed by SEC, the elution volume was identical to the normal
NDs with the complex assembled (figure 3.24A, red). A reference hND with the complex was
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also made (figure 3.24A, blue) and fractions on the left-hand side of the peak were selected for
SANS measurements. The SANS data (figure 3.24B) showed a flat Guinier region for the hND,
but an ascending region for the dND. The reason was unclear, but the scattering from the dND
was relatively weak due to a low concentration (same concentration as the hND, but much less
scattering material) and the low signal could be an explanation.

The features in the SANS data were also reflected in the p(r)-functions, showing the expected
D,or for the hND. On the other hand, the dND demonstrated an elongated D4, which was
unreliable, as the D,,,,; was expected to be lower than for the hND.

Figure 3.24: Comparison of the quaternary complex TF:FVIla:FXa:NAPc2 assembled on a dND and an hND.
A: SEC-chromatograms of the two different samples. Marked areas were the fractions selected for SANS mea-
surements. B: SANS data on absolute scale and concentration normalized. C: p(r)-functions obtained using the
Bayesapp server.

In summary, the dNDs provides the unique opportunity to obtain a scattering signal from the
complex exclusively, and not the carrier system. The initial SEC run showed a promising peak at
the expected elution volume, however, the scattering data was not as expected, and optimization

can be done by testing a higher sample concentration.



4 | Conclusions and outlooks

To summarize the results presented in this thesis, the three overall objectives will be used, as
these frame the main findings and the outlooks of the project.

1. Establish protocols which enable structural studies on TF in a membrane envi-
ronment.

Objective 1 has been the most time consuming, as it involved much optimization before the
protocols yielded satisfying results. This has included optimization of the refolding time and
dilution factor of TF, which proved to increase the refolding yield from 10% to 80%. This
high refolding yield laid the foundation for the final yield of 5 mg per liter of culture, which
provided sufficient amounts of TF for subsequent studies. Lastly, the activity and interaction
with FVIla were probed using an activity assay and SPR, respectively. Both provided similar
results compared to earlier studies, confirming a successful refolding (Paper IV). Another part
of the optimization process has been on NDs, as we devised the new csE3 NDs with additional
negatively charged residues. These NDs proved to possess higher temporal stability than the
template MSP1E3D1 at physiologically relevant temperatures, and at the same time they main-
tain the structural integrity as demonstrated by SAXS (Paper I). This study was followed up
by the introduction of the fusion construct, containing both the MSP and the Sortase, which
proved able to perform the circularization reaction without the need to produce Sortase in par-
allel. Using this construct, post-reconstitution circularization was performed. Using TF as a
model MP, both the structural and functional integrity was shown to be conserved throughout
the reconstitution and subsequent circularization. This novel circularization protocol has the
potential to open up the cND technology to MPs with large hydrophilic domains on either sides
of the membrane, such as GPCRs (Paper II).

The last method development study, was conducted to enable formation of a lipid bilayer on
a surface with oriented MPs. Currently available strategies all possessed drawbacks, and thus
a strategy involving peptidediscs was employed. This enabled an easy preparation of a surface
with the desired lipid composition and unidirectional MPs (Paper III).

2. Investigate the mechanism behind the lipid-induced increase in activity of
TF:FVIIa.

Using NR on samples prepared using the new peptidedisc deposition, the heights of TF, the
TF:FVIla complex and FXa on a membrane were determined (Paper V). Using these heights
together with the maximal distances from the crystal structures enabled determination of the
membrane orientation of the proteins. Using this information, the height of the FVIla active

site and the FX cleavage site were determined to be 77A and 78A, respectively. Localizing

83
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these two sites at the same height is probably one of the important features of the membrane,
and likely a part of the mechanism behind the lipid-induced activity increase. To elucidate the
mechanism behind the difference in PC and PS activity, data in a pure POPC membrane has
to be obtained. This data, in combination with simulations, will hopefully shed more light on

the presently elusive mechanism.

3. Obtain experimental data on the structure of the TF:FVIIa:FXa complex.

The high yield of TF and the stable NDs achieved as a part of objective 1 proved critical for
the success in this third objective. The inhibitor of the complex, NAPc2, proved to be essential
in forming a stable quaternary complex on an ND, and thus NAPc2 also had to be structurally
characterized. The SAXS data indicated an more extended structure of NAPc2 compared to
the relatively rigid NMR structure available. Using MD simulations we refined the model of
the NAPc2 solution structure, to match the obtained SAXS data. This was a flexible structure,
which was mainly stabilized by the five disulfide and salt bridges, and interestingly almost no
hydrophobic core nor secondary structure (Paper VI).

To investigate the entire complex on an ND, SEC-SAS measurements were performed. This
provided scattering data without contributions from aggregates or excess interaction partners.
The data shows the expected overall features, as the size of the particle increases upon the
addition of the interaction partners, but further modeling has not been performed yet. However,
this is the first experimental data on this complex, and also the first data in a lipid environment
(Report I). Initial data on the complex in a dND was also obtained, but unfortunately, a low
concentration hampered the data quality. However, the SEC data proved that it was indeed
possible to assemble a TF containing dND and assemble the quaternary complex on the disc,
which is very promising for future studies.
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Recently, an enzymatic reaction was utilized to covalently link the N and
C termini of membrane scaffold proteins to produce circularized nanodiscs
that were more homogeneous and stable than standard nanodiscs. We con-
tinue this development and aim for obtaining high yields of stable and
monodisperse nanodiscs for structural studies of membrane proteins by
solution small-angle scattering techniques. Based on the template
MSPIE3DI1, we designed an optimized membrane scaffold protein (His-
ISMSP1E3D1) with a sortase recognition motif and high abundance of sol-
ubility-enhancing negative charges. With these modifications, we show that
high protein expression is maintained and that the circularization reaction
is efficient, such that we obtain a high yield of circularized membrane scaf-
fold protein (csMSP1E3D1) and downstream circularized nanodiscs. We
characterize the circularized protein and corresponding nanodiscs biophysi-
cally by small-angle X-ray scattering, size-exclusion chromatography, circu-
lar dichroism spectroscopy, and light scattering and compare to
noncircularized samples. First, we show that circularized and noncircular-
ized (IsSMSPI1E3D1) nanodiscs are structurally similar and have the
expected nanodisc structure. Second, we show that ISMSP1E3D1 nanodiscs
are more stable compared to the template MSPIE3D1 nanodiscs as an
effect of the extra negative charges and that csMSP1E3D1 nanodiscs have
further improved stability as an effect of circularization. Finally, we show
that a membrane protein can be efficiently incorporated in ¢sMSP1E3DI1
nanodiscs. Large-scale production methods for circularized nanodiscs with
improved thermal and temporal stability will facilitate better access to the
nanodisc technology and enable applications at physiologically relevant
temperatures.

Introduction

Nanodiscs are discoidal particles composed of a lipid
bilayer surrounded by two amphipathic and helical
membrane scaffold proteins (MSP) [1-4]. Membrane
proteins can be incorporated in nanodiscs, allowing
for structural and functional studies [3] and their size

Abbreviations

may be modulated [5] to accommodate membrane pro-
teins of different sizes. Compared to other popular
membrane protein carrier systems, such as detergent
micelles [6], vesicles [7], or bicelles [§], nanodiscs pro-
vide a lipid bilayer environment in a relatively small

DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; POPC, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine.
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and monodisperse particle, which are desired proper-
ties for structural studies of membrane proteins in
solution.

To our knowledge, all attempts at obtaining high-
resolution crystal structures of nanodiscs or membrane
proteins inside nanodiscs have so far been unsuccess-
ful. This reflects a dynamic nature of nanodiscs in gen-
eral, making the system better suited for solution-
based structural studies using, for example, nuclear
magnetic resonance (NMR) [2,9], small-angle X-ray
and neutron scattering (SAXS and SANS) [10,11], or
electron microscopy (EM) techniques including cryo-
EM [12,13]. Significant optimization of the membrane
protein reconstitution is typically required prior to
such experiments to obtain structurally homogenous
and functionally relevant samples of the membrane
proteins inside the nanodiscs. This implies that often
tens to hundreds of milligrams of MSP are required as
starting material for a project, making it essential to
be able to produce MSP in large amounts with relative
ease. Fortunately, the common noncircularized MSP
constructs (MSP1D1, MSPI1E3DI, etc.) express more
than 100 mg per L of bacterial culture [1] and purifica-
tion is straight-forward by immobilized metal-affinity
chromatography (IMAC) [14].

The original MSPID1 and MSPIDIE3 nanodiscs
[1,5] have been developed since the early 2000s and are
widely used for functional and structural studies [3].
The development of smaller nanodiscs based on helix-
truncated versions of the MSPIDI1 later made the
technology compatible with NMR [2]. More recently,
an additional design improvement was introduced in
terms of covalently circularized nanodiscs (cNDs) [15],
where an evolved variant of the enzyme sortase A
(eSrt) from S. aureus [16] was utilized to covalently
link the N and C termini of the MSP. The main
improvements reported on cNDs were a narrower size
distribution, that is, reduced polydispersity, increased
stability, and better control of the number of mem-
brane proteins incorporated per nanodisc compared to
noncircularized nanodiscs [15]. Shortly after these
pioneering studies, an improved protocol for circular-
ization of a number of different MSPs was published,
showing the need for large amounts of the detergent
Triton X-100 present in the reaction to obtain a higher
yield [17]. However, the final yield was still signifi-
cantly lower than for noncircularized MSPs with an
estimated 12.5 mg of cMSP1E3DI per L culture [17].
Furthermore, the detergent used for the optimization,
Triton X-100, is almost impossible to remove and can
interfere with downstream applications such as UV
absorption measurements or, in extreme cases, alter
membrane protein structure and function in the

N. T. Johansen et al.

nanodisc. An alternative approach was recently
demonstrated, where split intein-mediated circulariza-
tion of MSP was readily achieved inside the producing
Escherichia coli host [18]. While this study increased
the speed of the purification process and eliminated
the need for detergents, the yield was still modest.

The previously described circularized MSPs [15] are
all based on the original MSPs [5] and do not contain
specific mutations other than the introduction of the
relevant eSrt-recognition motif. Given the fact that the
original MSPs are simply truncations of the human
apolipoprotein A-I (apoA-I) [1], these constructs are
genetically optimized for specific interactions in the
body, but not for being highly expressing homoge-
neous membrane protein carriers. This leaves room for
sequence optimization toward that goal, which we
have exploited in the present work through the intro-
duction of extra negatively charged and polar amino
acids. This approach is inspired by the negative corre-
lation found between aggregation propensity of pro-
teins in solution and the introduction of negative
charges on the protein surface [19,20]. The obvious
substitutions are Asn to Asp and Gln to Glu, where
the lengths of the side chains are not altered, but
charges are introduced. Furthermore, substituting Thr
to Ser also can improve solubility by increasing the
polarity of the side chain. These substitutions were
implemented in the work described in this article.

For standard nanodiscs, an above-optimum lipid:
MSP ratio in the reconstitution mixture results in the
formation of nanodiscs together with larger and not so
well-defined lipid—-MSP particles [5]. Furthermore, ele-
vated temperatures facilitate the formation of other
types of lipid—MSP particles than the nanodisc [21], for
instance by fusion of nanodiscs. These observations
indicate that the energy landscape as a function of lipid
and MSP content has several local minima. As such, the
thermal stability of nanodiscs is given both by its resis-
tance to structural unfolding, aggregation propensity
and access to other structural states. For many applica-
tions, it is desirable to keep the nanodisc structure
intact, and it is expected that improved solubility and
stability of nanodiscs will facilitate new interesting stud-
ies of membrane proteins. In functional studies, it is of
interest to conduct experiments at elevated tempera-
tures, commonly 37 °C, in order to be able to compare
the results to physiological conditions and hence empha-
size the biological relevance of the results. Furthermore,
NMR experiments are also preferably conducted at high
temperatures to improve the resolution of the data. As
an example, the recently published high resolution struc-
ture of the MSP in a nanodisc was determined by NMR
measured at 41 °C for several days [4].

The FEBS Journal (2019) © 2019 Federation of European Biochemical Societies
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All in all, MSP designs that can be produced in high
yield and that provide homogenous nanodiscs that are
highly stable over time (ideally several days) at ele-
vated temperatures are desirable. The previously intro-
duced circularization was a major step toward this
goal as it improved the nanodisc stability [15,17,18]. In
the present work, we provide a protocol for a large-
scale preparation (75 mg per L of bacterial culture) of
a novel MSP construct based on MSPIE3DI1 [5],
which is sequence optimized with solubility-enhancing
mutations and added a C-terminal eSrt-recognition
motif for circularization by eSrt. We show that nan-
odiscs made from this new MSP construct (csNDs) are
more stable at physiologically relevant temperatures
than noncircularized nanodiscs (IsNDs), which are
again more stable than standard MSPIE3DI nano-
discs, while the solution structures of c¢sNDs and
IsNDs are virtually indifferent as determined by
SAXS. Furthermore, we show that a membrane pro-
tein can be effectively incorporated in csNDs, yielding
a monodisperse sample from which high-quality SAXS
data can be obtained.

Results and Discussion

Production of circularized MISP

To develop more stable and soluble nanodiscs, a new
construct was designed on the basis of MSP1E3DI,
which has been shown to form nanodiscs of approxi-
mately 12 nm in diameter [5,22]. This template was
added a sortase recognition motif, LPETG, in the C
terminus to make it compatible with circularization
along with an additional His¢-tag for purification fol-
lowing the work of Nasr and colleagues [15]. Further-
more, solubility-enhancing mutations were made at all
possible positions, that is, Asn to Asp, Gln to Glu,
and Thr to Ser, respectively [19,20]. We name this con-
struct His-tagged-linear-soluble-MSP1E3D1, in short
His-IsMSP1E3D1. A sequence alignment of MSP1E3D1
and His-IsMSP1E3D1 is shown in Fig. 1A with a graphical
representation of important sequence elements described in
the legend of Fig. 1B. Figure 1B shows the different steps
of the circularization of His-IsMSP1E3D1, that is, diges-
tion by tobacco etch virus (TEV) protease to remove the
N-terminal Hisg-tag and yield a free N-terminal Gly fol-
lowed by circularization by eSrt and reverse IMAC
purification.

Membrane scaffold proteins have proven to be
highly overexpressed in E. coli, with MSP1DI1 as an
example expressing at 250 mg protein per L culture in
a fermenter [1], and in our experience around 150 mg
per L culture in shaker flasks, which usually yields

The FEBS Journal (2019) © 2019 Federation of European Biochemical Societies
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around 100 mg of pure protein. For His-IsMSP1E3D]1,
the expression level was similarly high, as indicated by
the appearance of an intense band at the 35 kDa mark
in SDS/PAGE analysis of the total E. coli lysate after
3 h induction of protein expression by isopropyl B-D-
1-thiogalactopyranoside (IPTG) (Fig. 1C). IMAC
purification under denaturing conditions was highly
effective, leaving only few impurities and yielding an
estimated 100 mg His-IsMSP1E3D1 (Fig. 1B, (1)’ and
Fig. 1D, lane 1) per L culture. Subsequent proteolyti-
cal digestion of the N terminus with TEV protease
yielded IsMSP1E3D1 (Fig. 1B, ‘(2)’ and Fig. 1D lane
2), the substrate for eSrt in the circularization reaction,
with undetectable sample loss.

Circularization efficiency

After IMAC purification, the concentration of
IsSMSPIE3D1 was approximately 166 um, a factor of
16.6 higher than the concentration used by others for
the circularization reaction in order to avoid oligomers
by intermolecular circularization [15]. Circularized
MSP can be visualized by SDS/PAGE, where it
migrates slightly longer than the noncircularized
MSP [15]. A series of small reactions with varying con-
centrations of ISMSPIE3D1 confirmed that a concen-
tration of 10 um was also optimal for our construct
with a yield of 95% monomeric circular-soluble-
MSPIE3D1 (csMSPI1E3D1) (Fig. 2A,C). Although
Nasr ef al. used a MSP:eSrt ratio of 2:1 and
quenched the reaction by addition of a covalent inhibi-
tor, we tested the effect of the ISMSPI1E3D1:eSrt ratio
on the yield of the reaction and found that a much
lower ratio could be used. In fact, the reaction was
only incomplete at a ratio of 100 : 1 at the time scale
of the experiment, whereas a ratio of 10 : 1 yielded an
equally complete reaction as using a ratio of 2:1
(Fig. 2B,D). By using a high IsMSP1E3D1:eSrt ratio,
only a minor part of the sample can be complexed
with eSrt, and thus, the covalent inhibitor can be
excluded.

For the large-scale circularization reaction presented
here (Fig. 1D), eSrt was added to a ratio of 20 : 1
ISMSP1E3D1:eSrt at a ISMSP1E3D1 concentration of
10 um. The formation of csMSPIE3D1 (Fig. 1B, “(3)
and Fig. 1D, lane 3) was verified by SDS/PAGE,
observing a small but significant gel shift compared to
ISMSP1E3D1 (Fig. 1B, (2)’ and Fig. 1D, lane 2). The
significance of the shift was confirmed by loading both
ISMSP1E3D1 and c¢csMSP1E3D1 in the same well,
which yielded two clearly distinguishable bands
(Fig. 1D, lane 4). We note that the samples in Fig. 1D
lanes 24 were loaded in small amounts to better
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Fig. 1. Overview of sequence optimized MSP and its purification. (A) Primary sequence alignment of the template MSP1E3D1 (T) and the
designed His-IsMSP1E3D1 (D), including graphical and highlighted sequence elements. (B) Schematic illustrating the sequence elements of
His-IsMSP1E3D1 and the circularization process. (C) SDS/PAGE of the expression of His-IsMSP1E3D1. MW, molecular weight marker,
1 = whole cell extract before induction and 2 = whole cell extract after induction with IPTG. (D) SDS/PAGE of different steps in the
circularization process, indicated by arrows labeled according to the constructs shown in B. 1 =IMAC purified His-IsMSP1E3D1,
2 = IsMSP1E3D1, 3 = csMSP1E3D1, 4 = IsMSP1E3D1 and csMSP1E3D1 together. (E) Intact mass analysis of csMSP1E3D1 by ESI-MS.
The major peak corresponds to intact csMSP1E3D1 (2.2 ppm accuracy), while the two peaks with higher masses indicated correspond to
oxidized products (See Figs S2 and S3). (F) CID MS/MS fragmentation spectrum of a tryptic peptide corresponding to the peptide segment
linking the N and C terminus of csMSP1E3D1. The precursor ion was [M + 2H] (m/z 627.32).

visualize the mobility shift of SMSP1E3D1 compared
to ¢csMSP1E3D1, which made TEV protease, eSrt, oli-
gomeric csMSP1E3D1, and eventual impurities unde-
tectable.

Purity and MS analysis

After circularization and reverse IMAC purification,
csMSPIE3DI1 was diluted 2.5-fold in Milli-Q water to

a conductivity of approximately 8 mS-cm™' and puri-
fied by ion-exchange chromatography (IEC). The IEC
purification was optimized by initial tests with linear
and many step gradients, respectively, which showed
that two major populations could be separated
(Fig. S1). However, it was also evident that mono-
meric csMSPIE3DI1 was present in both populations,
and thus, the best yield and highest concentration was
achieved in a step gradient eluting both populations in

The FEBS Journal (2019) © 2019 Federation of European Biochemical Societies
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Fig. 2. Circularization conditions. (A) SDS/PAGE analysis of a 3-h long circularization reaction with varying concentration of ISMSP1E3D1 but
with a fixed IsSMSP1E3D1:eSrt ratio of 10 : 1. (B) SDS/PAGE analysis of circularization reactions with three fixed IsMSP1E3D1:eSrt ratios of

100 : 1,
Quantification of gel band intensities in panel B.

a single fraction (Fig. 3A). The two fractions of high-
est purity and concentration (Fig. 3B, lane 3 and lane
4) were pooled. The final monomeric csMSP1E3DI1
was estimated to be 95% pure from SDS/PAGE,
which is in general better than or equal to that
obtained for other MSPs (data not shown). The sam-
ple had a concentration of 191 pm, which was in the
desired range for downstream nanodisc preparation.
The total yield was 75 mg csMSP1E3D1 per L of bac-
terial culture. The apparent loss of sample since the
IMAC purification originates mainly from the choice
of only the most concentrated fractions from the IEC
purification.

To fully assess the integrity of the final product, a
sample of pure csMSPIE3DI1 was analyzed by mass
spectrometry (MS). The experimentally determined
molecular mass of the csMSPIE3DI1 from LC-MS is
30771.00 (Fig. 1E), which corresponds well to the the-
oretical mass of the circularized protein (30770.93 Da),
with a mass deviation of 2.2 ppm. Furthermore, two
modifications corresponding to oxidations of the pro-
tein were detected at approx. 20% and 10% relative
abundance. Most importantly, however, we observed
no hydrolyzed product, that is, noncircularized MSP.
To further verify the primary structure of the protein,
peptide mapping analysis was performed by trypsin

The FEBS Journal (2019) © 2019 Federation of European Biochemical Societies

10:1, and 2:1 at a fixed IsSMSP1E3D1 concentration of 10 pum. (C) Quantification of gel band intensities in panel A. (D)

digestion followed by LC-MS/MS analysis. Tryptic
peptides covering 92.4% of the sequence were identi-
fied (Fig. S2). Furthermore, a tryptic peptide corre-
sponding to the peptide segment linking the N and C
terminus of csMSPI1E3D1 (GGSLPETGSSFSK) was
also identified (Fig. 1F), confirming the successful liga-
tion of the N-terminal residues (GSSFSK) to the C-
terminal residues (GGSLPET). Finally, based on LC-
MS/MS of the tryptic digest of ¢sMSPIE3DI1, the
observed two major oxidative species of intact
csMSPI1E3D1 were conclusively assigned to oxidation
of Met-59 and Met-125, which are placed in two
repeats in the sequence of csMSPIE3DI1 (Fig. S3).
Minor additional oxidation of the remaining Met resi-
dues was also observed, however, at very low abun-
dance. Complete oxidation of two Met residues has
been reported to slightly destabilize apoA-I lipopro-
teins [23]. However, given the relatively low abundance
of Met oxidation in ¢sMSPIE3D1, we are not con-
cerned about such a destabilizing effect in downstream
nanodiscs.

Summing up the purification, we devise a large-scale
production and purification that yields 75 mg per L
bacterial culture of pure csMSP1E3Dl1 in a straight-
forward manner. All intermediates of the constructs in
the different purification steps are stable and highly
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Fig. 3. Purification and concentration on IEC. (A) Chromatogram of the final purification on IEC. A step gradient was applied from 0 to 0.4 m
NaCl. Peaks are labeled with the lane numbers on the gel in B. (B) SDS/PAGE gel of the corresponding fractions in A. MW is a ladder of

protein standards and lane 1 is in the input sample for IEC purification.

soluble, making them compatible with enzymatic reac-
tions at or above room temperature without the need
for the addition of detergent or other stabilizing
agents. Furthermore, the solubility-enhancing muta-
tions, that is, extra negative charges, of the construct
aid in the IEC step, where dilution with Milli-Q water
to a relatively high conductivity of 8 mS-cm™' is
enough to make the protein bind the column, thus
excluding the need for tedious dialysis of very large
volumes.

Structural verification of nanodiscs by SAXS
Model-free analysis

Solution SAXS is carried out either at in-house instru-
ments or at international X-ray large-scale facilities,
synchrotrons, as in the case of this study. Samples in
solution are irradiated by an intense X-ray beam and
the scattered intensity is collected as a function of scat-
tering angle (or rather scattering momentum transfer,
q = 4msin(0)/A, where 0 is the scattering angle, and A is
the wavelength of the incoming radiation). The method
is a direct structural technique, which provides struc-
tural information about the irradiated sample in length
scales from 10 A to 1000 A. Specifically, SAXS probes
the internal pairwise distances in the sample and is thus
capable at resolving changes in the overall structure of a
sample or differences between structures. SAXS has
been widely used for characterization and determination
of nanodisc structures [10,22,24,25] and related biophys-
ical samples. In this context, we have recently shown
that that the technique has resolution to distinguish
between more subtle details of the nanodiscs [26].

Here, nanodiscs made from POPC and ¢sMSP1E3D1
(csND) or ISMSP1E3D1 (IsND), respectively, were mea-
sured with SAXS to investigate their structure. The

chromatograms obtained from the size-exclusion chro-
matography (SEC) purification prior to SAXS featured
a single major peak for both samples (Fig. 4A), giving a
first indication that nanodisc reconstitution with these
constructs was readily done by the usual protocol for
other MSPs [14]. The identical retention volume and
peak widths of the two samples furthermore indicate
that they are overall similar in size. SAXS samples were
picked from the middle and right-hand side of the main
peak to eliminate contribution from larger particles pre-
sent in the shoulder fraction on the left-hand side, as
indicated by the colored areas under the chromatograms
(Fig. 4A).

Scattering data from the csND and IsSND samples
from the two fractions collected from the SEC were
normalized to sample concentration, ¢, and plotted on
absolute scale (Fig. 4B,C). At first glance, the scatter-
ing data from the presented samples of csND and
IsND differ only slightly. The same general trends and
features are visible in both data sets and for both frac-
tions indicating very similar overall structure of the
samples. The p(r)-distributions refined from the data
also show profiles with only small differences (Fig. 4B
insert). The parameters inferred from this p(r)-distribu-
tion refinement are given in Table 1. The characteristic
sizes of the samples are similar to those reported for
MSPI1E3D1 nanodiscs [22] and in agreement with the
overall understanding and expectation of the nanodisc
structure. Interestingly, we find that the radius of gyra-
tion (R,) and the largest distance in the sample (D)
decrease as a function of retention volume. This phe-
nomenon has been described for both MSP1DI nan-
odiscs [26] and MSP1E3D1 nanodiscs [25]. Although
symmetric peaks are obtained from SEC purifications,
nanodisc samples collected at low retention volumes
appear to have higher lipid:MSP stoichiometry [26].
Consequently, due to the finite resolution of the SEC
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Fig. 4. Structural verification and modeling by SAXS. (A) SEC profiles of nanodiscs made from csMSP1E3D1 (csND) or IsMSP1E3D1 (IsND),
respectively. The fractions collected for SAXS samples are indicated by the colored areas. (B) SAXS data recorded on the fractions collected
from the left-hand side of the peaks as indicated in A. The insert shows p(n-distributions determined from the SAXS data. (C) Same as B,
but for fractions collected on the right-hand side of the peaks. (D) A representative model distribution is shown for the csND 2 SAXS data
set in C, together with top views of the models with the smallest (1) and largest (2.6) bilayer axis ratios. (E) Graphical representation of the
fitted csND model with an axis ratio of 1. The model is shown both in a full and in a cross-section representation to visualize the internal
organization of the lipid bilayer in the nanodisc. (F and G) Models fits to the data shown in B and C, respectively. The IsND data are divided

by a factor 5 for clarity.

column, one collected fraction of nanodisc sample con-
tains a small distribution of lipid stoichiometries.

When comparing the p(r)-distributions for the csND
to the p(r)-distributions for the IsSND (Fig. 4B,C), we
note that, despite the great similarity, there are for
both fractions slightly more pair distances at higher R-
values for the IsNDs. Furthermore, R, and D,
values of the IsNDs (see Table 1) are systematically
slightly larger than those of ¢sNDs. This shows that
the small differences between the circularized and non-
circularized nanodiscs go in the direction of slightly
larger noncircularized nanodiscs.

In a recent study, cNDs were reported to be 1-2 nm
wider in diameter than corresponding noncircularized
nanodiscs as evaluated by SEC and EM [18]. In con-
trast, we find in the present study that the retention
volumes of the SEC-peaks are identical, and that both
R, and D,,,, values for csNDs are in fact slightly
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Table 1. Parameters from IFT analysis.

CorA
Parameter® csND1 csND2 IsND1 IsND2 c¢sND
Largest 144 140 148 143 150
distance
in sample, DmaX/A
Radius of 58.2 56.2 60.5 58.9 55.6

gyration, HQIA

@ Parameters determined from the IFT-analysis and corresponding
to the p(n-distributions shown in Fig. 4B insert, Fig. 4C insert, and
Fig. 6B insert.

smaller than for IsSNDs (Table 1). In another EM
study, circularization did not appear to influence the
mean size of the formed nanodiscs [15], and the dis-
crepancy between all of these data could be due to dif-
ferences between the specific MSP constructs.
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Modeling

Structural models of the empty nanodiscs were refined
from the SAXS data of csND and IsND, respectively.
As described in the Methods section, each model
includes a uniform distribution of nanodiscs with dif-
ferent axial ratios of the bilayer (Fig. 4D) and hence a
distribution of different lipid:MSP ratios in the indi-
vidual nanodiscs, but otherwise the same description
of the MSP, lipid core, and lipid head groups, as illus-
trated for csND 2 with an axial ratio of 1 (Fig. 4E).
The model fits to the csND and IsND data are plotted
on top of the respective data in Fig. 4F,G. The models
reproduce the overall behavior of the data, but with
minor, systematic discrepancies present. In particular,
the models do not entirely reproduce the structure of
the two shoulders around ¢ = 0.08 A" and q=0.15
A~ We suspect that these shortcomings are due to
the simple description of the bilayer structure.

The parameters describing the models refined from
the individual data sets are listed in Table 2. In general,
the values are in line with expectations and agree with
the current understanding of the nanodisc systems. The
area per headgroup for POPC is refined to values
between 65.2 A2 and 60.9 /&2, which is in good accor-
dance with the 62.7 A2 reported for POPC in vesicles
at 20 °C [27]. The number of lipids per nanodisc is
comparable to values obtained in a previous study of
nanodiscs made from POPC and MSPIE3DI1 [22],
while the values for the thicknesses of the MSP belt
agree well with the published NMR structure of a simi-
lar MSP [4] and our previous results [10]. Interestingly,
the number of lipids is lower in csND compared to
IsND. This observation is in qualitative agreement with
the recent work by Yusuf et al. [17], who found
MSPI1E3D1 nanodiscs to contain 241 DMPC lipids,
and circularized MSP1E3DI1 nanodiscs to contain only
157 DMPC lipids. It is also well in line with the smaller
sizes found in the model-free analysis (Table 1). These
results indicate that circularization causes a tighter con-
straint on the nanodisc, allowing fewer lipids inside. In
a recent study, we found that the degree of lipid load-
ing of the final nanodiscs is mainly controlled by how
many lipids that can be packed into the MSP-lipid-
detergent pre-aggregates in the early phase of the nan-
odisc self-assembly process [26]. Consequently, it is not
so surprising that the pre-aggregates with the cova-
lently circularized MSPs that are presumably less flexi-
ble can generally incorporate fewer lipids than those of
the more flexible noncircularized MSPs. Finally, the
specific densities of the MSPs were refined to
1.46 g-cm > for both samples. This value is higher than
the 1.35 g-cm ™~ reported for globular proteins [28] and
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implies that the MSPs are slightly more dense than
average globular proteins.

Overall, we find both ¢sND and IsND to be struc-
turally highly similar to each other and to nanodiscs
made from the template MSPIE3DI1 [22]. This high
similarity between csNDs and IsNDs is in contrast to
the previous finding that circularization of the MSP
should enhance the monodispersity of nanodiscs as
evaluated by EM [15]. In fact, we find that the formed
nanodiscs are already rather monodisperse before cir-
cularization. A sample with a high degree of polydis-
persity would have given rise to scattering intensity
profiles with fewer features than the ones shown in
Fig. 4B,C.

Particles are measured under standard solution con-
ditions in SAXS. This is in contrast to EM where sam-
ples are measured upon staining, fixation on grids, and
cryocooling, which can give rise to artifacts. In addi-
tion, SAXS probes a large ensemble (on the order of
10" particles) compared to the few hundreds to thou-
sands in EM. From our studies of the stability- and
solubility-enhanced MSP, we conclude that an
increased structural homogeneity of the resulting nan-
odiscs does not appear to be a main advantage of cir-
cularization.

Stability enhancement by negative charges and
circularization

Secondary structure quantification

Association of lipids to MSP or similar types of pep-
tides have been shown to induce changes in secondary
structure, in most cases explained by stabilization of
helical structure [1,15,29]. To probe secondary struc-
ture stability, csMSP1E3D1, IsMSP1E3D1, and nan-
odiscs based on these MSPs and POPC lipids were
measured with circular dichroism spectroscopy (CD)
and compared to the template MSP1E3D1 and nan-
odiscs based on MSP1E3D1 and POPC.

The obtained CD spectra confirm that all samples
are helical in solution as given by the presence of the
two distinct minima at 208 and 222 nm, respectively
(Fig. 5A). Comparing csMSP1E3D1 to IsMSP1E3D1
and csND to IsND, respectively, does not reveal any
significant changes to the secondary structure upon cir-
cularization. However, in all instances, it is clear that
MSPI1E3D1-based samples have a smaller CD signal,
that is, lower helical content, than the corresponding
csMSP1E3D1 and IsMSP1E3D1-based samples.

When comparing the lipid-free MSP samples
(csMSP1E3DI1, IsMSP1E3D1, and MSPI1E3DI1) to the
corresponding nanodisc samples, we observe an increased
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Table 2. Model fit parameters.

Circularized and solubility-enhanced nanodiscs

Refined parameters?® csND 1 csND 2 IsSND 1 IsND 2
Area per PC headgroup/A3 625 + 1.0 65.2 + 1.3 60.9 + 0.8 62.4 + 0.9
Largest axis ratio of bilayer in distribution 22 +02 26 +£0.3 25 +03 21 +£02
Thickness of protein belt/A 8.0 £0.2 86 + 0.2 7.5+ 0.2 83 £ 0.2
Roughness/A 5.0+ 0.2 52 + 0.2 46 +£0.2 50+ 0.2
Volume of POPC/A3 1270 £ 5.1 1280 + 6.1 1280 + 4.5 1270 £ 4.4
Volume of belt protein/,&3 34 200 + 490 35 100 + 500 33 900 + 500 36 200 + 470
Derived parameters®
72 11.0 10.7 18.8 12.7
Thickness of bilayer/A 40.8 39.3 41.9 40.7
Thickness of hydrophobic bilayer/,& 30.3 29.3 31.1 30.3
Density of belt protein/g*cm ™ 1.49 1.46 1.56 1.46
Number of lipids in biggest nanodisc 237 206 278 248
Number of lipids in smallest nanodisc 203 166 226 215

@ Structural parameters refined directly from the SAXS data in Fig. 4F,G.

b Parameters derived from the refined parameters.

magnitude of the CD signals at 222 nm for the nanodiscs
(Fig. 5A). This indicates a general stabilization of the heli-
cal structure by the lipids. For csND and IsND, the ratio
between the signals at 208 and 222 nm is different from
those of the corresponding lipid-free MSPs, suggesting a
conformational change in the secondary structure upon
lipid association. The 222 nm/208 nm ratio can indicate
whether o-helices exist as free (222 nm/208 nm ~ 0.9) or
in a coiled-coil conformation (222 nm/208 nm = 1.1) [30].
Thus, the observed ratio close to 0.9 for csMSPIE3DI
and IsMSP1E3D1 indicates that these proteins contain
mainly free o-helices, which are not the case for the
MSPIE3D1 samples, where the CD signals for both lipid-
free and nanodisc samples are similar in shape to those of
csND and IsND (Fig. 5A). The negative charges on the
solubility-enhanced MSPs are likely repelling each other,
which is supported by SEC data that show that
IsMSP1E3D1 and csMSP1E3DI1 have less tendency to
form dimers compared to MSP1E3D1 (data not shown).

In summary, the CD analysis reveals that the sec-
ondary structures of the new MSPs and NDs are per-
turbed by the introduction of negative charges,
rendering the samples slightly more helical in solution
compared to the template and with the free MSPs hav-
ing a slightly altered conformation in solution com-
pared to MSPIE3DI1. However, circularization does
not perturb secondary structure.

Thermal denaturation

Next, thermal unfolding was monitored by CD spec-
troscopy at 220 nm. The obtained curves show that all
lipid-free MSPs unfold with a long transition spanning
approximately 30 °C (Fig. 5B), whereas the nanodisc
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samples unfold only partially toward the maximum tem-
perature of the experiment (Fig. 5C). In the refolding of
the lipid-free MSPs, the curves almost overlay those of
the unfolding (Fig. 5B), whereas for the nanodisc sam-
ples, the refolding curves are very different from the
unfolding curves (Fig. 5C). In fact, they resemble the
unfolding curves of the lipid-free samples better. This
behavior suggests that a fraction of the nanodiscs irre-
versibly denatures upon heating to very high tempera-
tures, and that some of the MSP is separated from lipids
and thus refolds as lipid-free MSP.

Given the incomplete unfolding curves for the nan-
odisc samples, it was not possible to extract thermody-
namic parameters and make a quantitative evaluation of
the effect of circularization. However, the magnitude of
the signal as a function of temperature is markedly lower,
and with a calmer slope, for ¢sND than for IsSND
(Fig. 5C). Qualitatively, this observation reflects a
slightly higher thermal stability of csND. The slope and
the magnitude of the signal change are even more subtle
for the MSP1E3D1 ND than for csND, and after refold-
ing, the signal even returns to a value close to the initial
value before unfolding (Fig. 5C). Given the large differ-
ences in primary and secondary structure of csND/IsND
and MSP1E3D1 ND, a quantitative comparison of the
CD unfolding curves from these samples is not feasible.

The melting temperatures of the lipid-free MSPs can
be estimated from the inflection points of the unfolding
curves. For csMSP1E3DI and IsMSP1E3D1, the melting
temperatures are determined to be 41.6 °C and 44.4 °C,
respectively, and 52.5 °C for MSPIE3DI1. Thus, it
appears that the extra helical structure gained from the
introduction of negative charges is less stable than the
original helical structure in the template MSPIE3DI.
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Furthermore, the circularization of IsSMSPIE3DI1 to
obtain csMSP1E3D1 appears to slightly destabilize the
secondary structure. Comparing the obtained values to
those reported for MSP1DI1 and circularized MSP1D1
(53.8 °C and 65.4 °C, respectively) [15], it is evident that
the melting temperature of the template MSP1E3D1 is
very similar to that reported for MSP1DI1. However,
csMSPIE3D1 and IsMSP1E3D1 behave very differently
from circularized MSP1D1, likely because the secondary
is perturbed by the extra negative charges.

Temporal stability and aggregation propensity

Although not observed from the CD measurements on
csMSPI1E3D1 (Fig. 5B), improved thermal stability is
a common property of circularized proteins or pep-
tides [31]. Coupled effects, such as aggregation
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Fig. 5. Membrane scaffold proteins and
nanodisc stability. (A) Near-UV CD
spectroscopy of lipid-free and nanodisc
samples. (B) Thermal unfolding and
refolding of the lipid-free samples in A
monitored by the CD signal at 220 nm. (C)
Same as in B, but for nanodiscs samples.
(D) SLS measurements at different
temperatures and as a function of time. (E)
SEC chromatograms (280 nm) measured
before and after the SLS measurements
shown in D. Arrows indicate the retention
volume for aggregates (void) and
intermediary particles (fused discs),
respectively. (F) Proposed energy landscape
of nanodiscs made from the three
investigated MSPs. Energy barriers
between different energy minima are color
coded according to the nanodiscs sketches
shown on the left.

propensity, could also be lowered due to the smaller
likelihood of the protein unfolding locally.

With the CD data difficult to interpret, the stability
of csND and IsND was also evaluated as a function of
time at different temperatures by static light scattering
(SLS) and compared to MSPIE3DI nanodiscs
(Fig. 5D). All nanodiscs were measured at three differ-
ent temperatures to probe the effect on stability arising
from circularization and addition of negative charges,
corresponding to the temperature of a typical room
temperature experiment (25 °C), physiological temper-
ature (37 °C), and at high temperature where acceler-
ated aggregation was expected (50 °C). SEC
chromatograms were measured for the samples imme-
diately after purification as well as after the SLS exper-
iments to investigate the integrity of the measured
samples (Fig. SE).
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In contrast to ISND, the SLS signals show that
csND remains fully intact at both 25 °C and 37 °C
throughout the 72 h experiment (Fig. 5D). The corre-
sponding SEC chromatograms confirm that the csND
samples measured at the two different temperatures
are structurally similar and elute at the same retention
volume (Fig. SE). At 50 °C, the SLS signal for csND
increases linearly, but with a significantly smaller slope
than that of IsND, indicating increased thermal toler-
ance of the circularized nanodisc. Interestingly, the
corresponding SEC analysis of csND shows only a
small peak in the column void volume beside the main
peak at 12 mL, whereas a distinct peak at 9.5 mL is
observed for IsND (Fig. SE). In fact, a tiny shoulder
at 9.5 mL was also observed next to the main peak for
the IsND after the experiment at 37 °C. This suggests
that the circularized MSP indeed stabilizes the nan-
odisc structure and prevents formation of other larger
intermediary types of lipid-MSP particles. A similar
effect is described by Yusuf ez al.[17] for nanodiscs
made from noncircularized and circularized MSP1D1,
respectively, and DMPC lipids.

MSPIE3D1 nanodiscs were measured for probing
the stabilizing effect of the solubility-enhancing muta-
tions in ¢sND and IsND. In the SLS experiment, the
MSPIE3D1 appears to behave similar to ISND at
25 °C and 37 °C for around 60 h, whereas at 50 °C,
the signal increases much faster and to a higher end
value (Fig. 5D). After the 60 h at 25 °C, some large
particles or aggregates are likely formed in the
MSPIE3D1 ND sample, causing the signal to acceler-
ate. The SEC analysis confirms this formation of
aggregates at 25 °C, while it shows the formation of
both aggregates (void) and other larger intermediary
particles (fused discs) at 37 °C and 50 °C (Fig. SE).

After the 50 °C measurement of MSP1E3D1 ND,
the main peak in the SEC chromatogram is also seen
to move from the initial 12 mL to around 13 mL
(Fig. 5E). This observation could be explained by lipid
depletion of the initial nanodisc population by transfer
of lipids into larger particles having a higher lipid:
MSP ratio. Interestingly, the peak appearing at
approximately 9.5 mL, similar to the one observed for
IsND at 50 °C, indicates the formation of intermediary
larger lipid-MSP particles already at 37 °C for
MSPIE3D1 ND. This suggests that the solubility-
enhancing mutations in csND and IsND are favorable
in terms of physical stability in the sense that the
formed nanodiscs appear to be less prone to collide
and form other types of particles, for instance fused
nanodiscs with four MSPs surrounding a larger lipid
bilayer patch. This structure would be impossible to
obtain for ¢sND, since the termini of ¢sMSP1E3DI
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are covalently linked. However, the fairly broad peak
observed at 9.5 mL may also represent other types of
less well-defined particles.

The nanodisc energy landscape

Based on the observations described above, we propose
a simple model for the energy landscape of the nan-
odiscs made from the different MSPs (Fig. 5F). Here,
the intermediary larger MSP-lipid particles are repre-
sented as fused discs and even larger particles as vesicle-
like structures. We note that these are only labels as the
structures have not been characterized experimentally.
As the initial reconstitution of nanodiscs by detergent
depletion yields mainly monodisperse nanodiscs, it
implies that the nanodisc structure is the kinetically
most stable structure. Only upon heating the samples,
larger particles are formed which suggest that the larger
lipid—-MSP particles are thermodynamically more stable
than the nanodisc. The thermodynamic stability is then
governed by favorable lipid-lipid interactions, such that
higher stability is obtained for the formed structures
that resemble a vesicle-like structure, where the lipid:
MSP ratio is presumably higher than for nanodiscs.

The proposed energy landscape (Fig. 5F) illustrates
that the energy barrier for disc-fusion is higher for the
solubility-enhanced IsSND compared to MSPIE3DI1
ND, whereas the fused disc intermediate cannot be vis-
ited by the csND. The csND must take another, more
direct, path to the aggregated vesicle-like structure.
This direct path has a higher activation energy than
that of ISND as inferred from the higher resistance to
aggregation observed in the SLS experiment. The
energy barrier for fused ISNDs to the vesicle-like struc-
ture has the same relative height to that of MSP1E3Dl1
ND as the barrier from nanodisc to fused discs.

All in all, the combined CD, SLS, and SEC results
show that the csND is a stable particle suited for
experiments at physiological temperatures. Further-
more, the reduced aggregation propensity is a highly
desired property for future SAXS (and SANS) studies
of membrane proteins incorporated in nanodiscs.

Incorporation of the membrane protein CorA in
circularized nanodiscs

In the reconstitution of membrane proteins inside nan-
odiscs, the membrane protein is usually incubated with
cholate and lipids (mixed micelles) before addition of
MSP. The MSP will thus have to wrap around the mem-
brane protein and form a mixed micelle aggregate. This
process is not well understood and depends on a number
of parameters such as protein size, hydrophobicity, and
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presence of domains of the membrane protein protrud-
ing from the membrane. Thus, it was not clear whether
or not ¢sMSPIE3D1 was compatible with effective
incorporation of a large membrane protein due to the
more restricted MSP after circularization, although pre-
vious work with circular nanodiscs had shown promis-
ing results for other membrane proteins [15].

Here, the 200 kDa pentameric membrane protein
CorA from T. maritima was used as model for testing
membrane protein incorporation in c¢sND. The SEC
purification of CorA-loaded csND reveals a sample con-
taining several subpopulations, with a minor peak in the
void volume trailing into the major peak at approxi-
mately 11 mL (Fig. 6A). This chromatogram is very
similar to chromatograms obtained after incorporation
of CorA in MSP1E3D1 nanodiscs [32], suggesting that
nanodisc reconstitution of CorA is not particularly
affected by the more restricted csMSP1E3D1.

The sample was collected from the right-hand side of
the major peak to avoid large particles from the shoul-
der of the peak and measured with SAXS (Fig. 6B). As
described for the unloaded nanodiscs, the p(r)-distribu-
tion was determined from the data (Fig. 6B insert),
yielding the parameters listed in Table 1. The scattering
data show no signs of aggregation or the presence of
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contaminating large particles, as seen from the flat Gui-
nier region in the SAXS data and the smooth descent to
in the p(r)-distribution.

The presence of CorA and csMSP1E3D1 in the sam-
ple was verified by SDS/PAGE (Fig. 6C). Based on gel
quantification of CorA and csMSP1E3D1 standards as
well as the sample, the CorA-monomer:csMSP1E3D1
ratio was found to be close to 2.5 : 1. This agrees with
one CorA pentamer per csND. That CorA exists as a
single pentamer is further supported by the apparent
D,ux of 150 /o\, as a nanodisc particle containing, for
example, a dimeric CorA pentamer would have a D,
of approximately 200 A independent of the orientation
of the dimer (Fig. 6D). These results indicate that CorA
is effectively incorporated as a single pentamer into the
csND.

We observe that the shape of the p(r)-distribution for
the CorA sample (Fig. 6B insert) has smaller oscillations
than for the empty nanodiscs (Fig. 4B insert and Fig. 4C
insert). Furthermore, the SAXS data from the CorA
sample (Fig. 6B) have inferior counting statistics com-
pared to the csND sample (Fig. 4B,C). In a model refine-
ment situation, one would likely have to supplement the
presented SAXS data with complementary SANS, ide-
ally contrast variation SANS utilizing, for example,

Fig. 6. Incorporation of CorA in c¢sND. (A) SEC purification of CorA-loaded csND. The colored area indicates the fraction collected for
structural analysis by SAXS. (B) SAXS data on the sample purified in A with the refined p(n-distribution shown in the insert. (C) SDS/PAGE
analysis of CorA- and csMSP1E3D1-standards along with the CorA-loaded csND sample. The illustration under the gel shows the
stoichiometry of the CorA-loaded csND. (D) Structural representations of csNDs loaded with dimeric or monomeric CorA and with the
approximate D, values indicated. The CorA structures are based on a crystal structure (Protein Data Bank ID: 4eeb), and the csND

structure on the refined model shown in Fig. 4E.
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match-out deuterated nanodiscs [33], in order to confi-
dently refine a solution structure of the CorA samples.
This emphasizes the need for reliable production of large
amounts of sample, including deuterated MSP, due to
the relatively larger sample requirements of SANS.

Conclusion

Membrane protein carrier systems that are compatible
with maintaining the relevant structure and function
of the studied membrane proteins while at the same
time being sufficiently abundant to allow for sample
optimization are highly desirable. We have devised an
efficient method for large-scale production of sortase-
mediated circularized MSP yielding 75 mg of pure
final product per L of culture. A central step in the
protocol was the design of a solubility-enhanced MSP
through incorporation of extra negatively charged
amino acids. This effectively eliminated the need for
detergents in any of the applied purification and circu-
larization steps.

Although the introduced charges slightly destabilized
the secondary structure of the free MSP at elevated tem-
peratures, we found that nanodiscs made with these cs-
and IsSMSP1E3DI1 constructs were much more stable
over time at physiological temperatures than nanodiscs
formed with the original template MSPIE3D1 con-
struct. This shows that the solubility-enhancing muta-
tions also improved the physical stability of the
nanodiscs. Not only is this an obvious desired property
for structural and functional studies of membrane pro-
tein at physiological temperatures but it also indicates
that nanodisc stability, or propensity for aggregation, is
governed not only by the flexibility of the MSP but also
from its propensity of collision with other nanodiscs.
Circularization further enhanced nanodisc stability.
This was most clearly seen at 50 °C, where the circular-
ized nanodiscs did not produce the larger intermediary
lipid-MSP particles over time that we observed for the
noncircularized nanodiscs.

Other studies based on the original MSP1E3D1 tem-
plate report on a gain of structural homogeneity for cir-
cularized nanodiscs [15]. As evaluated from solution
SAXS data, such a change in homogeneity was not
observed for nanodiscs produced with our constructs.
Consequently, modeling of the SAXS data yielded very
similar structural models for circularized and noncircu-
larized nanodiscs, respectively. However, the number of
lipids was found to be systematically lower in the circu-
larized nanodisc. Finally, we showed that the membrane
protein CorA could be effectively incorporated into the
circularized nanodiscs and that high-quality SAXS data
could be obtained. Such a membrane protein in
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nanodisc system is highly dynamic and contains multi-
ple components, which means that more elaborate struc-
tural studies are needed in order to dissect the complex
in detail, for instance by contrast variation SANS, EM,
and NMR. The solubility- and stability-enhanced
csMSPI1E3D1 will aid in obtaining sufficiently large
amounts of good samples for such purposes.

Methods

Materials

The plasmid harboring the gene for MSP1E3D1 was kindly
provided by Steven Sligar (Uni. Illinois). For His-
IsSMSPIE3D1 and eSrt, codon-optimized genes were custom
synthesized and inserted into the pET28a(+) vector by Gen-
script (Piscataway, NJ, USA). The protein sequences were:

His-IsMSP1E3D1

MGHHHHHHHD YDIPTTENLY FQGSSFSKLR
EELGPVSEEF WDDLEKESEG LREEMSKDLE
EVKAKVEPYL DDFEKKWEEE MELYREKVEP
LRAELEEGAR EKLHELEEKL SPLGEEMRDR
ARAHVDALRS HLAPYLDDFE KKWEEEMELY
REKVEPLRAE LEEGAREKLH ELEEKLSPLG
EEMRDRARAH VDALRSHLAP YSDELRERLA
ARLEALKEDG GARLAEYHAK ASEHLSSLSE
KAKPALEDLR EGLLPVLESF KVSFLSALEE
YSKKLDSEGG RGGSLPETGG ASHHHHHH
eSrt

MASGGSGGSG GSGGSGGSQA  KPQIPKDKSK
VAGYIEIPDA DIKEPVYPGP ATREQLNRGV
SFAEENESLD DQNISIAGHT FIDRPNYQFT
NLKAAKKGSM VYFKVGNETR KYKMTSIRNV
KPTAVEVLDE QKGKDKQLTL  ITCDDYNEET
GVWETRKIFV  ATEVKLEHHH HHH

Unless specifically stated, buffer components were from

Sigma-Aldrich (Darmstadt, Germany). All buffers were
prepared with Milli-Q water (Merck/Millipore, Darmstadt,
Germany). TB medium components, that is, yeast extract
and peptone, were from VWR (Radnor, PA, USA) and
glycerol from Sigma-Aldrich.

Expression and purification of MSPs

Plasmids were transformed into E. coli BL21 Star (Merck/
Novagen, Darmstadt, Germany). For protein expression,
the cells were grown at 37 °C in TB medium and induced
with 1 mm IPTG (Fisher Scientific, Loughborough, UK) at
an optical density at 600 nm (OD600) of 0.8. After 3 h, cells
were pelleted by centrifugation and subsequently resus-
pended and shaken vigorously in binding buffer (50 mm
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TrisHCI pH 8, 300 mm NaCl, 20 mm imidazole) containing
6 M guanidinium chloride. Insoluble material was pelleted
by centrifugation at 30 000 g for 30 min, and the super-
natant was added equilibrated NiNTA resin (10 mL resin for
an expected amount of 100 mg MSP). After incubation for
1 h, the resin was loaded onto a disposable column and
washed with 1 column volume (CV) of denaturing binding
buffer, 5 CV of wash buffer (50 mm TrisHCI pH 8, 300 mm
NacCl, 40 mm imidazole), and finally eluted with elution buf-
fer (50 mm TrisHCI pH 8, 300 mm imidazole). Digestion
with TEV protease was carried out (1 : 100 TEV protease:
MSP) at room temperature (RT) for 3 hin a 10 kDa molecu-
lar weight cutoff dialysis bag submerged in a 100-fold vol-
ume of TEV buffer (20 mm TrisHCI pH 8, 100 mm NaCl,
1 mm EDTA, 1 mm DTT). At this point, some of the
IsSMSP1E3D1 was concentrated and stored at —80 °C for
making noncircularized reference samples. For the circular-
ization reaction, the remaining sample was transferred to an
Erlenmeyer flask and mixed with buffer, salts, and Milli-Q
water to a final concentration of 10 pum ISMSP1E3D1 in cir-
cularization buffer (30 mm TrisHCI, pH 7.5, 150 mm NaCl,
10 mm CaCl, 1 mm DTT). eSrt (see purification below) was
added to obtain a desired ratio of ISMSP1E3D1:eSrt (20 : 1
used in the final production) and the mixture was incubated
at 37 °C. After 3 h, NINTA resin (Qiagen, Hilden, Ger-
many) equilibrated in circularization buffer was added to the
flask, and the reaction was carried out for another 30 min.
The mixture was loaded onto a disposable column, and the
flow through was collected. 1 CV of circularization buffer
was added to wash out the remaining sample from the col-
umn. The flow through was diluted with Milli-Q water to a
conductivity of 8 mS-cm ™! (approximately 2.5-fold dilution)
and loaded onto a 6 mL ReSourceQ column (GE Health-
care, Chicago, IL, USA) connected to an Akta Pure system
(GE Healthcare). Impurities and csMSP1E3DI1 were eluted
separately in a gradient from buffer A (20 mm TrisHCI pH
8) to buffer B (20 mm TrisHCI pH 8, 1 M NaCl). The sample
was dialyzed against gel filtration buffer (20 mm Tris-HCI
pH 7.5, 100 mm NaCl) over night (ON) at 4 °C, then flash
frozen and stored at —80 °C.

Expression and purification of eSrt

A codon-optimized version of eSrt based on the sequence
presented in the work by Chen et al. [16] was synthesized
and cloned into the pET28a(+) vector by Genscript. The
plasmid was transformed into E. coli BL21 Star cells and
grown at 37 °C in TB media until expression was induced
with 1 mm IPTG at OD600 of 0.6 after which cells were
grown at 20 °C ON. All subsequent steps were performed
at 4 °C. Cells were harvested by centrifugation and the pel-
let was dissolved in binding buffer and passed twice
through a cell disrupter at 30 kPSI. Cellular debris was pel-
leted by centrifugation at 20 000 g for 20 min before the
supernatant was incubated with equilibrated NiNTA resin
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for 45 min. The preparation was loaded onto a disposable
column and the resin was washed with 3 CV of wash buffer
and eluted with elution buffer. Fractions containing eSrt
were pooled and dialyzed against gel filtration buffer (con-
taining 1 mm DTT) to remove imidazole.

Expression and purification of CorA

The plasmid-encoding T. maritima CorA was kindly provided
by Mikaela Rapp (University of Stockholm, Sweden). CorA
was expressed and purified as described elsewhere [32,34]. The
N-terminal Hisg-tag was left intact to allow IMAC purifica-
tion of CorA-loaded nanodiscs. The purified protein was flash
frozen in liquid nitrogen and stored at —80 °C until use.

Nanodisc preparation

Nanodiscs were prepared as previously described [14]. POPC
(Avanti Polar Lipids, Alabaster, AL, USA) was dissolved in
gel filtration buffer containing 100 mm sodium cholate. For
all nanodiscs, POPC and MSP were mixed in a ratio of
130 : 1 and diluted to a final concentration of 10 mm POPC.
For CorA-loaded nanodiscs, CorA (pentamer) was added to
produce a ratio of 1300 : 10 : 1 for POPC:csMSP1E3DI:
CorA, that is, one CorA pentamer for every five nanodiscs,
and the sample was diluted with gel filtration buffer to a final
concentration of 10 mm POPC. Samples were thoroughly
mixed and subsequently incubated for 15 min at RT before
addition of detergent absorbing beads, Amberlite XAD-2
(Sigma-Aldrich), at 15% w/v for empty nanodiscs and 30%
w/v for CorA-loaded nanodiscs. The samples were incubated
at 5 °C while shaking at 800 rpm ON to remove cholate. Next
day, the samples were separated from the detergent-absorbing
beads, and CorA-loaded nanodiscs were applied to a 1 mL
HisTrap column (GE Healthcare) equilibrated in gel filtration
buffer containing 20 mm imidazole to bind only loaded nan-
odiscs, which were subsequently eluted with elution buffer.
Appropriate fractions were diluted twofold in gel filtration
buffer, concentrated to less than 1 mL, and purified by SEC
on a Superdex 200 10/300 GL (GE Healthcare) equilibrated in
an appropriate buffer. Unloaded nanodiscs were directly
applied to the column after the removal of detergent-absorb-
ing beads. For the SLS/SEC experiments, the buffer was PBS,
whereas for SAXS, the buffer was gel filtration buffer.

Mass spectrometry

A ProteinWorks™ eXpress Digest Kit (Waters, Miliford, MI,
USA) was used to digest the protein samples. Fibrinopeptide
(Glu-Fib), formic acid (FA), and acetonitrile (ACN) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). All other
chemicals and reagents were of at least analytical grade.

A three-step protocol was used for tryptic digestion as
described by the manufacturer. Samples containing 500
pmol of csMSP1E3D1 were denatured by incubation with
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digestion buffer for 10 min at 80 °C. The samples were
diluted with digestion buffer to a final volume of 175 pL
followed by addition of 25 pL trypsin solution. The sam-
ples were subsequently incubated for 2 h at 45°C. To
quench trypsin activity, 5 pL of digestion inactivation
reagent was added to the samples and incubated for 15 min
at 45 °C. The sample supernatants were collected after cen-
trifugation at 1800 g for 15 min at 10 °C.

The LC-MS was performed using a NanoAQUITY
UPLC setup coupled to a ESI hybrid Q-TOF mass spec-
trometer (Synapt G2-SI, Waters, Wilmslow, UK). Intact
mass analysis was performed by loading 50 pmol of intact
protein in gel filtration buffer for trapping on a reversed-
phase CI8 trap-column (ACQUITY UPLC BEH CI8
1.7 um VanGuard column, Waters) and eluted directly
onto the mass spectrometer by a chromatographic gradi-
ent ranging 8-95% of mobile phase B (ACN, 0.23% FA)
over 9 min at 40 pL-min~'. Mass spectrometry was in
positive ion mode with a scan time of 1 second in a range
of 300-2000 m/z. Deconvoluted mass spectra were pro-
duced by MaxEnt 1 algorithm in the MAssLYNX software,
after being processed with baseline subtraction parame-
ters set to (20,5) and Savitzky—Golay smoothing parame-
ters set to (1,15). The experiment was performed in three
replicates.

Peptide mapping analysis was performed by loading 20
pmol of the digested protein onto the UPLC system and
trapped and desalted on a C18 trap column (ACQUITY
UPLC BEH CI18 1.7 um VanGuard column, Waters) for
3 min at 150 pL-min~! of mobile phase A (0.23% FA).
The tryptic peptides were eluted across a C18 analytical
column (ACQUITY UPLC BEH CI8 1.7 um
1.0 x 100 mm column, Waters) and into the mass spec-
trometer using a gradient from 1% to 50% of mobile
phase B for 20 min at a flow rate of 40 pL-min~'. Mass
spectrometry was performed in positive ion mode, with
internal mass calibration using a reference lock-spray sig-
nal of Glu-Fib. Peptide identification was performed by
DDA (Data-Dependent Acquisition) CID MS/MS. Mass
spectra were acquired over an m/z-range of 300-2000 with
a scan time of 0.5 s for MS survey and 0.3 s for each sub-
sequent MS/MS scan. UPLC-MS/MS data of the digested
samples processed against the c¢sMSPI1E3DI1
sequence via Protein Lynx Global Server (PLGS, Waters,
Milford, MA, USA). Criteria for peptide identification
were a mass tolerance for precursor ions < 15 ppm and a
ladder score of product ions > 40. One missed trypsin
cleavage was tolerated and methionine oxidation was cho-
sen as variable modification.

The ‘linking’ peptide (GGSLPETGSSFSK) was identi-
fied through MS/MS data with a mass accuracy of 20 ppm
and 26 ppm for the singly charged and doubly charged pre-
cursor ion, respectively, and an MS/MS ladder score > 70
with a mass accuracy of assigned fragment ions from 5 to
20 ppm.

WweEre
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Gel quantification of MSP circularization

For the quantification of the influence of substrate concen-
tration, ISMSP1E3D1 was mixed with eSrt in a ratio of
10 : 1 but in varying concentrations under the buffer condi-
tions described for the large-scale circularization. The sam-
ples were incubated for 3 h at 37 °C and quenched by the
addition of 100% trichloroacetic acid to a final concentra-
tion of 12%. Precipitated protein was pelleted by centrifu-
gation at 14 500 g for 10 min at 4 °C, and the pellet was
subsequently washed in ice-cold acetone. This step was
repeated before solubilizing the pellet in SDS loading buffer
(50 mm TrisHCI pH 6.8, 10% glycerol, 2% w/v SDS,
0.05% w/v bromophenol blue) to a final concentration of
8 um MSP. For the quantification of the circularization
reaction with varying ISMSP1E3D1:eSrt ratios, reactions
were setup with different amounts of eSrt in samples con-
taining 10 pm IsSMSP1E3D1. At indicated time points,
20 uL samples were taken out and quenched by the addi-
tion of 5 pL 5x SDS loading buffer. Samples were run on
12% acryl amide gels. Gels were stained in Coomassie bril-
liant blue G250 (Bio-Rad, Hercules, CA, USA) and images
of the gels were obtained on a Gel Doc (Bio-Rad). The
images were quantified in ImageLab (Bio-Rad) using stan-
dard settings. Relative gel band intensities were calculated
to report the relative quantities of species.

Gel quantification of CorA-loaded nanodiscs

Standards with a known absorption at 280 nm were pre-
pared of CorA and csMSP1E3DI1, respectively, and loaded
in different amounts on the same gel as the CorA-loaded
nanodisc sample. Gels were stained with Coomassie brilli-
ant blue G-250 (Bio-Rad) and subsequently destained in
10% acetic acid, 20% ethanol. Gel images were obtained
and quantified as above. The intensities of the standards
were fitted with linear regression in order to quantify the
amount of CorA and csMSPIE3DI in the nanodisc sam-

ple.

Static light scattering

Samples of 5 uM nanodiscs were measured on a BI-200SM
light scattering instrument (Brookhaven Instruments, Holts-
ville, NY, USA) equipped with at diode laser emitting light
at a wavelength of 637 nm and with the detector placed at
90° to the incoming light. The temperature of the instru-
ment was kept constant by an external water bath, and the
temperature inside the VAT was measured by a built-in
thermometer. Prior to measurement, samples were filtered
four times into the sample cuvette through a 0.22 pm filter
(Merck/Millipore, Darmstadt, Germany) to eliminate dust
particles. Hereafter, samples were degassed for 15 min to
prevent the formation of bubbles. Frames of 30 s were con-

tinuously measured over the course of 72h, and
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subsequently, bad frames with abnormally high intensity,
probably due to traces of dust particles, were removed.
Frames were averaged in 2 h bins and normalized to the
intensity of the first frame, which maintained the overall
trends of the data. The recorded SLS intensity is approxi-
mately proportional to the average molecular weight of the
species in solution as described by Heiberg-Nielsen
et al. [35].

Circular dichroism spectroscopy

Samples were exchanged into 20 mm sodium phosphate pH
7.0 on a NAPS column (GE Healthcare) and subsequently
diluted to 1.5 pm in that buffer and degassed for 15 min.
Sample concentrations were determined from absorption at
280 nm measured on a UV-1600PC spectrophotometer
(VWR, Radnor, PA, USA). Circular dichroism (CD) spec-
troscopy was measured on a J-815 spectrometer (Jasco,
Easton, MD, USA) equipped with a variable temperature
sample holder controlled by a Peltier element. CD spectra
were collected in three replicas with a bandwidth of 2 nm,
scan speed of 20 nm-min~!, and data pitch of 1 nm at
20 °C. The CD signal was recorded in millidegrees (m0)
and subsequently converted to mean residue ellipticity
([Olmrw) With the relation

mo
0 - @@
[ ]MRW 10-¢- pr Wi

where ¢ is the protein concentration in molar, N, is the
number of peptide bonds, that is, the number of amino
acids minus one, and / is the path length of the sample cuv-
ette in c¢cm, in this case 0.1 cm. For thermal scans, the CD
signal at 220 nm was monitored at a heating/cooling rate
of 1 °C-min~". The melting temperatures were estimated by
the infliction points of the melting curves. These were com-
puted by the maxima of the first derivatives, which were
calculated using the Savitsky—Golay algorithm [36].

Small angle X-ray scattering

Samples were prepared in the laboratory in Copenhagen
and kept on ice until the time of measurement. Before
exposure to X-rays, the absorptions at 280 nm of the sam-
ples were measured in triplicates using a Nanodrop 1000
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) to estimate the sample concentration. The sam-
ple concentrations were csND =10.7 pm, csND
2=103 pum, ISND 1 =123 pm, IsND 2 =11.1 pm, and
CorA csND = 0.9 um. SAXS measurements were done at
the P12 BioSAXS beamline at PETRAIII at Deutsches
Elektronen-Synchrotron (DESY) in Hamburg, Germany, at
10 °C [37]. The intensity was measured as function of the
magnitude of the scattering vector, ¢, where ¢ = 4mnsin(0)/A
with 0 being the scattering angle and 4 the wavelength, in
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this case 1.24 A. Data reduction was done automatically
with the software available at the beam line and the 1D
data were brought to absolute scale in units of cm™" using
water as a calibration standard [38]. Pair distance, p(r), dis-
tributions were obtained from indirect Fourier transforma-
tions (IFT) calculated at the BayesApp-server [39].

Modeling was carried out in WillltFit [40]. The struc-
tural models (see further description below) refined from
the data are similar to the ones introduced by Huda
et al. [22], which in turn are generalizations of similar mod-
els [10,41]. The refinement was again done in WillltFit [40],
with the source code of the model available in the associ-
ated repository. Aside from the parameters listed in
Table 2, the model also includes a constant background
added to the model. The term accounting for interface
roughness is described in the literature [42]. In addition, the
height of the protein belt surrounding the bilayer was fixed
to 25.78 A to match the properties of a recently published
structure of a similar protein [4].

The model describes a uniform distribution of nanodiscs
with differing ellipticity parameterized by the axis ratio of
the bilayer patch. Consequently, nanodiscs with large axis
ratio will contain fewer lipids than nanodiscs with axis
ratios closer to 1. The individual nanodiscs are described
by analytical form factors [43] as explained by Skar-
Gislinge et al. [10,41]. The model is fitted on absolute scale
and utilizes information from the molecular composition of
the MSP and POPC to calculate the scattering lengths of
these compounds. The resulting values can be found listed
in Table 2 and the error bars associated to the refined
parameters are based on these values as described in the lit-
erature [44,45].

Mathematically, our model has the form for the mea-
sured intensity, 1(¢q):

Kmax
n

o ="/

= dx P(q,P)
K:I'HQX -
1

where p is the list of parameters in our model for a nan-
odisc with a particular shape, x is the aforementioned axis
ratio of the bilayer, and n is the number density of nan-
odiscs estimated from the absorption at 280 nm. In particu-
lar, note that k € j, whereas ipay, the largest axis ratio in
the distribution, is a fitting parameter. P(q,p) is the form
factor intensity for an orientationally averaged model of
the nanodisc described by the particular set of parameters,
p[10,41].
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Circularization: IEC

FIGURE S1 IEC purification tests. A: csMSP1E3D1 elution with 10 CV gradient from 0 to 0.5 M NaCl. B: 20 CV
gradient from 0 to 0.5 M NaCl. C: Multi-step gradient from 0 to 0.32 M NaCl. D: SDS-PAGE analysis of the samples
collected in A, B and C (colored areas). Lane 1 is the sample before the IEC purification, lanes 2 — 4 are the samples
from A, lanes 5 — 9 are the samples from B, and lanes 10 — 11 are the samples from C. MW are molecular wight

standards.



N. T. Johansen et al.

Mass spectrometry: Sequence coverage

K A KV EPYLDDEFEKKWEEEMELYREKVESPLRAELEEGAREHK
55 60 65 70 80
= . e e———]Y—Y———————
LW E L EEKLSPLGEEMRDRARAKYVDALRSHLAPYLDDEFEKK
20 95 0 5 110 115 120
— —_—
E——————————— =
WEE EME LY REKVEPLERAELEEGAREKLHELEEKLSGPLGEE
125 130 135 140 145 150 155 160
e aa——————
_— E———————
1
_—_—
M RDERARAMVDALRSHLAPYSDELRERLAARLEALTEKEDEG GG GA
1 175 180 185 9 200
————————
—_—
RLAE Y HAKASEHWLSSLSEKAKPALEDLREGLLPVLESEFKV
21 21 3 23 240
=
=
FL AL EEY S KKLDSEGGRGGS L P ET
245 255 26

Sequence coverage: 92.4%

FIGURE S2 MS sequence coverage. Peptide map of csMSP1E3D1 after digestion with trypsin. The blue bars
indicate the identified peptides by LC-MS/MS. The cyan bars indicate some identical peptides detected in the
segment 46-113 relative to the segment 112-179 as these two segments are identical in sequence. The red bars
indicate a tryptic peptide corresponding to the peptide segment linking the N-and C-terminal of csMSP1E3D1
(GGSLPETGSSFSK). Methionines marked with the yellow squares are the two major sites of oxidation.
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Mass spectrometry: Methionine oxidation
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FIGURE S3 Identification of oxidized methionines. CID MS/MS fragmentation spectra of (A) non-oxidized and
(B) oxidized form of a tryptic peptide 121-129 containing methionine (WEEEMELYR). The precursor ions were
[M+2H]%* (m/z 642.79) and [M+2H+16]%* (m/z 650.79), respectively .
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Abstract

Gaining structural and functional information about membrane proteins is vital for our understanding of many
biological processes. To obtain this information, carrier systems optimized for study of membrane proteins (MP)
are needed, as they are essential for maintaining a stable MP. The nanodisc (ND) is one of these carrier systems,
and using the Sortase enzyme, circularized NDs (cND) were recently developed. Although being more time-
consuming to produce, the cNDs have gained ground, as they were both more homogeneous and more stable at
physiological temperatures, which are important features for both functional and structural studies. Two of the
major bottlenecks for the ND technology, are the production of the membrane scaffolding proteins and the
reconstitution of an MP into the ND. In the present study, we developed a fusion construct that is used for an
optimized straight forward production of circularized NDs, as it skips the need for producing Sortase in parallel.
We also implemented a protocol using circularization after reconstitution of the ND, which opens up the ND
technology for membrane proteins that do not incorporate well into pre-circularized MSPs, produced using
current protocols. Easier production of MSPs, and a broader range of reconstitution opportunities, will facilitate
easier access to the ND technology, and will hopefully result in more successful studies of membrane proteins.

Introduction

During the last decade, techniques for studying the structure of membrane proteins (MP) have continuously
developed and improved. Similarly, the sample environments have improved, with the development of new carrier
systems, used to keep the MPs in solution. Detergents are usually employed during purification of the MPs, but for
both functional and structural studies, other carrier systems are usually preferred, as in some cases detergents
compromise the activity and stability of the MP (1,2). The nanodisc (ND) is a widely used carrier system, because
of the relatively low heterogeneity, adjustable size, and the native-like lipid environment that better maintains the
native activity of some MPs (1,3). The ND is composed of a lipid bilayer held together by two copies of an
amphipathic protein called a membrane scaffolding protein (MSP). The MSP is central in controlling the size,
stability, and monodispersity of the final ND, and therefore there have been many studies trying to develop
improved and versatile MSPs (2,4,5). A recent major improvement of the ND was the invention of circularized
MSPs, which was achieved by making use of the enzyme Sortase that forms a covalent bond between a specific
five-residue C-terminal motif (LPXTG) and a free N-terminal Gly (2). An evolved version of the Sortase (eSrt) which
has a 140-fold higher activity compared to Sortase (6), was utilized to link the two termini of the MSP, to make a
circularized variant, which proved to form more monodisperse and stable NDs (2,6). The enzymatic reaction was
performed after the purification of the MSP, and did not seem to affect the following reconstitution of the ND and
MP incorporation.

In our group, we have further developed these circularized NDs (cNDs) by mutating the MSP sequence, introducing
a substantial number of negatively charged residues to enhance the solubility of the formed ND (5). These NDs
were named, circularized and solubility enhanced MSP1E3D1 (csE3), and proved to be possible to produce in high
amounts. In addition, they were found to have a much higher temporal stability at physiologically relevant
temperatures compared to the original MSP1E3D1 and also the non-circularized, linear counterpart (IsE3) (5).
The cNDs have until now only been applied for a few MPs, that all contain only a transmembrane domain or a
transmembrane domain and a single extramembrane domain on one side of the membrane, and until now no



problems with incorporation of MPs in the cNDs have been reported (2,5,7,8). However, for more complicated MPs
with hydrophilic domains on both sides of the membrane, this may not be as straight forward, as one of the
hydrophilic domains would have to go through the hydrophobic interior of the MSP upon insertion. E.g. most G
protein-coupled receptors contain both a large folded extracellular domain and an intercellular unfolded domain,
responsible for recruiting the G-protein (9). The same overall topology is present for the cytokine receptors and
other MP families (10,11), and thus we foresee problems with the incorporation into circularized MSPs for these
classes of MPs.

A drawback of the ND technology, and

especially the circularized variants is the

need for producing the circularized MSP,

which is a time-consuming process,

consisting of several purification steps.

To approach this, an in cell split-intein

based production was developed to

circularize the MSP in vivo, but this

method had the drawback that

subsequent purification had to be

carried out by other means than the very

convenient affinity chromatography (8).

In addition, the obtained yields ranged

from 8 to 25 mg per liter culture

depending on the MSP, which is similar

to yields obtained by Sortase

circularization (7). Therefore, the main

approach is still to use the eSrt enzyme.

Using this strategy, two enzymes (TEV

and eSrt), and the circularized MSP, have

to be produced recombinantly in E. Coli,

and the different enzymatic reactions

have to be carried out after the

purification to produce the MSPs.  Figure 1: Schematic overview of the mechanism of fE3. A: eSrt and IsE3

Furthermore, the yields of most of the joint in one construct: fE3. B: After TEV cleavage a free N-terminal Glycine
circularized variants have shown to be is available for eSrt reaction. C: After circularization both TEV and eSRT
considerably lower than the original MSPs, in many cases around a factor of 10 lower (8,12,13). This hampers the

general utility for this technique, as high amounts of MSPs are usually required, especially for structural studies.

In the present study, we designed a fusion protein (called fE3) which joins the eSrt and the IsE3 in one, minimizing
the number of proteins to express and purify (see figure 1A for an overview of the construct). Using fE3, the
circularized csE3 can in principle be obtained by simply adding TEV, leaving a free Glycine, which is recognized by
the eSrt, which will then perform the circularization process (figure 1). The idea of having both the eSrt and the
eSrt-site in the same protein has been used in previous studies as a purification strategy for other proteins, and as
a molecular tagging strategy, which both proved very efficient (14-16). We show that fE3 can be used for both pre
and post circularization of NDs. In addition, fE3 is compatible with MP incorporation, and a combination of
functional studies and SAXS measurement confirmed that both the function and structure of the MP were
maintained post-circularization.



Methods

Expression and purification

All chemicals and lipids are from Sigma Aldrich. IsE3, csE3 and tissue factor (TF) were expressed and purified as
described previously (5)(Paper III). Four fusion constructs containing the sequence from ISE3 (containing a TEV
site and the eSrt motif), a linker (of variable length: 3, 9 or 18 residues) and a variant of sortase (either WT Sortase
or eSrt (6)) were synthesized and cloned into the pET28a vector by Twist Biosicience (see an overview of the
constructs in figure S1A+B). The plasmids were transformed into BL21 Star cells, and grown in TB media. Cells
were grown to an optical density at 600 nm (OD600) at 0.6-0.8 before the expression was induced with 1 mM IPTG
either at 20 °C for 20 hours or 37 °C for three hours. Cells were harvested by centrifugation, and the pellet was
dissolved in 3.5 ml per grams of cells in lysis buffer (6 M guanidine hydrochloride (GuHCl), 30 mM Tris-HCI, pH 8,
150 mM NacCl, 20 mM imidazole). Cellular debris was pelleted by centrifugation at 20000g for 20 min before adding
3 ml buffer equilibrated NiNTA resin per liter of initial culture, to the supernatant. After incubation for 45 min, the
preparation was loaded onto an empty gravity flow column, and the resin was washed with 5 column volumes
(CV) of 30 mM Tris-HCI, pH 8, 150 mM NacCl, 40 mM imidazole and eluted with 5 CV of 30 mM Tris-HCI, pH 8, 150
mM NacCl, 250 mM imidazole while fractions were collected. The fractions containing the protein were pooled and
dialyzed against 20 mM Tris-HCI, pH 8, 80 mM NaCl, 1 mM EDTA before loading onto a 5 ml HiTrap Q column (GE
Healthcare) equilibrated in 20 mM Tris-HCI, pH 8, 1 mM EDTA. The column was washed with 5 CV of 20 mM Tris-
HC], pH 8, 200 mM NacCl, 1 mM EDTA before a step gradient to 250 mM NaCl and 300 mM NaCl was applied while
fractions were collected. After visualization by SDS-PAGE, fractions containing pure fusion protein were pooled,
concentrated in a spinfilter (10 kDa cutoff), and kept at 4 °C until use. For purification of csE3 from the fusion
protein, the elution fractions from the NiNTA purification were diluted to a concentration of 10 pM in 20 mM Tris-
HC], pH 7.5, 100 mM NacCl and CaClz was added to a final concentration of 10 mM. TEV was added to a final
concentration of 0.1 pM, and the preparation was incubated at 37 °C for three hours before equilibrated NiNTA
resin was added. After another hour of incubation, the preparation was added to an empty gravity flow column,
and the flowthrough was collected and loaded onto a 5 ml HiTrap Q column equilibrated in 20 mM Tris-HCI, pH 8.
The column was washed with 5 CV of 20 mM Tris-HCI, pH 8, 200 mM NaCl, 1 mM EDTA before a step gradient
going to 250 mM NaCl was applied while fractions were collected.

Refolding tests

To optimize refolding from inclusion bodies (IB) of the fusion construct, four different strategies were applied,
using either urea or GuHCI as denaturant and either on column or dialysis as the refolding method. Pellets from
expression at 37°C were dissolved in either 8 M urea, 30 mM Tris-HCl, pH 8, 150 mM NaCl or 6 M GuHCI, 30 mM
Tris-HCI, pH 8, 150 mM NaCl and centrifuged to remove cellular debris. Half of the supernatant was put in a dialysis
bag (10 kDa cutoff) and submerged in 2 liters of 30 mM Tris-HCI, pH 8, 150 mM NaCl placed in a coldroom over
night (ON) stirring. The other half was incubated with NiNTA resin for 45 min before loading it onto an empty
gravity flow column. The resin was washed with 5 CV of 30 mM Tris-HC], pH 8, 150 mM NaCl, 40 mM Imidazole
and eluted with 5 CV of 30 mM Tris-HCI, pH 8, 150 mM NacCl, 250 mM Imidazole while fractions were collected.
Volume normalized samples of the different steps in the refolding were loaded onto a 15 % SDS-PAGE gel.

Circularization tests

Circularization tests were performed for both the fusion construct and IsE3 with a concentration of 10 puM. The
latter was done at a IsE3:eSrt ratio of 1:1 to mimic the ratio of the fusion protein. The reactions were conducted in
20 mM Tris-HCI, pH 7.5, 100 mM NaCl and either 10 mM CaClz or 10 mM EDTA at 37°C with shaking. Samples were
extracted after one minute and after one, three, and 24 hours. Samples were loaded onto 15 % SDS-PAGE gel with
relevant standards. For the circularization of an already reconstituted ND, the same conditions were applied,
except that the MSP concentration was 76 pM as this is the concentration used for the standard ND reconstitution.
The NDs were prepared using a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC):MSP ratio of 130:1.
POPC was dissolved in 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 100 mM cholate to a concentration of 50 mM before
mixing with the MSP (either IsE3 or the fusion protein). After incubation for 15 min at 10 °C, detergent absorbing



beads (Amberlite XAD-2) were added at 15% w/v ratio. After incubation ON, the beads were removed and the
circularization tests were conducted as described above.

Mass spectrometry

To confirm the protein sequence and the presence of the unique peptide formed by the enzymatic reaction, peptide
mapping was performed by tryptic digestion of csE3 (from fE3) and LC-MS/MS analysis on a NanoAQUITY UPLC
system with a C18 reversed-phase column (ACQUITY UPLC BEH C18 1.7 um 1.0 x 100 mm column, Waters,
Miliford, USA) coupled to a ESI hybrid Q-TOF mass spectrometer (Synapt G2-SI, Waters, Wilmslow, UK) as
described in the previous study (5).

Reconstitution of nanodiscs and incorporation of a membrane protein

POPC and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) were dissolved in 20 mM Tris-HC], pH 7.5,
100 mM NacCl, 100 mM sodium cholate to a final concentration of 50 mM. NDs without TF were assembled with a
lipid:MSP ratio of 130:1 and all TF containing NDs were assembled with a lipid:MSP ratio of 120:1 and an MSP:TF
ratio of 8. All preparations had a final lipid concentration of 10 mM. Samples were mixed and incubated for 15 min
at room temperature (RT) before detergent absorbing beads (Amberlite XAD-2, Sigma) were added to a ratio of
15% w/v. Samples were in a shaking thermomixer at 10°C for three hours before the relevant enzyme was added
(TEV for fE3 and eSrt for IsE3). After incubation ON, the samples were separated from the detergent absorbing
beads. Samples containing TF were applied to a 1 ml HisTrap column (GE Healthcare) equilibrated in 20 mM Tris-
HC], pH 8, 100 mM NaCl, and 20 mM imidazole and eluted with 20 mM Tris-HCl pH 8, 100 mM NaCl, 300 mM
imidazole while fractions of 1 ml were collected. Fractions containing the TF loaded discs were pooled,
concentrated to 0.5 ml and applied to a Superdex 200 10/300 GL column (GE Healthcare) equilibrated in gel
filtration buffer (20 mM Tris-HC, pH 7.5, 150 mM NacCl, 10 mM CaClz). Empty NDs were directly applied to the
same gel filtration column in the same buffer. Samples were stored at 4°C until they were used for either functional
studies or SAXS measurements.

Small angle X-ray scattering

SAXS measurements were performed at the P12 beamline at PETRA IIl in Hamburg, Germany (17). The samples
were measured at 10°C and the intensity was measured as a function of the magnitude of the scattering vector,
q = 4 - sin (8) /1, where @ is the scattering angle and 1 is the wavelength, for this experiment 1.24 A. The data was
automatically reduced and background subtracted using the software available at the at the beamline (17),
yielding the scattering intensities I(g) in units of cm™! for the different samples. Pair distance distribution
functions, p(r), were obtained using the BayesApp-server (18).

Activity assay

The affinity between TF in NDs and Factor Vlla (provided by Novo Nordisk A/S) (FVIla) were probed using the increase
in FVlla activity upon TF binding as done in previous studies (19,20). Factor X (FX) (650 nM) activation was allowed for
20 min at room temperature by 10 pM TF in ND and a varying amount of FVlla. The reaction was stopped by adding
EDTA and the generated amount of activated FX (FXa) was quantified using the chromogenic substrate $S2765 (from
Chromogenix). The slope of the absorbance at 405 nm was evaluated for 20 min and a quadratic binding function was
fitted to the slope as a function of FVlla concentration to obtain the Kg.



Results and discussion
Expression and refolding of fE3

eSrt expression is normally performed
at 20°C and MSP at 37°C to maximize
yields (5,6), and thus, both conditions
were tested for fE3 (figure 2A). The
band around 55 kDa (green asterisk)
demonstrated that fE3 was expressed at
37°C and present in the crude cellular
lysate, while only a minimal amount was
present when expressed at 20°C (green
asterisk). After sonication, the samples
were centrifuged, and the fE3 band
appeared in the pellet (figure 2A, teal
asterisk), suggesting that it partitioned
into IBs. This explained the little amount
of protein obtained from NiNTA
purification, which was performed on
the supernatant (yellow asterisk).
However, two other major bands were
seen in the analyses of the NiNTA
elution at both temperatures (marked
with red asterisks). The 25 kDa band
corresponds to eSrt in size and the 35
kDa corresponds to the MSP part of the
fE3. The development of two bands
instead of one has been encountered in
previous studies with similar construct
designs (14-16).

There are three possible explanations
for this problem: 1) the flexible linker Figure 2: A: Expression of fE3 at two different temperatures and after

cell lysis. S: Supernatant. P: Pellet. B: Refolding of the fE3 expressed at

between MSP and eSrt is prone to 37°C. W: Wash. E: Elution. D: Dialysis supernatant. P: Dialysis pellet.

degradation by proteases present in the

bacterial cells, and the bands are

degradation products, 2) that eSrt recognizes the eSrt site and a free glycine in the cell and attaches the MSP to
this cellular compound or 3) that eSrt forms a bond with the eSrt-motif, and this bond gets hydrolyzed, which in
practice means the two will be separated. No solution nor explanation to this problem has been presented in
previous studies (14,15). However, in a study by Warden-Rothman et al. a construct containing the same linker
was used, but the WT sortase was utilized and did not cause any such problems, which might suggest that it was
the high activity of the eSrt that was the problem (16). In the present study, the problem seemed to be partly
circumvented, when the expression was performed at 37 °C, as a major band was seen in the pellet after sonication
which suggested that fE3 partitioned into IBs, and was therefore protected from both degradation and eSrt
reaction.

To tests these hypotheses, we designed three new constructs with shorter linkers and with either WT sortase or
eSrt (see figure S1A+B). We did similar expression tests of all fusion constructs, and found that expression patterns
were very similar, with the same three major bands, and the yield of fE3 expressed at 37 °C was still the highest
(figure S1C). Thus, it remains elusive what causes the in vivo cleavage of the fusion constructs.



Consequently, we aimed at optimizing refolding of fE3 from IBs coming from cells expressed at 37 °C. We tested a

fast (on column) and a slow (dialysis) refolding protocol, starting from both urea and GuHCI solubilized IBs,
respectively (figure 2B). We observed visible aggregates when performing the refolding using GuHCl in dialysis,
but in general, all four methods provided soluble fE3, albeit at varying efficiencies (figure 2B, lanes E).

We proceeded with the on column
refolding of fE3 from GuHCI
solubilized IBs, as it is fast and similar
to how MSPs are commonly purified
(5,21). The refolded fE3 was
subsequently applied to an ion
exchange column, to remove free eSrt
and impurities (see figure S2A+B). By
choosing only the peak spanning
fraction 3 and 4, a final yield of the fE3
was estimated to 3.9 mg per liter of
culture.

Obtaining csE3 from fE3

As eSrt activity is reported to be highly
dependent on the presence of calcium
(15), we investigated the efficiency of
both IsE3 (with a 1:1 ratio of eSrt)
(figure 3A) and fE3 (figure 3B) to form
csE3 with and without calcium
present over a timespan of 24 hours.
The conversion from the 1sE3 band, to
the slightly faster migrating csE3, was
dependent on calcium, as only a minor
fraction was converted to csE3 after
three hours without calcium (figure
3A, lane 6). After 24 hours, the
majority of the IsE3 was converted to
csE3 (figure 34, lane 7), but at a much
slower rate than for the reaction with
calcium which was already complete
after 1 hour (figure 34, lane 9). The
formation of dimers and oligomers
was also evident; a side effect also
observed previously using IsE3 (5).

Figure 3: Circularization reaction performed either without
calcium (EGTA) or with calcium (CaClz) during a 24 hour time
course. A: IsE3. B: fE3.

fE3 (figure 3B) was expected to circularize slower than IsE3, as the TEV reaction must occur prior to

circularization. Still, in the presence of calcium, the reaction was complete after one hour. More interestingly, the
reaction without calcium was also almost complete after 3 hours, which was not the case for IsE3, even though the
MSP:eSrt ratio was identical. This higher efficiency could rely on a proximity effect, as the local concentration of
the substrate for the eSrt is higher when the MSP and the eSrt are fused together, than when the two have to

encounter each other in solution.



To estimate the efficiency of using fE3 to produce csE3, large-scale purification of fE3 was performed. TEV and
CaClz were added, and after incubation for 3 hours, a reverse NiNTA purification was performed, from which the
flowthrough was dialyzed to adjust the salt content before loading it onto a HiTrap Q column (see figure S2C+D).
As a fE3 band was still present in the elution (fraction 5), the reaction was incomplete, possibly due to the larger
volume, but this was not further investigated. Furthermore, fE3 was not completely removed by the reverse
NiNTA, suggesting more resin has to be used in this step. The peak spanning fraction 3 and 4 was the purest, and
was selected for further use (figure S2C). This resulted in a final yield of 4 mg csE3 per liter of bacterial culture,
which is considerably lower than that obtained by the original circularization protocol of csE3, but not much lower
than obtained from circularization of other constructs (13,22). This purification can likely be optimized by longer
incubation time, and by adding an extra step in the elution gradient in the IEC purification, as some of the csE3 is
lost in the last fraction containing many impurities. The pooled fractions were analyzed by mass spectrometry to
confirm circularization, and as seen in figure S3, the unique peptide formed during circularization was indeed
detected, confirming the formation of csE3.

Circularization of an already reconstituted nanodisc
To test whether it is possible to circularize the MSP after ND reconstitution, an ND was formed with fE3, followed
by TEV cleavage and reverse NiNTA purification (figure 4A).

Figure 4: Circularization of a reconstituted ND. A: Schematic overview of circularization of a reconstituted ND formed with
the fE3 and subsequent circularization. B: Circularization of a IsE3 ND with and without calcium present. C: Circularization
of a fE3 ND with and without calcium present. D: SEC chromatogram of free fE3, a fE3 ND, and two csE3 NDs both
circularized after reconstitution either from fE3 or IsE3.



As areference, an ND was formed with IsE3, and a 1:1 ratio of eSrt was added. The reactions of both samples were
tested in the absence and presence of calcium. ISE3 remained linear in the absence of calcium, while the process
was almost instantaneous in the presence of calcium (figure 4B). The same pattern was seen for the ND formed
with fE3 (figure 4C). In both cases, the formation of dimers still appeared to be a problem, which was expected, as
the two MSPs in each ND are in close proximity. However, the formation of higher oligomers, albeit at a lower
population, may suggest that two NDs are being linked together. SEC analysis (figure 4D) demonstrated that
circularization after ND reconstitution resulted in particles with the expected size, and that the fE3 ND with the
eSrt still attached formed a slightly larger particle. The csE3 NDs formed either by ISE3 or fE3, eluted at the same
volume, and thus appeared as though they were of similar size. The experiments in figure 4 were all conducted at
37 °C, but for this method to be relevant for more delicate MPs, lower temperatures were investigated as well. As
evaluated by SDS-PAGE, it appeared possible to circularize an ND formed by either IsE3 or fE3 at both 20 °C and
at 10 °C within a timescale of three hours (figures S4A and B). Furthermore, we tested the importance of the
eSrt:IsE3 ratio, and found that even at a ratio of 1:100 (at 10 °C), the reaction was complete within three hours
(figure S4C).

Structural characterization

To investigate the structural integrity of the samples which were circularized post reconstitution, we prepared
samples for small angle x-ray scattering (SAXS). SAXS is a technique providing structural information in the
medium to low-resolution regime on particles in solution, and has been used to evaluate the structure of NDs in
previous studies (23). The five samples presented in the top of figure 5, were all prepared and purified using SEC
before X-ray irradiation. For each of the five different samples, a fraction was selected from the middle of the main
SEC peak (figure 5A), and forwarded for SAXS measurement. After irradiation with X-rays and buffer subtraction,
the data all contained the double bump in the 0.1 A1 regime, characteristic for the bilayer patch in the NDs (figure
5) (23,24). This was in particular interesting for the fE3 ND (red, figure 5) as this demonstrated the presence of
eSrt on the MSPs did not hinder the formation of an ND. Inspecting the p(r)-functions (figure 5C), it was evident
that the five samples were quite similar, but that the fE3 ND exhibited an extra bump compared to the other four
samples. This enlarged the Dmax from ~130 A to ~180 A&, which presumably arose from the two eSrts still attached
at the periphery. According to the NMR structure of Sortase (25) the Dmaxshould be in the 40 A range, but as eSrt
is expected to bind to the eSrt-motif, it is likely more compact. This larger size of the ND also manifests in the
slightly earlier elution volume, in the SEC chromatogram (figure 5A).

Figure 5: SAXS measurements of nanodiscs. A: SEC chromatograms of the five different samples. Marked areas are fractions
selected for SAXS measurements. B: Buffer subtracted SAXS data. Scaled for clarity by a factor of 10n. C: Normalized pair
distribution functions calculated using bayesapp.org.



The four remaining samples all contained MSPs (csE3 or IsE3), which have been shown to produce NDs with
similar sizes, and indeed the p(r)-functions suggested a similar Dmax-value around the expected ~130 A (5). It
should be noted that the p(r)-functions did not descent towards 130 A exactly, but all had a small tail, indicative
of slight aggregation in the samples. The reason for the slight shift in elution volume of the csE3 ND (purple, figure
5A) was likely caused by purification on a different Akta system, and the SAXS data (and other SEC data) also
showed that it had a similar size to the three other NDs.

The structural investigation of the different ND samples, demonstrated that circularization after reconstitution
indeed provided samples with similar structural characteristics, as NDs made with MSPs that have been
circularized before reconstitution. In addition, the ND formed with fE3 also showed characteristics of an intact ND.
However, it should be noted that the SEC runs on samples produced using the fE3, revealed considerable amounts
of material in the void volume, which probably arose from the higher amount of impurities in the starting material.
This can potentially result in a less optimal reconstitution, as the concentration of accessible MSP is challenging to
estimate, leading to a suboptimal MSP:lipid ratio, and thus non-optimal reconstitution conditions. Additionally,
the presence of impurities may also interfere with the reconstitution process.

Incorporation of a membrane protein

To evaluate the potential of this new protocol to make circularized NDs with active MP incorporated, we used TF
to investigate to which extent the structure and function of the ND was maintained. TF NDs were reconstituted
with both fE3 and IsE3 using standard procedures, and after detergent removal, the samples were exposed to the
same enzymatic treatment as the empty NDs. A main peak in the SEC (figure 6A) was present at the expected
retention volume in all four samples (sample overview, figure 6, top), from which a fraction was selected for SAXS
measurements.

Figure 6: SAXS measurements of different nanodiscs with TF incorporated. A: SEC chromatograms of the five different samples.
Marked areas are fractions selected for SAXS measurements. B: Buffer subtracted SAXS data. Scaled for clarity. C: Normalized
p(r)-distribution functions calculated using bayesapp.org.

Empty and TF-loaded-NDs are impossible to separate during a gel filtration run, and fE3 and IsE3 samples were
expected to contain empty NDs (as they still contained the His-tag), which would contribute to the SAXS signal.
After buffer subtraction, the data was as presented in figure 6B. Due to a low sample concentration, the SAXS data
was noisy, but still exhibited the expected features with the bump in the 0.1 A-1 region, in line with previous studies
on TF in NDs (Paper III). Moreover, the Dmax-values from the p(r) functions (figure 6C) were in accordance with



the expected ~150 A, that TF-containing-NDs have been shown to have (Paper III). Again, the fE3 ND had an
increased Dmax due to the two eSrts still attached to the MSPs.
To confirm the activity of TF in an ND circularized after
reconstitution, an activity assay using the interaction

with FVIla and the complex’ ability to activate FX to FXa

was used. Samples were made using the same
conditions as for the SAXS experiments, but only the two
samples which were circularized, and could therefore

be separated from empty discs, were measured. As seen

in figure 7, the activities of the two samples were almost
identical with Kad values fitted to be 56+24 pM (csE3
from IsE3) and 94426 pM (csE3 from fE3) which is in
agreement with other studies using the same assay
(19,20), (Paper III).

Conclusions

Obtaining high yields of circularized MSPs and

incorporation of more challenging MPs are two

important factors that have to be improved, in order to  Figure 7: Activity of TF in csE3 from either IsE3 or fE3.
make the ND technology more attractive for studies on

a broader range of MPs. In the present study, we present a novel method to obtain circularized MSPs and also a
novel protocol for reconstituting an MP in an ND, which is subsequently circularized. A fusion construct containing
both the Sortase and the MSP was developed, and we showed that it was able to produce the circularized MSP.
Furthermore, we demonstrated that the fusion construct could be used to reconstitute an ND, and perform the
circularization reaction afterward. Combining SAXS measurements and a functional study, demonstrated that both
the structure and function of an incorporated MP is conserved using this new protocol. This protocol opens the
ND technology up for MPs that struggle with incorporation into cNDs using currently available protocols.
Furthermore, the fusion idea can be optimized, and potentially provide a new and more efficient way of producing
circularized MSPs, if the expression and circularization processes can be controlled to a higher degree than shown
in this study.

Supporting Information

S1: Overview of fusion constructs and corresponding expression tests. S2: IEC purification of fE3 and csE3. S3:
Mass spectrometry results. S4: Effects of temperature and eSrt ratio on circularization efficiency.
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Supplementary information

Figure S1: Overview of fusion constructs

A: lllustration of the different fusion constructs.

B: Table of the specific fusion constructs and their molecular weights.

C: Expression gel of the fusion constructs used in this study. Expression was conducted both at 37°C and 20°C.
Total cellular lysates were loaded on the gels from the time of harvest or just prior to induction with IPTG.
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Figure S2: IEC purification of fE3 and csE3.

A: IEC chromatogram of the fE3. Blue areas are fractions loaded on gel in B.

B: Gel of the corresponding fractions from A.

C: IEC chromatogram of the csE3 from fE3. Blue areas are fractions loaded on gel in D.

D: Gel of the corresponding fractions from C.
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Figure S3: Mass spectrometry

A: MS coverage map: Peptide map from LC-MS/MS analysis of csE3 (from fE3) after trypsin digestion. Blue bars
indicate peptides identified by MS/MS (CID). Red bar indicate the unique peptide formed by the circularization
reaction.

B: MS/MS fragmentation spectrum of the tryptic peptide corresponding to the peptide originating from the
circularization reaction. The precursor ion was [M+2H]2+ ((m/z 627.32)|.
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Figure S4: Effects of temperature and eSrt ratio on circularization.
A: Circularization of IsE3 with a 1:1 ratio of eSrt at 10°C or 20°C.

B: Circularization of fE3 at 10°C or 20°C.

C: Circularization of IsE3 at 10°C with IsE3:eSrt ratio of either 50 or 100.
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Peptide disc mediated control of membrane protein orientation in
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ABSTRACT: In vitro characterization of membrane proteins requires experimental approaches providing mimics of the
microenvironment that proteins encounter in native membranes. In this context, supported lipid bilayers provide a suitable
platform to investigate membrane proteins by a broad range of surface-sensitive techniques such as Neutron Reflectometry
(NR), Quartz Crystal Microbalance with Dissipation monitoring (QCM-D), Surface Plasmon Resonance (SPR), Atomic Force
Microscopy (AFM) and fluorescence microscopy. Nevertheless, the successful incorporation of membrane proteins in lipid
bilayers with sufficiently high concentration and controlled orientation relative to the bilayer remains challenging. We
propose the unconventional use of peptide discs made by phospholipids and amphipathic 18A peptides to mediate the
formation of supported phospholipid bilayers with two different types of membrane proteins, CorA and Tissue Factor (TF).
The membrane proteins are reconstituted in peptide discs, deposited on a solid surface and the peptide molecules are then
removed with extensive buffer washes. This leaves a lipid bilayer with a relatively high density of membrane proteins on the
support surface. As a very important feature, the strategy allows membrane proteins with one large extramembrane domain
to be oriented in the bilayer, thus mimicking the in vivo situation. The method is highly versatile and we show its general
applicability by characterizing with the above mentioned surface sensitive techniques two different membrane proteins,
which were efficiently loaded in the supported bilayers with ~0.6% mol/mol (protein/lipid) concentration corresponding to
35% v/v for CorA and 8% v/v for TF. Altogether, the peptide disc mediated formation of supported lipid bilayers with
membrane proteins represents an attractive strategy for producing samples for structural and functional investigations of
membrane proteins, and for preparation of suitable platforms for drug testing or biosensor development.

Membrane proteins are fundamental cell membrane
components with vital biological functions. For this reason,
membrane proteins are relevant therapeutic targets in
various diseases and about 60% of the marketed drugs
target membrane proteins’. In addition, technological
applications of membrane proteins, such as receptors or ion
channels, are highly attractive for the development bio-
inspired functional materials with diagnostic applications #
3, In such materials the protein biological functions are
exploited for the interaction/capture of a target analyte.

Despite their biological relevance and technological
importance, relatively little structural and functional
information are available on membrane proteins compared
to soluble proteins. Membrane proteins are generally
difficult to study with standard biophysical methods; they
have a poor tendency to crystallize, which complicates X-
ray crystallography structural determination*. On top of
this, it is well-known that the native structure of a
membrane protein is strongly dependent on its

surrounding lipid environment, which introduces further
complexity in sample preparation and limits the choice of
the experimental methods for probing the protein
structure®®. Besides the general requirement for a lipid
matrix, there are increasing experimental evidences
suggesting that specific lipid compositions also drive the
functional profile of membrane proteins 7-8. Membrane
protein orientation and the distinction between intra- and
extracellular is another important feature of cell
membranes. In the cell, all copies of a given membrane
protein have the same orientation of their extramembrane
domains with respect to the biomembrane®. Hence
controlling membrane protein orientation is particularly
relevant to simulate the native protein arrangement of the
cell membrane??.

Supported membranes composed of a lipid bilayer in the
proximity of a solid support represent an attractive strategy
for reproducing the native lipid environment of membrane
proteins 1112, Supported lipid bilayers are conveniently
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formed in the proximity of a given solid support!3-18, where
they enable the assembly of a plethora of different lipid
compositions entailing detailed structural and functional
characterizations by a broad range of surface-sensitive
techniques, e.g. Neutron Reflectometry (NR), Quartz Crystal
Microbalance with Dissipation monitoring (QCM-D),
Surface Plasmon Resonance (SPR), Atomic Force
Microscopy (AFM) and fluorescence microscopy!# 19-22,
While conventional applications of supported lipid bilayers
are often limited to the characterization of the interaction
between lipid membranes and soluble proteins or peptides
23-28 3 central challenge in this scientific field is to produce
more complex cell membrane mimics where different lipid
species and membrane proteins can be readily included and
correctly oriented?. Besides providing a suitable
membrane model for membrane protein characterization,
supported lipid bilayers with membrane proteins are also
relevant systems for biosensor design®.

Figure 1: Schematic representation of the characterized
samples. 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC) molecules are represented in blue while 1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)
molecules are represented in green. The unknown part of
the TF structure is schematized as a rectangle inside the
lipid bilayer. [Protein Data Bank ID: 4eeb, 1dan].

A few examples are available where membrane proteins
were successfully incorporated in lipid bilayers in the
proximity of a solid surface3’33. The most common
strategies are based either 1) on the deposition of
proteoliposomes?? 34, i.e. protein-loaded liposomes, on solid
supports or 2) on the chemical anchoring of detergent-
reconstituted proteins on the support surface353°, The first
approach is not suitable for proteins exhibiting large
extramembrane domains and does not allow the protein
orientation in the membrane to be controlled. In the second
approach, the two membrane components, i.e. the lipids and
the protein, are added in two separate steps, which requires
the use of detergents to stabilize the proteins before their
reconstitution into the lipid bilayer3? 35 49, This approach
requires a proper chemical modification of the solid support
surface, which often involves gold coating, and a surface
functionalization with specific molecular groups for the
protein anchoring*!. A popular approach is to insert a
histidine tag (His-tag) in the primary sequence of the
membrane protein such that it can be anchored to the
support surface with a defined orientation. One of the main
advantages of the method is that a linker can be designed to
produce sufficiently large space between the membrane

and the support surface to fit large protein extramembrane
domains. Although anchoring of detergent-reconstituted
membrane proteins is a successful strategy for controlling
their orientation in the lipid bilayer3’-3¢, the method
involves chemical modifications of both the support surface
and the protein sequence, which limits its application to
specific surfaces, e.g. using gold-coated supports, and hence
specific surface-sensitive techniques and to membrane
proteins that can be tagged e.g. through genetic engineering.
Other methods for anchoring proteins on solid surfaces
involve the use of antibody functionalized surfaces*?.
Besides requiring a specific antibody to be designed,
produced and suitably anchored on the support surface, this
is also not a general method easily adaptable for all surface-
sensitive techniques.

Here, we propose a versatile and efficient method for the
preparation of supported lipid bilayers with oriented
membrane proteins. The strategy allows membrane
proteins with one large extramembrane domain to be
oriented in the supported bilayer such that all the
reconstituted membrane protein molecules have the large
extramembrane domain pointing towards the bulk solvent.
It also avoids any sophisticated modification of the support
surface or the introduction of a His-tag in the protein
sequence.

Supported lipid bilayers with incorporated and oriented
membrane proteins are self-assembled through the
unconventional use of a specific kind of nanodiscs, named
peptide discs*3, that we use as carriers of both the lipids and
the membrane proteins to the support surface. Nanodiscs
are discoidal lipid bilayers, typically with a diameter around
8-14 nm, that are surrounded and stabilized by an
amphipatic protein belt, the so-called membrane scaffold
protein, MSP#+46, MSP based nanodiscs are extensively used
to stabilize membrane in structural studies*’-5°. In this
context, nanodiscs have also been self-assembled to form a
film on a solid support surface for the structural
investigation of membrane proteins by means of surface-
sensitive techniques®!-52. Although membrane proteins
could be successfully oriented in such films, the low surface
coverage and the presence of the belt protein within the film
were the major limitation of the system.

In contrast to these studies, the present work builds on the
application of peptide discs where the nanodisc belt is self-
assembled by amphipatic 18A peptide molecules while the
interior of the disc still contains a phospholipid bilayer as in
the original MSP-based nanodiscs*3. Such peptide discs have
previously been proposed for the reconstitution of
membrane proteins*® 53-54, but they proved less stable over
time than classical MSP-based nanodiscs*> 53. While this
instability is clearly a limitation in many applications of the
nanodiscs, is the key property that we exploit in the present
work for the assembly of supported lipid membranes. The
formation of the lipid and membrane protein containing
peptide disc is a reversible process which allows the lipids and
the membrane proteins to be released on the support surface to
form a supported lipid bilayer with incorporated membrane
proteins. We have used the peptide disc deposition on solid
supports to produce and characterize supported lipid bilayers
with different lipid compositions as well as the supported lipid
bilayers with two structurally and functionally different
membrane proteins, i.e. CorA and Tissue Factor (TF) (Figure 1).
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CorA is a homopentameric magnesium transporter of known
structure®>%7 which is naturally found in bacterial membranes
58, CorA was used to initially test the effective formation of the
supported bilayer with oriented membrane proteins. The other
test system, Tissue Factor (TF), is a monomeric membrane
protein responsible for the initiation of the blood coagulation
process®. Structural information is so far available only for the
TF extracellular domain®%-¢1, Besides a few FRET studies®2-%3, to
the best of our knowledge there are no experimental data on the
structure of the full-length protein in lipid membranes.

We tested the method for three different types of solid
supports; silicon oxide, mica and gold, and show that for
these surfaces the method works independently from the
specific solid support composition and only requires its
surface to be hydrophilic. The method also avoids any
sophisticated modification of the support surface or the
introduction of a His-tag in the protein sequence which
minimizes the time and number of steps required for
sample preparation. Overall, we found that the nature and
quality of the supported bilayers with CorA or TF comply well
with the work-flow and sample requirements of NR, QCM-D,
AFM and SPR as examples of different surface sensitive
techniques. Hence, the presented method provides a highly
flexible experimental strategy, which can easily be
accommodated in the biophysical characterization of different
membrane proteins with complementary surface-based
techniques.

EXPERMENTAL SECTION

Chemicals

POPC (299% purity), 1-palmitoyl-d31-2-oleoyl-sn-glycero-
3-phosphocholine (dPOPC, 299% purity) and POPS (299%
purity) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL) and used without further purification. 18A
peptide (DWLKAFYDKVAEKLKEAF acetylated and amidated
at the N-term and C-term respectively, >95% purity) was
purchased from GenScritp and used without further
purification. Heavy water (D,0 99.9% purity), chloroform
(299.5% purity), ethanol (98% purity), methanol (99.8%
purity), were purchased from Sigma-Aldrich. Ultrapure
Milli-Q (MQ) water with resistivity of 18.2 MQ-cm at 25 °C
was used for all cleaning procedures, and preparation of all
hydrogenated samples and buffers. The activated factor VII
(FVIIa) used in this study was provided by NovoNordisk
A/S and used without further purification.

Protein expression and purification

Professor Mikaela Rapp (University of Stockholm, Sweden)
kindly provided the CorA encoding plasmid. Expression and
purification was performed essentially as described
elsewhere®. CorA was concentrated to a concentration
sufficient for the peptide disc reconstitution and flash
frozen in liquid nitrogen and stored at -80 °C until use.
Recombinant TF (rTF), containing human TF (1-244) with a
linker (G4S) and a His¢-tag C-terminally was synthesized
and cloned into the pET 28a vector by Genscript. A more in-
detail protocol is included in a manuscript in preparation,
butin brief the expression and purification were carried out
as follows: Expression was carried out in BL21 Star cells,
which were grown at 37°C in Terrific Broth medium.

Analytical Chemistry

Expression was induced with IPTG to a final concentration
of 1 mM at an optical density at 600 nm of 0.8 and the cells
were harvested after 3 hours. The pellet was resuspended
in 50 mM Tris-HCI, pH 8.0, 250 mM NaCl, 1 mM PMSF and
passed through a cell disrupter (E1061, Constant Systems
LTD) at 30kPsi. The sample was centrifuged at 25000 g for
20 min and the pellet was resuspended in 20 mM Tris, pH 8,
150 mM NaCl, 0.5 M Urea and 0.25 % (w/v) Tween20. After
centrifugation at 25000 g for 20 min the pellet was
resuspended in 6 M GuHCl, 10 mM Tris-HCI, pH 8, 50 mM
NaCl, 2 mM EDTA and 0.1% Triton X-100 (TX). After
centrifugation at 25000 g for another 20 min, the
supernatant was dripped into a reservoir of 50mM Tris-HCI,
pH 8.5, 250mM NaCl, 0.1% TX containing 60 times the
volume of the supernatant under fast magnetic stirring. The
solution was left in a cold room for 24 hours under magnetic
stirring. Imidazole solution (pH=8) was added to a final
concentration of 20 mM and the preparation was
centrifuged at 17000 g for 20 min. The supernatant was
loaded onto a 5 ml HisTrap column (GE Healthcare), washed
with 25 ml of 20 mM Tris-HCl, pH 8, 100 mM Nacl, 0.1% TX
and 40 mM imidazole and eluted with 25 ml 20 mM Tris-
HCI, pH 8, 100 mM NaCl, 0.1% TX and 250 mM Imidazole.
Protein containing fractions were pooled and dialyzed
against 20 mM Tris, pH 8, 100 mM Nac(l, 0.05 % TX.

Peptide disc preparation and supported bilayer formation
According to the protocol described elsewhere *3, the
peptide discs were prepared by mixing 18A and the
phospholipids (POPC or POPC/POPS) in methanol with 1:1
w/w ratio. The methanol solution was dried in a glass vial
and in the case of the peptide discs without membrane
protein, the film was subsequently re-dissolved with buffer
(20mM Tris-HCl pH=7.5, 100mM NaCl, 20mM CaCl,).
Membrane protein loaded peptide discs were formed by
dissolving the 18A-lipid film with a membrane protein
solution as described previously*3. In order to produce the
CorA loaded peptide discs a solution of 12uM CorA (20mM
Tris-HCl pH=7.5, 150mM NaCl, 0.5mM EDTA, 0.03% DDM)
was added to the POPC-18A film. As shown in Figure S11,
the peptide discs and the CorA-loaded peptide discs have
sufficiently different sizes to be readily separated on a
Superdex 200 10/300 increase column. The collected
fractions for CorA-loaded peptide disc suspension (see
Figure S1) were used for QCM-D and NR experiments. On
the other hand, a dilution 1:2 v/v of the sample was applied
for the AFM image collection. This allowed for a better
visualization in the image of the protein molecules
compared to the surrounding lipid membrane.

The above described preparation for the CorA-loaded
peptide discs was used as well for the preparation of rTF-
loaded peptide discs. The produced samples were
successfully used for the collection of the QCM-D and SPR
data, which shows a high sensitivity to rTF as the binding
constant with FVIIa has very low Kj,.

The peptide discs and rTF-loaded peptide discs eluted
together from the Superdex 200 10/300 column in a single
broad peak (Figure S1). rTF (~28kDa) is considerably
smaller than CorA (~43kDa for the monomer, ~215kDa for
the CorA pentamer). Hence, rTF-loaded peptide discs are
expected to have a size that is not very different from the
empty peptide discs. Injection on solid support of the rTF-
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loaded peptide disc solution purified by SEC did not
produce a sufficiently high protein loading of the membrane
in order to allow rTF structure to be characterized by NR. In
order to increase the final TF:lipid ratio, the protocol for the
rTF-loaded peptide disc preparation was modified as
follows. The TF peptide disc preparation was loaded onto a
1 ml HisTrap column (GE Healthcare) equilibrated in 20 mM
Tris-HCl, pH 7.5, 100 mM NaCl, 20 mM Imidazole and eluted
with 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 250 mM
Imidazole while collecting fractions of 0.5 ml. Fractions
containing loaded peptide discs were pooled and frozen
until use at the experiments.

To confirm the presence of CorA and TF in the peptide discs,
the samples were run on a 15% acryl amide gel. 40 ul of each
peptide disc sample were mixed with 10 pl of 250 mM Tris-
HCl pH 6.8, 50% glycerol, 10% w/v SDS, 0.25% w/v
bromophenol blue and boiled for 5 min at 95°C before
loading on the gel. Gels were stained with Coomassie
brilliant blue G250 (Bio-Rad, Hercules, CA, USA) in 20%
ethanol, 10% acetic acid and images of the gels were
obtained on a Gel Doc (Bio-Rad). The same protocol for the
formation of the supported lipid bilayers was adopted for
all of the performed experiments (NR, QCM-D, AFM, SPR).
Briefly, the peptide disc solution was injected in the cell
containing the solid support. The injected volume varied
according to the size of the specific instrument cell, i.e. 2 ml
for NR, 0.25 ml for QCM-D, 0.5ml for AFM and 0.150ml for
SPR. After 10-15 min incubation, the buffer was flushed
through the cell (10-20min) to remove the excess of peptide
discs from the solution as well as to remove the peptide
molecules from the deposited lipid bilayer. The same
protocol was used as well in the case of protein-loaded
peptide discs.

Neutron Reflectometry (NR)

NR experiments were performed on the SURF reflectometer
at ISIS neutron source, Chilton, (UK). SURF is a horizontal
time of flight reflectometer. Three incoming angles (6)
typically of 0.35°, 0.65° and 1.5° were used to cover the g-
range 0.0141 < g < 0.2 A1, where q is defined as follows:

4
q= —sin(6) (2)
The measured reflected intensity (I(q)) was converted in an
absolute reflectivity scale (R(gq)) by normalization to the
direct beam (/;) measured at the same slit settings. Slits
were chosen to vary with the incident angle in such a way
as to provide a constant illumination of the sample (30 x 60
mm).
1
R@ =22 (3)
The scattering length density profile (p(z)) can be
calculated from the experimentally determined reflectivity
profiles (equation 4). This gives information on the

composition of the sample along the surface normal (z)5-¢°,
n;b;

p=2y- 4

As reported in equation 4, p depends on the chemical and
isotopic composition of the sample as the neutrons are
sensitive to the nuclei composing the atoms in the
molecules, where n; is the number of atoms i, b; is the
coherent scattering length, and V,, is the partial molecular
volume.

NR was performed using solid/liquid flow cells with
polished silicon crystals (111) with a surface area of 5 x 8
cm. Neutron cell flow modules and O-rings were cleaned by
bath sonication in 2%(v/v) Hellmanex and rinsed with MQ.
The crystals were cleaned with dilute piranha solution;
1:4:5 H,02:H,S04:H,0 at 80 °C for 15 min.

The temperature was maintained at 25 °C by circulating
water from a thermostated water bath. Variation of the
aqueous solvent contrast was achieved by exchanging the
bulk solvent using an HPLC pump set to a flow rate of
2mL/min. Support surfaces were characterized in H,0 and
D,0. The samples were characterized in at least 3 isotopic
solvent contrasts, i.e. buffer with different ratio of D,0 to
H,0. Specifically, the buffers used during the experiments
were prepared with pure D,0 (d-buffer, p =6.35:106 32),
D20:H,0 38:62 w/w (Silicon Matched Water, SMW-buffer p
=2.07-106 A-2) and pure H,0 buffer (h-buffer, p = -0.56:10-¢
A2).

NR data analysis

NR data were analyzed with RasCAL®. In this software
environment, the interface between the support and the
bulk is considered as a stratified medium composed by
different slabs. The reflectivity originating from such an
interface can be described according to the optical matrix
method®, where each of the slabs included in the model is
characterized by four output parameters: the layer
thickness (t), the scattering length density (p), the volume
fraction of solvent (¢;) and the surface roughness (r). Figure
7 shows a schematic representation of the models used for
the characterized samples. The experimental data were
analyzed by creating a custom model within RasCAL which
allows for defining custom fitting parameters that can be
directly optimized to the experimental data.

Figure 7-Schematic representation of the sample
structures as composed by a stack of different layers. POPC
molecules are represented with blue colored headgroups,
while POPS molecules are represented with green colored
headgroups.

In the case of the supported bilayers with rTF and CorA, the
p for the acyl chain region was re-parametrized to directly
account for the protein TMD volume fraction, ¢y (equation
5).

PAcyl chains = rmpPrmMp + (1 — PrMD) Plipid acyl chains  (5)
In equation 5, pryp was calculated according to the protein
structure and atomic composition (pmp = 1.58:10-6A2 for
CorA-TMD and pryp= 1.15-10A2 for r'TF-TMD), while pjipia
acyl chains Was estimated from the data collected on the pure
lipid bilayers (i agi chains =-0.29-10-6A2). In order to
reduce the number of free parameters in the model, the
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protein volume fraction in layer 3 (acyl chain region) was
calculated as reported in equation 6, where ts and t; are the
thicknesses of layer 3 and 5, while @eramemprane and
Vextramembrane are respectively the volume fraction and the
molecular volume of the protein extramembrane domains.

tsVrmp

Prmp = d’extramembranet3Vextmmembmne (6)
Equation 6 restricts the protein volume fraction in layer 3
and 5 of Figure 7 to reflect the same number of protein

molecules in the two layers.

Quartz Crystal Microbalance with Dissipation monitoring
(QCM-D)

QCM-D was performed with a Q-Sense E4 instrument (Q-
Sense, Biolin Scientific AB, Sweden), using SiO,-coated 5
MHz quartz sensors. Crystals and O-rings were placed in
Hellmanex 2% for 10 min, extensively flushed with ethanol
and MQ, and then dried under a nitrogen flow. Immediately
before use, the crystals were treated with a UV ozone
cleaner (BioForce Nanosciences, Inc., Ames, 1A) for 20 min.
Before acquisition, the fundamental frequency and six
overtones (3, 5th, 7th, 9th 11t and 13™) were recorded and
the system was equilibrated in MQ at 25 °C, until stable
baselines were obtained. After further equilibration in
buffer, the samples were introduced in the flow cell at 0.2
mL/min.

For homogeneous thin and rigid films fully coupled to the
sensor surface, the recorded frequency shifts, normalized to
the overtone number, can be simply related to the absorbed
mass (4m) through the Sauerbrey equation (equation 1),
where C is the mass sensitivity constant corresponding to
17.7 ng-cm?-Hz ! for the sensors used in this experiment.”®

AF, 1

n = —chm (1)

During the experiments, real-time shifts in the resonance
frequency (AF,) with respect to the calibration value were
measured for different overtones indicated as F,, with n
representing the overtone number. Simultaneously, also the
energy dissipation factor (D) was evaluated for all the
overtones’!.

Atomic Force Microscopy

Atomic force microscopy measurements were carried out
using a commercial setup equipped with a liquid cell
(MultiMode 8 SPM with a NanoScope V control unit, Bruker
AXS). Samples were visualized in 20mM Tris, 150mM NaCl
buffer pH=7 at room temperature by operating the AFM in
the PeakForce Tapping mode.

AFM images were acquired at room temperature by using
triangular silicon nitride cantilevers with nominal spring
constant of 0.7 N m~! and tip radius of 20 nm (ScanAsyst-
Fluid, Bruker AXS). Analysis and processing of AFM images
was performed with WSxM software’?. Image processing
consisted of plane subtraction/flattening and equalization.
Freshly cleaved mica supports were imaged in ultrapure
water prior to sample injection to ensure a clean and
smooth surface. Then, sample injection and subsequent
rinsing with buffer (20 mM Tris, 150 mM NaCl buffer
pH=7.5) was performed in situ as described previously’?
using a slow gravity-fed flow of approximately 50 pL/min.

Analytical Chemistry

Surface Plasmon Resonance (SPR)

Plain unmodified gold sensors (Sensor Chip Au from GE
Healthcare, cat BR100542) and a Biacore3000™ system (GE
Healthcare) were used. During the experiments 150 21 of
rTF-loaded peptide disc solution in 20 mM Tris, 100 mM
NaCl, 20 mM EDTA pH 7.2 were injected at a flow rate of 2
ul/min at 20°C followed by a stabilization period of 40 min
with buffer 20 mM Tris-HCI pH 7.2, 100 mM NacCl, 10 mM
CaCl,. The control surface was prepared by injection of the
corresponding empty peptide discs (without TF).

rTF- FVIla binding was probed injecting 20 nM FVIla
solution at 30 pl/min at 20°C in 20 mM Tris, 100 mM Na(l,
10 mM CaCl,, pH 7.2 for 250 sec followed by 3,000 sec
dissociation. The sensor chip was regenerated by two
consecutive 3 min injections of 20 mM EDTA in running
buffer (without Ca?*). This procedure was repeated at
different time intervals to probe the stability of the TF-
embedded lipid surface. The evaluation software supplied
with the instrument for global fitting (Biaevaluation™ 4.1)
was used to calculated the association rate constant (k,,)
and dissociation rate constant (k,g), the Kp (ko5/kon), as well
as the binding capacity (Ryay)-

RESULTS AND DISCUSSION

Peptide disc mediated formation of supported lipid bilayers
The capacity of the peptide discs to deliver phospholipids
on a solid support surface and form a supported lipid
bilayer was initially tested by Quartz Crystal Microbalance
with Dissipation monitoring (QCM-D). Figure 2a shows the
QCM-D data collected during the deposition of 1-palmitoyl-
2-oleoyl-glycero-3-phosphocholine (POPC) loaded peptide
discs on a SiO, coated quartz sensor and subsequent
removal of the peptide. As soon as the peptide discs were
injected, a rapid decrease in the frequency shift (4F) down
to ~ -23Hz was observed suggesting a rapid adsorption of
the peptide discs on the support surface. The dissipation
(4D) ~ 0 also suggests the formation of a rigid layer on the
support. About 15 min after the peptide disc injection, the
buffer solution was flushed through the QCM-D cell in order
to remove the peptide disc excess as well as to facilitate the
removal of the peptide molecules from the deposited lipids
(See illustration in Figure 2b). Interestingly the AF for all of
the monitored frequencies reached the stable value of ~ -25
Hz, which is the typical frequency shift value observed for
the formation of a POPC bilayer on the sensor surface 7*
(Figure S2). The variation of the AF from ~ -23Hz to ~ -25Hz
together with the variation of AD from ~ -0.6 to ~ -0.1
suggests small rearrangements in the deposited film
towards the formation of a more compact structure.
Neutron Reflectometry (NR) was applied to obtain more
detailed information about the sample structure and to
confirm the effective formation of a lipid bilayer. Figures 2c
and 2d shows, respectively, the collected NR data together
with the corresponding fitting curves and scattering length
density profiles, p(z), extracted from the fits.

The model used for analysing the NR data was composed by
4 layers. One layer described the native silicon oxide layer
present on the silicon support surface, two layers described
the outer and inner lipid headgroups and one layer
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described the hydrophobic region of the bilayer composed
by the lipid acyl chains sandwiched between the two
headgroup layers. In the initial analysis the two headgroup
layers were considered independent. But as the bilayer was
confirmed to be symmetric, these layers were constrained
to have the same parameter values in the final analysis. Four
parameters, thickness (t), scattering length density (p),
solvent volume fraction (¢) and roughness (r), are assigned
to each layer. Further details are reported in the
Experimental Section.

According to the optimized fitting parameters (Table S1) a
lipid bilayer was efficiently formed on the support surface
(surface coverage > 80% as calculated from the solvent
volume fraction) with the expected structural parameters
for a POPC membrane®. No indications of remaining
peptide molecules were detected among the lipid acyl
chains. Similar results were obtained for the supported lipid
bilayer prepared using a mixture of POPC and 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) (70/30
mol/mol) in the peptide discs (Figure S3). To modify the
contrast between the two lipid species, a supported lipid
bilayer was also produced by using peptide discs prepared
with single chain deuterated POPC (dPOPC) and POPS

(70/30 mol/mol). The contrast between the partially
deuterated acyl chains of dPOPC and the hydrogenous
chains of POPS allows the POPS concentration in the bilayer
to be determined from the p value of the bilayer acyl chain
region. We found that the POPS content in the supported
lipid bilayer produced by the deposition of 18A
dPOPC/POPS peptide discs was in perfect agreement with
the nominal content of the sample composition, i.e. (28 + 2)
% mol/mol (Figure S4 and Table 1).

Altogether the collected data confirms that the peptide discs
provide an efficient delivery system to form supported lipid
bilayers with relatively high surface coverage and the
expected phospholipid composition. The overall
performance of the peptide disc as lipid carriers for the
formation of supported lipid bilayers is comparable to that
of vesicles. However, the deposition of the peptide discs can
be conducted in 10-20 s as judged from the QCM-D and is
therefore much faster than the adsorption and subsequent
fusion of the vesicles which typically takes a few minutes
(Figure S1) 20 74 Although only data on POPC and
POPC/POPS lipid bilayers are presented here (Figure 2, S3
and S4) the method does not contain any intrinsic limitation
to the choice of lipid composition for the lipid bilayer
preparation.

Figure 2: Peptide disc mediated formation of the supported POPC bilayer on SiO; surfaces. a) QCM-D data monitoring the
formation of the supported POPC bilayer via peptide discs deposition (see also supplementary information). b) schematic
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representation of the supported lipid bilayer formation through peptide discs deposition. c) NR experimental data together
with the corresponding fitting curves. Data corresponding to the different buffer compositions are multiplied by a scale factor
as reported in the legend. d) Scattering length density profile calculated from experimental data analysis. During both the
QCM-D and the NR experiment, the peptide discs were prepared with 1.3mM POPC and 0.43mM 18A in 20mM Tris-HCI,
100mM NacCl, 10mM CaCl, (pH=7.5) buffer. All measurements were carried out at 252C

Formation of supported bilayers with oriented CorA

The formation of supported lipid bilayers with membrane
proteins was first evaluated in the case of the bacterial
pentameric magnesium transporter CorA. Detailed
structural information is available for CorA, which contains a
large extramembrane domain protruding from the intracelluar
side of the membrane (Figure 1). Furthermore, previous work
from our group demonstrated the successful reconstitution of
CorA in nanodiscs”. In summary, CorA with its large size and
good sample control represents an ideal model system to verify
that the present method indeed selects a given protein
orientation in the deposited lipid bilayer.

Figures 3a and b show the collected NR experimental data
with the relative fitting curves and the calculated scattering
length density profiles, respectively, for CorA in a supported
lipid bilayer. The model used to analyse the NR data
considered the CorA molecules as composed by three main
regions: the transmembrane domain (TMD), a large

extramembrane domain corresponding to the intracellular
domain (ICD) and a short extracellular domain (ECD). More
specifically, the model was composed by 5 layers describing
1) silicon oxide layer, 2) inner POPC headgroup layer, which
also included CorA ECD, 3) POPC acyl chain layer and CorA
TMD, 4) outer POPC headgroup layer, which partially
included the CorA ICD and 5) the part of the CorA ICD that
protrudes out of the membrane surface. In the model the
number of protein molecules contained in layer 3 and 5 was
constrained to be the same so that to each TMD corresponds
one ECD (see further details in Experimental Section).
Because of the very low contrast between the protein and
the lipid headgroups (Table S1 and 1), the presence of CorA
was not explicitly taken into account in layers 2 and 4.
Optimization of the model parameters resulted in good
agreement between the collected experimental data and the
theoretical curves (Figure 3a).

Figure 3: Supported POPC bilayer with CorA. a) NR experimental data together with the relative fitting curves for the
membrane deposited on SiO, surface. Data corresponding to the different buffer compositions are multiplied by a scale factor
as reported in the legend. b) Scattering length density profile calculated from experimental data analysis. c) schematic
representation of the supported bilayer with the CorA molecules all sharing the same orientation. d) QCM-D data monitoring
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the formation of the supported bilayer with CorA on a SiO, surface. e) AFM image collected for the POPC supported bilayer
with CorA on mica. f) The height profiles corresponding to the blue lines in the AFM image. For the QCM-D and the NR
experiments, the CorA-loaded peptide discs were prepared with 1.3mM POPC, 0.43mM 18A and 12uM CorA in 20mM Tris-
HC], 100mM NaCl, 10mM CacCl, (pH=7.5) buffer (further details on the sample preparation are reported in Materials and
Methods). For the AFM measurements, the CorA-loaded peptide disc suspension was diluted 1:2 before use. All measurements

were carried out at 252C.

Table 1: Structural parameters obtained from NR data
analysis for the POPC supported bilayer with CorA. The
sample is schematically represented as a stack of layers and
four parameters are assigned to each layer: thickness (t),
scattering length density (p), solvent volume fraction (¢s)
and surface roughness (r). ¢; provides information on the
defects present in the sample, i.e. area of the support surface
not covered by lipids or protein molecules, and it is used to
calculated the overall surface coverage. The protein
scattering length density was calculated according to the
protein molecular structure>>.

POPC supported bilayer with CorA
Inner headgroup layer (including CorA ECD):

t[A] 15+1

p[A2] (2.4%0.1)-10°

&, 47 +3

r[A] 31

Acyl chain layer (including CorA TMD):

t[A] 28+1

p[A2] (0.07 £0.01) - 10

2 361

r[A] 3+1

Outer headgroup layer (including CorA ICD):

t[A] 18+ 1

p[A2] (3.0+£0.3)-10°

&, 832

r[A] 3+1

CorA ICD

t[A] 60+1

p[A2] 2.91 10°¢ (d-buffer)
2.22 10°% (smw-buffer)
1.79 10°¢ (h-buffer)

&, 65+ 1

r[A] 4+1

As a first important result, NR data analysis confirmed the
obtainment of a supported bilayer with all the CorA
molecules oriented with the large ICD pointing towards the
solvent as reported in Figure 3c (simulation of different
orientations of CorA compared to the collected data are
reported in Figures S5 and S6). The favorable interactions
between the lipid headgroups and the hydrophilic support
surface’® are hypothesized to be the driving force that
controls the membrane protein orientation. Only if the large
ICD is oriented towards the bulk solvent the lipid
headgroups become sufficiently close to support surface
and can stably interact with it. Hence, the injection of CorA-
loaded peptide disc led to the spontaneous formation of a
supported lipid bilayer with oriented membrane proteins.
Furthermore, a large volume fraction of the CorA ICD (35%
v/v) and TMD (20% v/v) was found in the prepared
supported bilayers. Although the overall membrane surface

coverage was 64% v/v, according to the 36% v/v of solvent
which is present in the layer containing the lipid acyl chains
and the CorA-TMD, the collected data still represents one of
the very a few examples of high protein loading in
supported lipid bilayers3S.

Peptide disc formed supported bilayers with CorA were also
investigated by means of complementary surface-sensitive
techniques such as QCM-D and Atomic Force Microscopy
(AFM). As for the peptide discs prepared with lipids only,
the deposition of CorA-loaded peptide discs on the quartz
sensor is a fast process that, in a few minutes, leads to a
stable AF signal (Figure 3d). The AF decrease is clearly more
pronounced than the one corresponding to the pure lipid
bilayer (Figure 2a), as expected from the high protein
loading suggested by the NR data. Buffer flushing through
the cell produced a small increase of AF, as observed for the
pure POPC supported bilayer, which reached a stable value
close to -69 Hz. Altogether, the recorded AF values are
compatible with the formation of the supported bilayer
with a high degree of protein loading.

Figure 3e shows an AFM image collected for the POPC
supported bilayer with CorA on a mica substrate. The CorA-
loaded peptide disc solution was diluted 2-fold compared to
the sample used for NR data collection (see more details in
Experimental Section) to enable a better visualization of the
protein molecules in the supported bilayer. The AFM image
clearly shows the presence of features protruding out of the
membrane plane. Most of these features exhibited a width
at half height of approximately 20 nm and heights in the 4-7
nm range (representative profiles shown in Figure 3f).
Height values are similar to those determined from the NR
data analysis for the CorA ICD thickness (Table 1). The
higher width values can be attributed to tip dilation effects””
i.e., imaging of features smaller than the AFM tip results in
width values similar to those of the tip (approx. 20 nm).
Thus, it is reasonable to attribute the smaller visualized
features to individual CorA proteins. Larger features were
also present in the sample. Higher resolution AFM images
(Figure S7) revealed that these larger features consisted on
individual CorA, indicating a tendency for self-association,
which might occur through lateral diffusion of the CorA
molecules in the supported bilayer.

Formation of supported bilayers with Tissue Factor (TF)

A modified version of Tissue Factor, named recombinant
Tissue Factor rTF, was used in this study (see Experimental
section). While the rTF ECD and TMD are the same as in the
native TF, the composition of the ICD is different in the two
proteins. This modification of the protein sequence is
required for an efficient protein purification. Although rTF
ICD (~ 12 residues) and TF ICD (~ 19 residues) have
different amino acid composition, they still exhibit an
overall similar size, which makes rTF a suitable candidate
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to mimic TF. Figure 4 shows the NR data collected for the
POPC/POPS (70/30 mol/mol) supported bilayer with rTF.
Data modelling was based on the same schematic
representation of the membrane protein used in the case of
CorA. However, in r'TF, the ICD is a very short domain while
the ECD is a larger domain (~ 219 residues). The peptide
disc deposition is hypothesized to favor the rTF orientation
with the ICD close to the support surface and rTF ECD
pointing towards the bulk solvent. The rTF TMD is expected
to be located among the lipid acyl chains. Hence, in analogy
to the CorA case, the supported bilayer with rTF was
schematically represented as composed by the following 5

Analytical Chemistry

layers:1) SiO, layer on the support surface; 2) inner
headgroup layers including the rTF ICD, 3) lipid acyl chain
including rTF TMD, 4) outer headgroup layer including the
loop connecting the rTF-TMD to the rTF ECD, 5) the rTF ECD
that is protruding out from the membrane surface. Initial
optimization of the model highlighted that the structural
parameters for layer 2 and 4 converged to very similar
values. Hence, in the final model optimization these two
layers were constrained to have the same parameters
values, which considerably reduced the number of
parameters in the model.

Figure 4: a) NR experimental data together with the relative fitting curves for the supported bilayer with rTF and lipid
composition POPC/POPS (70/30 mol/mol). Data corresponding to the different buffer composition are reported with
different symbols and multiplied by a scale factor as reported in the legend. b) Scattering length density profile calculated
from experimental data analysis. Peptide discs were prepared with 1.3 Mm POPC/POPS, 3.3 mM 18A and 12uM rTF as detailed
in the Materials and Method section. During the measurements, a 20 mM Tris, 100 mM NaCl, 20mM CaCl, buffer (pH=7) was

used. All the experiments were carried out at 25 °C.

Table2-Structural parameters obtained from NR data
analysis on POPC/POPS supported bilayer with rTF. The
sample is schematically represented as a stack of layers and
four parameters are assigned to each layer: thickness (t),
scattering length density (p), solvent volume fraction (¢)
and roughness (r). ¢ provides information on the defects
present in the sample, i.e. area of the support surface not
covered by lipids or protein molecules, and it is used to
calculated the overall surface coverage. The protein
scattering length density was calculated according to the
protein molecular structure®!.

POPC/POPS supported bilayer with rTF

Inner and outer headgroup layer
(including rTF ICD and rTF loop respectively)

t[A] 7+1

A2 (1.8+0.2)-10°

& 38+4

r[A] 3+1

Acyl chain layer (including rTF TMD)

t[A] 291

p[A] (-0.22 £0.02) - 10¢
é, 232

r[A] 3+1

rTF ECD

t[A] 59+5

p[A2] 3.35 10 (d-buffer)
2.52 10 (smw-bulffer)
2.01 10 (h-buffer)

4 92+1

r[A] 4+1

The consistency between the experimental data and fitting
curves confirmed the orientation of rTF in the lipid
membrane with the ECD exposed to the solvent. This
further validated the preparation method as a suitable
strategy for orienting structurally and functionally diverse
membrane proteins. Indeed, assuming that the rTF is
randomly oriented produces theoretical curves that are
considerably different as compared to the collected
experimental data (see Figures S8 and S9). The optimized
structural parameters obtained by fitting the model to the
data are reported in Table 2. Inspection of the table shows
that the presence of rTF in the lipid bilayer has little impact
on the main membrane structural parameters, e.g. the acyl
chain thickness, compared to the corresponding pure lipid
membrane (Table S1). Concerning rTF, the ECD volume
fraction corresponds to 8% v/v, while the rTF TMD
corresponds to 2% v/v. rTF is considerably smaller than
CorA and is expected to have a smaller volume fraction in
the prepared lipid bilayer. Conversion to mol fraction shows
that the protein content in the supported bilayers with CorA
and rTF are actually quite similar ~0.6% mol/mol (protein-
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TMD/lipids) for rTF and ~0.4% mol/mol (protein-
TMD/lipids) for CorA, respectively. In this calculation CorA
is assumed to be folded as a pentamer in the lipid bilayer.
Besides validating the peptide disc mediated lipid
deposition with integral membrane proteins, the NR data
collected for the bilayer with rTF also provided structural
information on the orientation of rTF ECD with respect to
the bilayer surface. Indeed, the thickness associated with
the rTF ECD protruding out of the bilayer surface was
refined to 59 + 5 A&, which notably is considerably smaller
than the maximum length of the protein domain (i.e. 75 A¢1).
This suggests that the rTF ECD is on average tilted towards
the lipid headgroups as sketched in Figure 4.

The initial step in the extrinsic blood coagulation pathway
involves the formation of the protein complex between the
TF ECD and the activated coagulation factor FVII (FVIla)”#
79, Hence, demonstrating a robust binding of FVIIa to rTF
ECD in the produced supported bilayers with the expected
kinetic rate constants is a fundamental acid test of the
mimicry that is achieved by this surrogate lipid bilayer.
QCM-D and Surface Plasmon Resonance (SPR) were used to
monitor the binding of FVIIa to the supported bilayer with
r'TF. The signal measured by both QCM-D and SPRis related
to the mass of the adsorbed molecules. In the case of the
supported bilayer with rTF, an increase of the adsorbed
mass is expected compared to the pure lipid bilayer due to
the presence of the membrane protein in the bilayer. A
further mass increase is expected upon FVIla binding to rTF.
As FVIla is reported to interact with PS lipids independent
of TF®0 80 these experiments were performed using a POPC
supported bilayer, which indeed exhibited very little
affinity for FVIIa in the absence of rTF (Figure S9 and S10).
To detect the selective binding of FVIIa to rTF, a supported
bilayer composed by POPC and rTF was used during the
QCM-D and SPR measurements. Figure 5a shows the QCM-

D data for the formation of the supported POPC bilayer with
rTF and subsequent binding of FVIla. Addition of FVIIa
produced a large AF decrease, which signifies FVIla binding
to rTF. Since FVIla binds to the TF-ECD’%, this result
qualitatively confirms that the rTF-ECD was in a binding
competent stage.

To obtain more quantitative data on the binding kinetics of
the FVIIa-rTF interaction, we also embarked on real-time
binding studies with SPR measurements on a gold sensor
chip. Figure 5c shows the difference in SPR signals during
the deposition of a POPC supported bilayer in the control
surface (red curve) and the supported bilayer with rTF in
the active flow cell (blue curve). The difference in the
immobilized mass between the reference (supported POPC
bilayer) and the active surface (supported POPC bilayer
with TF) was estimated to be 100-200 RU suggesting that
3.5-7-fmols of TF/mm? was deposited in the active flow cell.
This corresponds to a surface coverage of around 2-4% of
the TF ECD.

Injection of FVIla over the gold supported lipid bilayer,
revealed a specific binding of FVIIa to the active surface
with embedded rTF yielding an equilibrium dissociation
constant Kp of 0.2:10° M (Figure 5c) in agreement with
previously reported results®!. The association rate constant
(kon), dissociation rate constant (k,y), the Kp (koz/kon), and
binding capacity (R were derived by fitting of the double
blank referenced data by non-linear regression to a
bimolecular interaction model, assuming pseudo-first order
reaction conditions (see Table S2). The tight binding of
FVIIa to lipid embedded TF is governed by fast on-rates (k,,
6.3 x 105 M~!s7!) and relatively slow off-rates (k,; 1.4 x
1075s71). Repeating that analysis on the same supported
lipid bilayer revealed that the surface is relatively stable and
only looses approximately 0.5 % of its binding capacity per
hour (Table S2).
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Figure 5: a) QCM-D data collected for the supported POPC bilayer with rTF on a SiO, surface; the frequency shift, @F, (left)
and the dissipation, BD, (right) are monitored over time. b) schematic representation of the interaction between FVIla and
the supported bilayer with rTF. c) and d) SPR data collected for the supported POPC bilayer and supported POPC bilyer with
rTF on an Au surface. Comparison between the data collected for the formation of the supported POPC bilayer and the one
with rTF (c); experimental data with the relative fitting curve for the 20 nM FVIIa binding on TF embedded in the supported
POPC bilayer (blue curve) and buffer injection (red curve) with double-reference subtraction (d). For both the QCM-D and
SPR experiment peptide discs were prepared with 1.3 mM POPC, 0.43 mM 18A and 12uM rTF as detailed in the Materials and
Method section. During the measurements a 20 mM Tris-HCl, 100 mM NaCl, 10mM CaCl2 buffer (pH=7.5) was used. All the

experiments were carried out at 25 °C.
CONLUSION

The use of phospholipid and membrane protein loaded
peptide discs represents a versatile approach for the
production of supported lipid bilayers with membrane
proteins, which offers several unique advantages compared
to other state-of-the-art methods. In particular, no chemical
modification of the support is required. Solid supports with
different chemical composition can be successfully used, as
long as the surface is hydrophilic, and no tagging of the
membrane protein is needed to control the protein
orientation. Since the membrane proteins are not
chemically anchored to the support, the membrane proteins
are, in principle, free to diffuse laterally within the bilayer,
as they are native cell membranes.

Two different kinds of membrane proteins, CorA and TF,
were efficiently loaded in the peptide discs and used to
validate the proposed method for the formation of
supported lipid bilayers with membrane proteins. CorA was
used as a model system to evaluate whether the deposition
of CorA-loaded peptide discs could lead to a supported lipid

bilayer with oriented CorA molecules. Indeed, the
performed structural characterization provided such
information and showed that CorA was efficiently loaded in
the supported bilayer and that all the protein molecules
shared the same orientation with the ICD pointing towards
the bulk solvent (Figure 3).

In order to validate the protocol to other membrane
proteins, Tissue Factor was investigated. the proposed
method based on the deposition of rTF-loaded peptide disc
produced a relevant model system of TF in a native-like
lipid environment. The data presented here showed that
supported lipid bilayers with rTF were successfully
prepared and that they exhibited the expected structure
with the rTF extracellular domain (rTF ECD) pointing
towards the bulk solvent. To further validate this
conclusion, the interaction between rTF and its soluble
binding partner FVIla was also characterized. Both QCM-D
and SPR showed FVIla binding to the supported bilayers
consolidating the native-like properties of the embedded
r'TF.
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Altogether, the peptide disc mediated formation of
supported lipid bilayers with membrane proteins is a
promising method for the structural and functional
investigation of membrane proteins. The method can be
used for the investigation of diverse membrane proteins as
well as protein-protein complexes, and in principle allows
the composition of the membrane lipids to be varied.
Supported bilayers with oriented membrane proteins can
be prepared on different types of solid supports and thus
the method proposed here allows for the powerful
combination of several surface-sensitive techniques (e.g.
NR, AFM, SPR, QCM-D) for membrane protein
characterization.

ASSOCIATED CONTENT

Supporting Information

AUTHOR INFORMATION

Corresponding Authors

Dr. Alessandra Luchini, Niels Bohr Institute, University of
Copenhagen, Universitetsparken 5, 2100 Copenhagen,
Denmark. a.luchini@nbi.ku.dk

Prof. Lise Arleth, Niels Bohr Institute, University of
Copenhagen, Universitetsparken 5, 2100 Copenhagen,
Denmark. arleth@nbi.ku.dk

ACKNOWLEDGMENT

The work was supported by grants from Novo Nordisk
foundation Interdisciplinary Synergy program, the
Lundbeck foundation “BRAINSTRUC” project and Danscatt
for travel support. The authors also thank the ISIS neutron
source for the allocation of beamtime.

REFERENCES

1. Overington, J. P.; Al-Lazikani, B.; Hopkins, A. L., How
many drug targets are there? Nature Reviews Drug Discovery 2006,
5(12), 993-996.

2. Mukherjee, K.; Bhattacharyya, S.; Peralta-Yahya, P.,
GPCR-Based Chemical Biosensors for Medium-Chain Fatty
Acids. ACS Synthetic Biology 2015, 4 (12), 1261-1269.

3. Mazur, F.; Bally, M.; Stddler, B.; Chandrawati, R.,
Liposomes and lipid bilayers in biosensors. Advances in Colloid
and Interface Science 2017, 249, 88-99.

4. Seddon, A. M.; Curnow, P.; Booth, P. J., Membrane
proteins, lipids and detergents: not just a soap opera. Biochimica et
Biophysica Acta (BBA) - Biomembranes 2004, 1666 (1), 105-117.
5. Rawlings, A. E., Membrane proteins: always an
insoluble problem? Biochem Soc Trans 2016, 44 (3), 790-5.

6. Kang, C.; Li, Q., Solution NMR study of integral
membrane proteins. Curr Opin Chem Biol 2011, 15 (4), 560-9.

7. Falkenburger, B. H.; Jensen, J. B.; Dickson, E. J.; Suh,
B. C.; Hille, B., Phosphoinositides: lipid regulators of membrane
proteins. J Physiol 2010, 588 (Pt 17), 3179-85.

8. Mclntosh, T. J.; Simon, S. A., ROLES OF BILAYER
MATERIAL PROPERTIES IN FUNCTION AND
DISTRIBUTION OF MEMBRANE PROTEINS. Annual Review
of Biophysics and Biomolecular Structure 2006, 35 (1), 177-198.

9. Alberts B, J. A., Lewis J, et al., Molecular Biology of the
Cell. 4th edition. New York: Garland Science: 2002.
10. Lyu, S. W.; Wang, J. F; Chao, L., Constructing

Supported Cell Membranes with Controllable Orientation. Sci Rep
2019, 9 (1), 2747.

11. van Weerd, J.; Karperien, M.; Jonkheijm, P., Supported
Lipid Bilayers for the Generation of Dynamic Cell-Material
Interfaces. Advanced Healthcare Materials 2015, 4 (18), 2743-
2779.

12. Shen, H. H.; Lithgow, T.; Martin, L. L., Reconstitution
of Membrane Proteins into Model Membranes: Seeking Better
Ways to Retain Protein Activities. Int J Mol Sci 2013, 14 (1), 1589-
1607.

13. Kurniawan, J.; Ventrici de Souza, J. F.; Dang, A. T.; Liu,
G. Y.; Kuhl, T. L., Preparation and Characterization of Solid-
Supported Lipid Bilayers Formed by Langmuir-Blodgett
Deposition: A Tutorial. Langmuir 2018, 34 (51), 15622-15639.

14. Richter, R. P.; Berat, R.; Brisson, A. R., Formation of
solid-supported lipid bilayers: an integrated view. Langmuir 2006,
22 (8), 3497-505.

15. Andersson, J.; Koper, 1.; Knoll, W., Tethered Membrane
Architectures-Design and Applications. Front Mater 2018, 5.
16. Andersson, J.; Koper, 1., Tethered and Polymer

Supported Bilayer Lipid Membranes: Structure and Function.
Membranes 2016, 6 (2), 30.

17. Isaksson, S.; Watkins, E. B.; Browning, K. L.; Kjellerup
Lind, T.; Cardenas, M.; Hedfalk, K.; H60k, F.; Andersson, M.,
Protein-Containing Lipid Bilayers Intercalated with Size-Matched
Mesoporous Silica Thin Films. Nano Letters 2017, 17 (1), 476-485.
18. Jagalski, V.; Barker, R. D.; Thygesen, M. B.; Gotfryd,
K.; Kriiger, M. B.; Shi, L.; Maric, S.; Bovet, N.; Moulin, M.;
Haertlein, M.; Giinther Pomorski, T.; Loland, C. J.; Cardenas, M.,
Grafted biomembranes containing membrane proteins — the case of
the leucine transporter. Soft Matter 2015, 11 (39), 7707-7711.

19. Pace, H. P.; Hannestad, J. K.; Armonious, A.; Adamo,
M.; Agnarsson, B.; Gunnarsson, A.; Micciulla, S.; Sjovall, P.;
Gerelli, Y.; Hook, F., Structure and Composition of Native
Membrane Derived Polymer-Supported Lipid Bilayers. Anal Chem
2018, 90 (21), 13065-13072.

20. Richter, R. P.; Brisson, A. R., Following the formation of
supported lipid bilayers on mica: A study combining AFM, QCM-
D, and ellipsometry. Biophysical Journal 2005, 88 (5), 3422-3433.
21. Kiessling, V.; Yang, S.-T.; Tamm, L. K., Chapter One -
Supported Lipid Bilayers as Models for Studying Membrane
Domains. In Current Topics in Membranes, Kenworthy, A. K., Ed.
Academic Press: 2015; Vol. 75, pp 1-23.

22. Keller, C. A.; Glasmadstar, K.; Zhdanov, V. P.; Kasemo,
B., Formation of Supported Membranes from Vesicles. Physical
Review Letters 2000, 84 (23), 5443-5446.

23. Hollmann, A.; Martinez, M.; Maturana, P.; Semorile, L.
C.; Maffia, P. C., Antimicrobial Peptides: Interaction With Model
and Biological Membranes and Synergism With Chemical
Antibiotics. Front Chem 2018, 6, 204.

24. Rondelli, V.; Brocca, P.; Motta, S.; Messa, M.; Colombo,
L.; Salmona, M.; Fragneto, G.; Cantu, L.; Del Favero, E., Amyloid-
beta Peptides in interaction with raft-mime model membranes: a
neutron reflectivity insight. Sci Rep-Uk 2016, 6.

25. Eells, R.; Barros, M.; Scott, K. M.; Karageorgos, L.;
Heinrich, F.; Losche, M., Structural characterization of membrane-
bound human immunodeficiency virus-1 Gag matrix with neutron
reflectometry. Biointerphases 2017, 12 (2), 02D408.

26. Lad, M. D.; Birembaut, F.; Clifton, L. A.; Frazier, R. A.;
Webster, J. R.; Green, R. J., Antimicrobial peptide-lipid binding

ACS Paragon Plus Environment

Page 12 of 15



Page 13 of 15

oONOULT D WN =

interactions and binding selectivity. Biophys J 2007, 92 (10), 3575-
86.

27. Vitiello, G.; Falanga, A.; Petruk, A. A.; Merlino, A.;
Fragneto, G.; Paduano, L.; Galdiero, S.; D'Errico, G., Fusion of
raft-like lipid bilayers operated by a membranotropic domain of the
HSV-type 1 glycoprotein gH occurs through a cholesterol-
dependent mechanism. Soft Matter 2015, 11 (15), 3003-3016.

28. Merlino, A.; Vitiello, G.; Grimaldi, M.; Sica, F.; Busi, E.;
Basosi, R.; D’Ursi, A. M.; Fragneto, G.; Paduano, L.; D’Errico, G.,
Destabilization of Lipid Membranes by a Peptide Derived from
Glycoprotein gp36 of Feline Immunodeficiency Virus: A
Combined Molecular Dynamics/Experimental Study. The Journal
of Physical Chemistry B 2012, 116 (1), 401-412.

20. Fragneto, G.; Delhom, R.; Joly, L.; Scoppola, E.,
Neutrons and model membranes: Moving towards complexity.
Current Opinion in Colloid & Interface Science 2018, 38, 108-121.
30. Pace, H.; Nystrom, L. S.; Gunnarsson, A.; Eck, E.;
Monson, C.; Geschwindner, S.; Snijder, A.; Hook, F., Preserved
Transmembrane Protein Mobility in Polymer-Supported Lipid
Bilayers Derived from Cell Membranes. Anal Chem 2015, 87 (18),
9194-9203.

31. Poudel, K. R.; Jones, J. P.; Brozik, J. A., A Guide to
Tracking Single Transmembrane Proteins in Supported Lipid
Bilayers. In Lipid-Protein Interactions: Methods and Protocols,
Kleinschmidt, J. H., Ed. Humana Press: Totowa, NJ, 2013; pp 233-
252.

32. Graneli, A.; Rydstrom, J.; Kasemo, B.; Hook, F.,
Formation of supported lipid bilayer membranes on SiO2 from
proteoliposomes containing transmembrane proteins. Langmuir
2003, /9 (3), 842-850.

33. Heinrich, F.; Losche, M., Zooming in on disordered
systems: neutron reflection studies of proteins associated with fluid
membranes. Biochim Biophys Acta 2014, 1838 (9), 2341-9.

34, Goers, R.; Thoma, J.; Ritzmann, N.; Di Silvestro, A.;
Alter, C.; Gunkel-Grabole, G.; Fotiadis, D.; Miiller, D. J.; Meier,
W., Optimized reconstitution of membrane proteins into synthetic
membranes. Communications Chemistry 2018, I (1), 35.

35. Giess, F.; Friedrich, M. G.; Heberle, J.; Naumann, R. L.;
Knoll, W., The protein-tethered lipid bilayer: a novel mimic of the
biological membrane. Biophys J 2004, 87 (5), 3213-20.

36. Theillet, F. X.; Binolfi, A.; Frembgen-Kesner, T.;
Hingorani, K.; Sarkar, M.; Kyne, C.; Li, C. G.; Crowley, P. B.;
Gierasch, L.; Pielak, G. J.; Elcock, A. H.; Gershenson, A.; Selenko,
P., Physicochemical Properties of Cells and Their Effects on
Intrinsically Disordered Proteins (IDPs). Chem Rev 2014, 114 (13),
6661-6714.

37. Le Brun, Anton P.; Haigh, Cathryn L.; Drew, Simon C.;
James, M.; Boland, Martin P.; Collins, StevenJ., Neutron
Reflectometry Studies Define Prion Protein N-terminal Peptide
Membrane Binding. Biophysical Journal 2014, 107 (10), 2313-
2324.

38. McGillivray, D. J.; Valincius, G.; Heinrich, F.;
Robertson, J. W. F.; Vanderah, D. J.; Febo-Ayala, W.; Ignatjev, I.;
Losche, M.; Kasianowicz, J. J., Structure of Functional
Staphylococcus aureus a-Hemolysin Channels in Tethered Bilayer
Lipid Membranes. Biophysical Journal 2009, 96 (4), 1547-1553.
39. Holt, S. A.; Le Brun, A. P.; Majkrzak, C. F.; McGillivray,
D. J.; Heinrich, F.; Losche, M.; Lakey, J. H., An ion-channel-
containing model membrane: structural determination by magnetic
contrast neutron reflectometry. Soft Matter 2009, 5 (13), 2576-
2586.

40. Shen, H. H.; Leyton, D. L.; Shiota, T.; Belousoft, M. J.;
Noinaj, N.; Lu, J.; Holt, S. A.; Tan, K.; Selkrig, J.; Webb, C. T.;
Buchanan, S. K.; Martin, L. L.; Lithgow, T., Reconstitution of a
nanomachine driving the assembly of proteins into bacterial outer
membranes. Nat Commun 2014, 5, 5078.

Analytical Chemistry

41. Giess, F.; Friedrich, M. G.; Heberle, J.; Naumann, R. L.;
Knoll, W., The protein-tethered lipid bilayer: A novel mimic of the
biological membrane. Biophysical Journal 2004, 87 (5), 3213-
3220.

42. Liu, Y.; Yu, J., Oriented immobilization of proteins on
solid supports for use in biosensors and biochips: a review.
Microchimica Acta 2016, 183 (1), 1-19.

43, Midtgaard, S. R.; Pedersen, M. C.; Kirkensgaard, J. J. K.;
Serensen, K. K.; Mortensen, K.; Jensen, K. J.; Arleth, L., Self-
assembling peptides form nanodiscs that stabilize membrane
proteins. Soft Matter 2014, 10 (5), 738-752.

44, Bayburt, T. H.; Grinkova, Y. V.; Sligar, S. G., Self-
Assembly of Discoidal Phospholipid Bilayer Nanoparticles with
Membrane Scaffold Proteins. Nano Letters 2002, 2 (8), 853-856.
45. Skar-Gislinge, N.; Simonsen, J. B.; Mortensen, K.;
Feidenhans’l, R.; Sligar, S. G.; Lindberg Moller, B.; Bjornholm, T.;
Arleth, L., Elliptical Structure of Phospholipid Bilayer Nanodiscs
Encapsulated by Scaffold Proteins: Casting the Roles of the Lipids
and the Protein. Journal of the American Chemical Society 2010,
132 (39), 13713-13722.

46. Hagn, F.; Etzkorn, M.; Raschle, T.; Wagner, G.,
Optimized Phospholipid Bilayer Nanodiscs Facilitate High-
Resolution Structure Determination of Membrane Proteins.
Journal of the American Chemical Society 2013, 135 (5), 1919-
1925.

47. Denisov, I. G.; Sligar, S. G., Nanodiscs in Membrane
Biochemistry and Biophysics. Chemical Reviews 2017, 117 (6),
4669-4713.

48. Yu, T.-Y.; Raschle, T.; Hiller, S.; Wagner, G., Solution
NMR spectroscopic characterization of human VDAC-2 in
detergent micelles and lipid bilayer nanodiscs. Biochimica et
Biophysica Acta (BBA) - Biomembranes 2012, 1818 (6), 1562-
1569.

49, Kynde, S. A. R.; Skar-Gislinge, N.; Pedersen, M. C.;
Midtgaard, S. R.; Simonsen, J. B.; Schweins, R.; Mortensen, K.;
Arleth, L., Small-angle scattering gives direct structural
information about a membrane protein inside a lipid environment.
Acta Crystallographica Section D 2014, 70 (2), 371-383.

50. Skar-Gislinge, N.; Kynde, S. A. R.; Denisov, 1. G.; Ye,
X.; Lenov, L; Sligar, S. G.; Arleth, L., Small-angle scattering
determination of the shape and localization of human cytochrome
P450 embedded in a phospholipid nanodisc environment. Acta
Crystallographica Section D 2015, 71 (12), 2412-2421.

51. Bertram, N.; Laursen, T.; Barker, R.; Bavishi, K.; Moller,
B. L.; Cardenas, M., Nanodisc Films for Membrane Protein Studies
by Neutron Reflection: Effect of the Protein Scaffold Choice.
Langmuir 2015, 31 (30), 8386-91.

52. Wadsater, M.; Laursen, T.; Singha, A.; Hatzakis, N. S.;
Stamou, D.; Barker, R.; Mortensen, K.; Feidenhans'l, R.; Moller,
B. L.; Cardenas, M., Monitoring Shifts in the Conformation
Equilibrium of the Membrane Protein Cytochrome P450 Reductase
(POR) in Nanodiscs. J Biol Chem 2012, 287 (41), 34596-34603.
53. Larsen, A. N.; Sorensen, K. K.; Johansen, N. T.; Martel,
A.; Kirkensgaard, J. J.; Jensen, K. J.; Arleth, L.; Midtgaard, S. R.,
Dimeric peptides with three different linkers self-assemble with
phospholipids to form peptide nanodiscs that stabilize membrane
proteins. Soft Matter 2016, 12 (27), 5937-49.

54. Carlson, M. L.; Young, J. W.; Zhao, Z.; Fabre, L.; Jun,
D.; Li, J.; Li, J.; Dhupar, H. S.; Wason, 1.; Mills, A. T.; Beatty, J.
T.; Klassen, J. S.; Rouiller, 1.; Duong, F., The Peptidisc, a simple
method for stabilizing membrane proteins in detergent-free
solution. Elife 2018, 7.

55. Lunin, V. V.; Dobrovetsky, E.; Khutoreskaya, G.; Zhang,
R.; Joachimiak, A.; Doyle, D. A.; Bochkarev, A.; Maguire, M. E.;
Edwards, A. M.; Koth, C. M., Crystal structure of the CorA Mg2+
transporter. Nature 2006, 440 (7085), 833-837.

ACS Paragon Plus Environment



oONOULT D WN =

Analytical Chemistry

56. Matthies, D.; Dalmas, O.; Borgnia, Mario J.; Dominik,
Pawel K.; Merk, A.; Rao, P.; Reddy, BharatG.; Islam, S.;
Bartesaghi, A.; Perozo, E.; Subramaniam, S., Cryo-EM Structures
of the Magnesium Channel CorA Reveal Symmetry Break upon
Gating. Cell 2016, 164 (4), 747-756.

57. Neale, C.; Chakrabarti, N.; Pomorski, P.; Pai, E. F.;
Pomes, R., Hydrophobic Gating of lon Permeation in Magnesium
Channel CorA. PLOS Computational Biology 2015, 11 (7),
€1004303.

58. Niegowski, D.; Eshaghi, S., The CorA family: Structure
and function revisited. Cellular and Molecular Life Sciences 2007,
64 (19), 2564.

59. Mackman, N., The many faces of tissue factor. J Thromb
Haemost 2009, 7 Suppl 1, 136-9.
60. Ansari, S. A.; Pendurthi, U. R.; Sen, P.; Rao, L. V. M.,

The Role of Putative Phosphatidylserine-Interactive Residues of
Tissue Factor on Its Coagulant Activity at the Cell Surface. PLOS
ONE 2016, 11 (6), e0158377.

61. Banner, D. W.; DArcy, A.; Chene, C.; Winkler, F. K;
Guha, A.; Konigsberg, W. H.; Nemerson, Y.; Kirchhofer, D., The
crystal structure of the complex of blood coagulation factor VIla
with soluble tissue factor. Nature 1996, 380 (6569), 41-46.

62. McCallum, C. D.; Hapak, R. C.; Neuenschwander, P. F.;
Morrissey, J. H.; Johnson, A. E., The location of the active site of
blood coagulation factor VIla above the membrane surface and its
reorientation upon association with tissue factor. A fluorescence
energy transfer study. J Biol Chem 1996, 271 (45), 28168-75.

63. McCallum, C. D.; Su, B.; Neuenschwander, P. F.;
Morrissey, J. H.; Johnson, A. E., Tissue factor positions and
maintains the factor VIla active site far above the membrane
surface even in the absence of the factor VIla Gla domain. A
fluorescence resonance energy transfer study. J Biol Chem 1997,
272 (48), 30160-6.

64. Palombo, 1.; Daley, D. O.; Rapp, M., The periplasmic
loop provides stability to the open state of the CorA magnesium
channel. The Journal of biological chemistry 2012, 287 (33),
27547-27555.

65. Braun, L.; Uhlig, M.; von Klitzing, R.; Campbell, R. A.,
Polymers and surfactants at fluid interfaces studied with specular
neutron reflectometry. Adv Colloid Interfac 2017, 247, 130-148.
66. Fragneto-Cusani, G., Neutron reflectivity at the
solid/liquid interface: examples of applications in biophysics. J
Phys-Condens Mat 2001, 13 (21), 4973-4989.

67. http://sourceforge.net/projects/rscl/.

68. Emil Wolf, M. B., Principles of Optics. Pergamon Press:
1970.

69. Luchini, A.; Nzulumike, A. N. O.; Lind, T. K.; Nylander,

T.; Barker, R.; Arleth, L.; Mortensen, K.; Cardenas, M., Towards
biomimics of cell membranes: Structural effect of

phosphatidylinositol triphosphate (PIP3) on a lipid bilayer.
Colloids and Surfaces B: Biointerfaces 2019, 173, 202-209.

70. Cans, A. S.; Hook, F.; Shupliakov, O.; Ewing, A. G.;
Eriksson, P. S.; Brodin, L.; Orwar, O., Measurement of the
dynamics of exocytosis and vesicle retrieval at cell populations
using a quartz crystal microbalance. Anal Chem 2001, 73 (24),
5805-5811.

71. Hook, F., Development of a Novel QCM Technique for
Protein Adsorption Studies. Department of Applied Physics,
Chalmers University of Technology: Goteborg, 1997.

72. Horcas, 1.; Fernandez, R.; Gomez-Rodriguez, J. M.;
Colchero, J.; Gomez-Herrero, J.; Baro, A. M., WSXM: a software
for scanning probe microscopy and a tool for nanotechnology. Rev
Sci Instrum 2007, 78 (1), 013705.

73. Lind, T. K.; Cardenas, M., Understanding the formation
of supported lipid bilayers via vesicle fusion-A case that
exemplifies the need for the complementary method approach
(Review). Biointerphases 2016, 11 (2), 020801.

74. Lind, T. K.; Cardenas, M.; Wacklin, H. P., Formation of
Supported Lipid Bilayers by Vesicle Fusion: Effect of Deposition
Temperature. Langmuir 2014, 30 (25), 7259-7263.

75. Johansen, N. T.; Pedersen, M. C.; Porcar, L.; Martel, A.;
Arleth, L., Introducing SEC-SANS for studies of complex self-
organized biological systems. Acta Crystallographica Section D
2018, 74 (12), 1178-1191.

76. Anderson, T. H.; Min, Y.; Weirich, K. L.; Zeng, H.;
Fygenson, D.; Israelachvili, J. N., Formation of supported bilayers
on silica substrates. Langmuir 2009, 25 (12), 6997-7005.

77. Margeat, E.; Le Grimellec, C.; Royer, C. A,
Visualization of trp repressor and its complexes with DNA by
atomic force microscopy. Biophys J 1998, 75 (6), 2712-20.

78. Rao, L. V.; Pendurthi, U. R., Regulation of tissue factor
coagulant activity on cell surfaces. J Thromb Haemost 2012, 10
(11),2242-53.

79. Shaw, A. W.; Pureza, V. S.; Sligar, S. G.; Morrissey, J.
H., The local phospholipid environment modulates the activation
of blood clotting. J Biol Chem 2007, 282 (9), 6556-6563.

80. Tavoosi, N.; Davis-Harrison, R. L.; Pogorelov, T. V.;
Ohkubo, Y. Z.; Arcario, M. J.; Clay, M. C.; Rienstra, C. M.;
Tajkhorshid, E.; Morrissey, J. H., Molecular Determinants of
Phospholipid Synergy in Blood Clotting. J Biol/ Chem 2011, 286
(26), 23247-23253.

81. Sen, P.; Neuenschwander, P. F.; Pendurthi, U. R.; Rao,
L. V., Analysis of factor VIla binding to relipidated tissue factor by
surface plasmon resonance. Blood Coagul Fibrinolysis 2010, 21
(4), 376-9.

Insert Table of Contents artwork here

ACS Paragon Plus Environment

Page 14 of 15



Page 15 of 15 Analytical Chemistry

oONOULT D WN =

Formation of a supported lipid bilayer with oriented membrane proteins by deposition on a solid support of protein-loaded
peptide discs

59 15

60 ACS Paragon Plus Environment



Supporting Information

18A, POPC

M Empty TF CorA

148
100
70
55
40
35

25

15

10

Figure S1- Size Exclusion Chromatogram (left) showing the characteristic peaks for the elution of the
empty peptide disc, the TF-loaded peptide discs and the CorA-peptide discs. Picture of the ... gel
confirming the presence of TF and CorA in the selected fraction from the SEC purification.



Figure S2- QCM-D data monitoring the formation of a POPC lipid bilayer by vesicle fusion. Intact
vesicles initially adsorb on the substrate and subsequently fuse to form a supported lipid bilayer (AF~-
25Hz). Measurement were performed at 25°C and by using 1.3 mM POPC solution and 20mM Tris-
HCI, 100mM NaCl, 10mM CaCl2 (pH=7.5) buffer.



Table S1- Structural parameters obtained from the analysis of the NR data collected for the

POPC, POPC/POPS and dPOPC/POPS supported lipid bilayer formed via peptide-disc

injection.
POPC POPC/POPS | dPOPC/POPS
70/30 70/30
mol/mol mol/mol
Lipid headgroup
Thickness (A) 8+1 9+1 9+1
Scattering length density (A2) | 1.8+0.1 1.9+0.1 1.9+0.1
Solvent volume fraction (%) 50+ 3 56+ 3 455
Roughness (A) 3+1 3+1 3+1
Lipid acyl chain
Thickness (A) 31+1 301 28 + 2
Scattering length density (A2) | -0.29 + 0.04 | -0.27 +0.08 | 2.46 +0.07
Solvent volume fraction (%) 81 12+1 72
Roughness (A) 3+1 3+1 3+1

Figure S3- a) NR experimental data together with the relative fitting curves for the POPC/POPS bilayer.
Data corresponding to the different buffer compositions are reported with different symbols and
multiplied by a scale factor as reported in the legend. b) Scattering length density profile calculated
from experimental data analysis. Measurements were performed at 25°C with a peptide disc solution
prepared with 1.3 mM POPC/POPS (70/30 mol/mol) and 0.43 mM 18A solution and 20mM Tris-HCI,
100mM NaCl, 10mM CaCl, (pH=7.5) buffer.



Figure S4- a) NR experimental data together with the relative fitting curves for the dPOPC/POPS
bilayer. Data corresponding to the different buffer compositions are reported with different symbols
and multiplied by a scale factor as reported in the legend. b) Scattering length density profile calculated
from experimental data analysis. Measurements were performed at 25°C with a peptide disc solution
prepared with 1.3 mM dPOPC/POPS (70/30 mol/mol) and 0.43 mM 18A solution and 20mM Tris-HCI,
100mM NaCl, 10mM CaCl, (pH=7.5) buffer.



Figure S5- Comparison between the NR experimental data for the POPC supported membrane with
CorA and the model assuming the protein molecules to be randomly oriented with the ECD both in
contact with the substrate and pointing towards the solvent.



Figure S6- Comparison between the NR experimental data for the POPC supported membrane with
CorA and the model assuming the protein molecules to be oriented with the ECD in contact with the
substrate and pointing towards the solvent.

Figure S7- AFM image collected for the POPC supported bilayer with CorA in 20mM Tris, 150mM
NaCl buffer pH=7 (color height scale 12 nm). It can be seen how larger features consist of self-
associated CorA individual protein molecules.



Figure S8- Comparison between the NR experimental data for the POPC/POPS supported membrane
with TF and the model assuming the protein molecules to be randomly oriented with the ECD both in
contact with the substrate and pointing towards the solvent.



Figure S9- Comparison between the NR experimental data for the POPC/POPS supported membrane
with TF and the model assuming the protein molecules to be oriented with the ECD both in contact with
the substrate.



Figure S9: QCM-D data monitoring the interaction between FVlla and the POPC supported membrane
which was formed by POPC peptide-disc injection. FVIla initially interacts with the membrane, but the
interaction is very weak as all the adsorbed molecules are washed away during buffer flushing. The
measurement was performed at 25°C and the peptide discs were prepared with 1.3 mM POPC, 0.43mM
18A and 20mM Tris-HCI, 100mM NaCl, 10mM CaCl2 (pH=7.5) buffer. After the formation of the
supported membrane a 10uM solution of FVIla was injected.

Figure S10: QCM-D data monitoring the interaction between FVIla and the POPC/POPS supported
membrane which was formed by POPC/POPS peptide-disc injection. FVIla initially interacts with the
membrane, and the absorbed protein molecules are only partially removed during buffer flushing. The
measurement was performed at 25°C and the peptide discs were prepared with 1.3 mM POPC/POPS
(70/30 mol/moal), 0.43mM 18A and 20mM Tris-HCI, 100mM NaCl, 10mM CaCl2 (pH=7.5) buffer.
After the formation of the supported membrane a 10uM solution of FVIla was injected.



TABLE S2- FVlla binding properties of TF-embedded lipid surface

kOﬂ

koff

KD 1
““age” of surface Capacity
(105 M-1s1) (105 s) (nM) (RU)
3hrs 6.31+0.08 13.6+0.04 0.215 43.6+0.29
24 hrs 6.38+0.07 15.8+0.08 0.248  31.0+0.19
48 hrs 6.94+0.06 8.96+0.04 0.129  19.6+£0.02
144 hrs 406+0.06 13.1+£0.08 0.322 14.9+0.02
18A, POPC
M Empty TF CorA

Figure S11- Size Exclusion Chromatogram (left) showing the characteristic peaks for the elution of
the empty peptide disc, the TF-loaded peptide discs and the CorA-peptide discs. Picture of the ... gel
confirming the presence of TF and CorA in the selected fraction from the SEC purification.
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ABSTRACT: Structural data on membrane proteins in a lipid membrane environment is challenging to obtain but needed to provide
information on the often essential protein-lipid interplay. A common experimental bottleneck in obtaining such data is providing
samples in sufficient amounts and quality required for structural studies. We developed a new expression and purification protocol
for the single-pass membrane protein Tissue Factor (TF), exploiting the high expression level in E. coli inclusion bodies and
subsequent refolding. This provided more than 5 mg of functional TF per liter bacterial culture. This is substantially more than what
was obtained by the classical approaches for expressing TF in the membrane-anchored configuration. We optimized reconstitution
into circularized nanodiscs enabling the formation of stable, TF loaded nanodiscs with different lipid compositions and with a limited
material waste. The blood coagulation cascade is initiated by the complex formation between TF and Factor Vlla (FVIla), and we
probed this interaction by a functional activity assay and SPR measurements, which revealed similar activity and binding kinetics as
TF produced by other protocols, demonstrating that high-yield production does not compromise TF function. Furthermore, the
amounts of sample produced permitted initial small angle X-ray scattering studies providing the first structural information about TF
and its binding to FVIla in a lipid environment. This strategy possibly allows for probing the multicomponent complex TF:FVIla
together with its macromolecular substrate Factor X on a lipid bilayer, but may also be relevant as a production strategy for other

single pass-membrane proteins for which structural information, in general, is limited.

Membrane proteins (MPs) maintain numerous functions in the
human body, but despite their biological importance, structures
of MPs remain in general sparse. MPs are notoriously difficult
to produce and the main roadblock to such progress is the
production and sample preparation of the mg-quantities of
sample that is needed for structural studies. Even though up to
one-third of the human genome encodes MPs, less than 3% of
the entries in the PDB database are MPs, highlighting the gap
in knowledge on structures of this particular class of proteins
(1,2). In particular, the structures of the single-pass
transmembrane proteins (SPTMP) remain enigmatic with no
high-resolution structure of full-length proteins being available
despite constituting 6% of the human genome (1). Many
proteins in this class consist of a folded extracellular domain
(ECD), an a-helical transmembrane domain (TMD) and a
disordered intracellular domain (ICD) (3).

Experiments on the full-length SPTMPs are generally
hampered by the very different nature of the three domains.
Therefore, a divide-and-conquer strategy has previously been
applied, integrating structural data on the isolated domains
using simulations to yield a final model of the entire protein (3).

Tissue factor (TF), which is the focus of the present study, is an
example of an SPTMP. TF comprises a folded ECD, termed
soluble TF (sTF) when produced separately, a helical TMD, and
a short, likely disordered ICD. The crystal structure of the sTF
was published in 1996 (4) and showed two fibronectin domains
each containing one disulfide bridge. To the best of the authors’
knowledge, no structural information exist on the TMD of TF

and little is known about the ICD (5). TF is a central player in
the blood coagulation cascade and is located on the surface of
cells adjacent to blood vessels. Upon vascular injury, TF is
exposed to blood and initiates coagulation by engaging in a
high-affinity complex with coagulation factor Vila (FVIla) (6).
This complex serves to activate the macromolecular substrate
Factor X (FX) through a transitory quaternary
FVIla:TF:FX:phospholipid membrane complex (7,8). The lipid
environment plays a vital role in this complex, and especially
the negatively charged phosphatidylserine (PS) lipids are
essential for the activation of FX by the TF:FVIla complex. PS
lipids are usually distributed in the inner leaflet of the
membrane but is upon injury flipped to the outer leaflet (9,10).
Formation of the TF:FVIla complex increases the catalytic
activity of FVIla by a factor 10° compared to free FVIla, and
increasing the PS content also increases the FVIla activity by
more than a factor of 10 (11). The affinity between
recombinantly produced ECD-TMD of TF and FVIla measured
by surface plasmon resonance (SPR) showed that the Kq
between TF in a membrane and FVIla was in the pM range, but
was not altered by changing the lipid composition (11,12). On
the other hand, the affinity between the sTF and FVIla was in
the nM range emphasizing the importance of lipids for the
interaction.

Even though a high-resolution structure of sSTF was published
more than 20 years ago, there is to date no structural
information on TF in a lipid microenvironment even though the
affinity and activity of the complex are profoundly affected by



lipids (13). The only structural experiments performed on TF in
a bilayer are FRET studies investigating the distance between
the membrane and the active site of FVIla. This distance was
measured to 82A for membrane-bound FVIla and changed upon
TF binding to 74A, suggesting that TF promotes a slightly tilted
orientation of FVIla (14,15). These results might be important
for elucidating the mechanism behind the increase in activity
upon TF binding, but more structural data is needed to do so.

Upon activation of FX by the TF:FVIla complex, it is released
from the complex and can activate prothrombin to thrombin,
which effectively results in fibrin and clot formation (16). FVIla
and FXa have the same overall structure including a C-terminal
Gla-domain and an N-terminal catalytic domain containing the
active site (see figure 1 for an illustration of the ternary complex
on a lipid bilayer) (4,17). The Gla-domain has been shown to
have specific lipid binding motifs, and both FVIlaand FXa have
affinities for a membrane containing PS in the uM range
(11,18).

Figure 1: Multicomponent complexes in membranes. Model of
a nanodisc with TF incorporated and FV1la and FXa bound.

The structure of the complex sTF:FV1la was published in 1996
(4) but to date there exists no published high-resolution
structural information of the ternary TF:FVIla:FXa complex.
This complex can only be formed on a lipid bilayer, and still
only transiently, which poses enormous experimental
challenges. Furthermore, producing TF, in sufficient amounts
for structural studies represents a severe roadblock for dual
reasons. i) Expression levels in a membrane anchored
conformation are typically low, as the plasma membrane
already before expression is very crowded and consists of about
50 % MPs and ii) the purification has to be performed using a
detergent to keep TF in solution (19). The identification of a
non-denaturing, but still solubilizing detergent, depends on the
individual MP and can be tricky. In addition, the polydisperse
nature of detergent micelles often impose limitations on
structural experiments, and therefore, besides producing TF in
sufficient amounts, an optimal carrier system for maintaining
the TF in a structurally and functionally relevant form must be
found for such studies. For TF a bilayer is needed for the
assembly of the ternary complex with FV1la and FXa, requiring

a lipid containing carrier system. The nanodisc (ND), which
consists of a lipid bilayer surrounded by two amphipathic
proteins called membrane-scaffolding proteins (MSPs)
provides exactly this bilayer. Besides that NDs generally has
better performance than detergents with respect to maintaining
the activity of an MP(20), it is also very well suited for many
types of structural studies due to a monodisperse nature and the
possibility to control the size and lipid contents (21,22).
Recently, a circularized MSP was developed using the Sortase
enzyme, which covalently links the two termini of the MSP
enabling even less heterogeneity (23). These covalently linked
circularized discs were further improved with respect to
solubility and expression providing yields in the range of 75 mg
MSP per liter culture, ready for assembly of more stable,
homogeneous and soluble nanodiscs (24). Thus, this new
generation of NDs provides an optimal platform for
investigating lipid-dependent multicomponent systems. The
system is easy to tune regarding lipid composition and the size
of the bilayer, which allows binding of other proteins, and
confers the high stability and homogeneity that is required for
structural studies.

In this study, we present an effective, high-yield recombinant
expression and subsequent in vitro refolding of the ECD and
TMD of human TF. The obtained TF was subsequently
successfully reconstituted into circularized nanodiscs, allowing
us to probe the FVIla affinity through activity assays and
surface plasmon resonance (SPR). Finally, we show that the
amounts and quality of the samples were sufficient for structural
studies using size exclusion chromatography coupled to small
angle X-ray scattering (SEC-SAXS). Our results show how the
SPTMP TF can be produced with optimized yield, reconstituted
in nanodiscs and structurally studied both on its own and in
complex with FVIla. This is a central prerequisite for
performing structural studies of the multicomponent TF-FVIla
and TF-FVIla-FXa systems. The successful preparation of these
difficult accessible samples will enable closing the gap in our
knowledge of the structural biology of the blood clotting
cascade in particular and provide a model system and
generalizable experience for the handling of membrane bound
multicomponent systems more generally.

Materials and methods

Unless otherwise stated all chemicals and lipids are from Sigma
Aldrich.

Expression and purification of Tissue factor

The gene encoding the extracellular and transmembrane
domain of human TF (Uniprot ID: P13726) (1-244), a C-
terminal linker (G4S), and a Hise-tag was synthesized and
cloned into the pET 28a vector by Genscript. The plasmid
harboring the TF gene was transformed into BL21 Star cells,
which were grown at 37°C in Terrific Broth medium. After an
overnight inoculation, the cells were transferred to 2 L of
preheated TB media and protein expression was induced with
IPTG to a final concentration of 1 mM at an optical density at
600 nm of 0.8. The cells were harvested by centrifugation after
3 hours. The pellet was resuspended in 3.5 ml lysis buffer (50
mM Tris-HCI, pH 8.0, 250 mM NaCl, 1 mM PMSF) per gram
of cells and passed through a cell disrupter (E1061, Constant
Systems LTD) at 30kPsi. Inclusion bodies (IB) were harvested
by centrifugation at 25000 g for 20 min at 4°C, and resuspended
in the same volume as before using a homogenization glass
piston in 20 mM Tris, pH 8, 150 mM NacCl, 0.5 M Urea and



025 % (w/v) Tween20. The IBs were harvested by
centrifugation (25,000 g for 20 min) and subsequently dissolved
in the same volume as before, using the same homogenization
apparatus in 6 M GuHCI, 10 mM Tris-HCI, pH 8, 50 mM NaCl,
2mM EDTA and 0.1% Triton X-100 (TX). Cellular debris was
removed by centrifugation (25000 g for 20 min), and the
supernatant was dripped with a flow of 1 ml/min into a reservoir
containing cold (4°C) refolding buffer (50mM Tris-HCI, pH
8.5, 250mM NaCl, 0.1% TX) in 60 times the volume of the
supernatant, under fast magnetic stirring. The solution was left
in a cold room for 24 hours under magnetic stirring. Imidazole
was added to a final concentration of 20 mM, and aggregated
protein was removed by centrifugation at 17,000 g for 20 min.
The supernatant was loaded onto a pre-equilibrated 5 ml
HisTrap (GE Healthcare) (20 mM Tris-HCI, pH 8, 100 mM
NaCl, 0.1% TX and 20 mM Imidazole), washed with 5 column
volumes (CV) of washing buffer (20 mM Tris-HCI, pH 8, 100
mM NaCl, 0.1% TX and 40 mM Imidazole) and eluted with 5
CV elution buffer (20 mM Tris-HCI, pH 8, 100 mM NaCl, 0.1%
TX and 250 mM Imidazole) while fractions of 1 ml were
collected. Fractions were evaluated by SDS-PAGE, and those
containing the most concentrated TF were pooled and dialyzed
against 100 times the volume of 20 mM Tris-HCI, pH 8, 10 mM
NaCl, 0.05% TX. As TX absorbs light at 280 nm, TF
concentrations were determined either by gel quantification
using sTF standards (provided by Novo Nordisk A/S) or by
BCA kit (Sigma Aldrich). The solution containing TF was
aliquoted into 0.5 mL fractions and flash frozen in liquid
nitrogen and stored at -80-C until use.

Estimation of refolding yields

Each small-scale refolding experiment was carried out using 1
ml of the GUHCI preparation containing TF and diluting this in
5 to 59 ml of 4°C refolding buffer (50mM Tris-HCI, pH 8.5,
250mM NaCl, 0.1% TX) under magnetic stirring in a cold-
room. Samples of relevant volume (between 6 and 60 ml) were
extracted at timepoints placed between 2 min and 24 hours,
centrifuged at 12,000 g for 10 min and 200 pl of equilibrated
NiNTA resin (20 mM Tris-HCI, pH 8, 100 mM NaCl, 0.1% TX
and 20 mM Imidazole) was added to the supernatant. The
sample was incubated for 45 min at room temperature (RT) and
loaded onto an empty gravity flow column and washed with 2
ml of washing buffer (20 mM Tris-HCI, pH 8, 100 mM NacCl,
0.1% TX and 40 mM Imidazole) and eluted with 1 ml elution
buffer (20 mM Tris-HCI, pH 8, 100 mM NacCl, 0.1% TX and
250 mM Imidazole). 40 pl of each elution was mixed with 10ul
SDS loading buffer (250 mM Tris-HCI pH 6.8, 50% glycerol,
10% wiv SDS, 0.25% w/v bromophenol blue) and boiled at
95°C for 5 min before centrifugation at 13,000g for 5 min.
Standards of sTF (kindly provided by the company Novo
Nordisk A/S) were mixed in the same ratio and treated similarly
before all samples were run on 15% acryl amide gels. Gels were
stained in Coomassie brilliant blue G250 (Bio-Rad, Hercules,
CA, USA) and images of the gels were obtained on a Gel Doc
(Bio-Rad). The images were quantified in the ImageLab
software (Bio-Rad) using default settings. Relative gel band
intensities were used to calculate refolding yields using sTF
samples for normalization. Western blots (using primary TF
antibody, TF8, subclone 5G9, provided by Novo Nordisk A/S)
were used to estimate the ratio between TF in solution and TF
in the pellet, using the same imaging software. All NiNTA
elutions were further analyzed for homogeneity and folding
using a Superdex200 10/300 GL equilibrated in 20 mM Tris,

pH 8, 100 mM NacCl, 0.1% TX. The ratio of soluble protein and
monodisperse protein was estimated as the area under the main
peak divided by the sum of the area under the main peak and
the area under the void peak.

Nanodisc preparation
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC)
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(POPS) were dissolved in cholate buffer (20 mM Tris-HCI pH
7.5, 100 mM NaCl, 100 mM sodium cholate) to a final lipid
concentration of 50 mM. The MSP used in this study is the
circularized and solubility enhanced MSP1E3D1 (csE3) which
was expressed and purified as previously described (24). All
MP-free nanodiscs were assembled with a lipid:MSP ratio of
130:1 and all TF containing nanodiscs were assembled with a
lipid:MSP ratio of 120:1 and a MSP:TF ratio ranging from 20
to 4. All preparations had a final lipid concentration of 10 mM.
Samples were mixed and incubated for 15 min at room
temperature (RT) before detergent absorbing beads (Amberlite
XAD-2, Sigma) were added at a ratio of 15% w/v. Samples
were incubated at 10°C while shaking at 800 rpm overnight to
remove detergent. The samples were separated from the
detergent absorbing beads by making a small hole in the bottom
and top of the Eppendorf tube, putting the tube in the top of a
15 ml falcon tube (without lid) and centrifugate at 300 g for 3
min. The samples with TF added were applied toa 1 ml HisTrap
column (GE Healthcare) equilibrated in 20 mM Tris-HCI pH 8,
100 mM NaCl, and 20 mM imidazole to bind TF loaded
nanodiscs, which subsequently were eluted with 300 mM
imidazole while fractions of 1 ml were collected. Fractions
containing the TF were pooled, diluted 2-fold in MiliQ water,
concentrated to 0.5 ml and applied to a Superdex 200 10/300
GL column (GE Healthcare) equilibrated in gel filtration buffer
(20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM CaCl,). MP-
free nanodiscs were directly applied to the Superdex 200
column after the removal of detergent absorbing beads.
Samples were stored at 4°C until they were used for functional
studies. Samples used for structural studies were prepared in our
home lab in Copenhagen and transported to the SAXS beamline
on ice and they were then gel filtrated directly into the X-ray
beam as described later.

Activity assay

The binding of FVIla (Uniprot ID: P08709) to TF in NDs was
measured using the increase in FVIla activity upon TF binding
as described by others (11,25). FX (Uniprot ID: P00742) (650
nM) activation was allowed for 20 min by 10 pM TF in ND and
a varying amount of FVIla (provided by Novo Nordisk A/S).
The reaction was stopped by adding EDTA and the amount of
FXa generated was quantified using the chromogenic substrate
S2765 (from Chromogenix), as the slope of the absorbance at
405 nm was evaluated for 20 min. A quadratic binding function
was fitted to the slope as a function of FVIla concentration to
obtain the Kg.

Surface plasmon resonance

The binding kinetics were determined for FVIla binding to TF
in NDs with different lipid compositions using surface plasmon
resonance (SPR) measurements on a Biacore T200® system
(GE Healthcare). To capture TF-containing nanodiscs we
exploited that TF has a C-terminal His-tag. An anti-His
antibody (GE Healthcare Life Sciences, cat BR100530) was
immobilized on a CM5 sensor chip using N-
hydroxysuccinimide and N-ethyl-N-(3-(diethylamino)propyl)-



carbodiimide chemistry. Excess reactive sites were inactivated
by injecting 1 M ethanolamine. 100 nM TF-containing
nanodiscs in 20 mM Tris, 100 mM NaCl, 20 mM EDTA pH
7.2 were injected, which resulted in a stable capture level of
100-200 RU. The reference flow cell was mock coupled and
contained neither immobilized anti-His nor captured nanodiscs.
Kinetic rate constants for the various TF:FVIla interactions
were determined with single-cycle and multi-cycle protocols by
which serial 2-fold dilutions of the interaction partner (FVIla)
were injected at 50 ul/min in 10 mM HEPES, 150 mM NaCl,
10 mM CaCl, and 0.05% (v/v) surfactant P-20 at pH 7.4 at
20°C. In the single-cycle protocol, 5 different FVlla
concentrations were injected for 90 s without intervening
regeneration and followed by a longer dissociation phase of
2000 s. Two consecutive injections of EDTA buffer (20 mM
EDTA in 10 mM HEPES, pH 7.4, 150 mM NacCl, and 0.05%
(v/v) surfactant P-20) at the end of each single cycle regenerated
the chip. For complete regeneration of the chip, including the
TF capture level, two injections of 10 mM glycine-HCI, pH 1.5
for 60 s was used. For multi-cycle protocols, 2-fold dilutions of
FVIla were injected for 300 s followed by a dissociation phase
of 5,000 s. Bound FVIla on TF was removed at the end of each
cycle by two consecutive injections of EDTA buffer as above.
The association rate constant (ko) and dissociation rate constant
(Kotf), the Ky (Kosi/kon), as well as the binding capacity (Rmax)
were derived by the fitting of the double blank referenced data
by non-linear regression to a bimolecular interaction model,
assuming pseudo-first order reaction conditions. We used the
evaluation software supplied with the instrument for global
fitting (BiacoreT200 Evaluation® 3.0).

Small angle X-ray scattering

Nanodiscs with and without TF were assembled as described
and concentrated to a volume of 0.5 ml. The SAXS
measurements were performed in Grenoble at ESRF at BM29
by using the SEC-SAXS setup (26). A Superdex 200 10/300
Increase column equilibrated in 20 mM Tris, pH 7.5, 100 mM
NaCl, 10 mM CaCl,, 1 mM DTT, was attached to the setup, and
the sample injected with a flowrate of 0.7 ml/min. Throughout
the column volume, the intensity of the scattered X-rays was
measured as a function of the magnitude of the scattering
vector, g = 4msin(@) /A. 0 is the scattering angle and A the
wavelength. The data were reduced using the software available
at the beamline, and the average intensity of a given frame was
plotted as a function of frame number(26). Relevant frames
were selected from the peak and averaged and subtracted a
buffer from the region before the peak. The data was converted
to absolute scale using a water measurement to finally obtain
the scattering intensity, 1(q), of the sample. The BayesApp-
server was used to perform the indirect Fourier transformation
of the I(q) to provide the pair distance distribution functions,

p(r).



Results and discussion
Expression and purification

Figure 2: A: Schematic overview of the expression and purification of Tissue factor. B: SDS-PAGE gel, Coomassie stained. C: SDS-PAGE
gel, Western blot with primary Tissue factor antibody. D: Refolding yields as a function of dilution factor and time. See discussion in the

main text.

To produce full-length TF, we pursued a strategy involving a
recombinant expression of TF ECD-TMD in IBs with
subsequent refolding (see overview in figure 2A). As seen by
coomassie staining (figure 2B) and Western blot performed
using a primary TF antibody (figure 2C), the expression of TF
was visible in the cellular lysate (figure 2B and C, lane 3) at the
time of harvest. Furthermore, the background expression was
very low compared to that of TF, which is essential for the
subsequent purification steps. After cells lysis, minimal
amounts of TF were present in the supernatant (fig. 2B and C,
lane 4), indicating that almost the entire expression goes into
inclusion bodies. During the 1B washing step, a fraction of E.

coli proteins was present in the supernatant (figure 2B, lane 5),
and almost no TF was lost as only a slight TF band is seen in
the WB (figure 2C, lane 5). Almost no pellet was present after
this step. The supernatant in GuHCI showed a substantial
fraction of TF but also the presence of several host proteins
(visualized in lane 6 on both gels, after ethanol precipitation).
The next step was to refold the obtained protein. Refolding by
dilution into a reservoir of the buffer without GuHCI is the most
commonly used refolding technique (14), and was also applied
here. Since refolding of a protein in vitro is usually described
as a process on the millisecond to the second scale (27), the
protein solution was dripped into refolding buffer under fast



stirring. This ensured rapid dilution with a low local
concentration of TF to avoid dimer formation, as the formation
of two disulfide-bridges needs to occur as well as folding of
secondary structure elements. We investigated the effect of the
refolding time and the dilution of the TF preparation. A distinct
time dependence of refolding was observed (figure 2D)
suggesting a much slower equilibrium than anticipated from the
typically reported timescales of folding. As an example, the
yields for the samples taken immediately after initiating the
refolding process ranged from 10 to 20%, while leaving the
refolding process for 24 hours yielded up to 80%. Furthermore,
changing the dilution factor from 6x to 60x (1M to 0.1M
GuHCI) increased the yield from 35% to 80%, which could both
be an effect of lower GuHCI concentration and lower protein
concentration. To ensure that the protein detected on the gels
was in a soluble and folded state, we performed size exclusion
chromatography (SEC) on each sample. The fraction of soluble
TF was between 0.93 and 0.99 for all samples, indicating that
the samples were monomeric, had a similar size and that the
samples were relatively pure (see a representative example in
figure S1D).

After establishing this protocol, we conducted a large-scale
purification where we expressed and purified 1Bs from two
liters of bacterial culture. We performed a 60x dilution for 24
hours and found that only a small amount of TF was present in
the pellet, likely as a result of aggregation (figure 2A and B,

lane 7), while the majority of TF was in the supernatant (figure
2A and B, lane 8). After NiNTA purification (figure 2A and B,
lane 9) and dialysis, the most concentrated fractions were
selected, yielding 5 mg/liter of culture, which is much higher
than the 0.4 mgl/liter of culture reported in the previous
purification protocol (28). This optimized yield provides ample
TF both for reconstitution optimization and for structural
studies.

Nanodiscs assembly

The reconstitution of TF in ND requires several steps and
several different components. Figure 3A highlights the
processes, where detergent absorbing beads are used to pull out
the detergents from the mixed micelles containing lipids and
cholate and the MP solubilized by Triton X-100, resulting in the
formation of NDs with and without TF. Several parameters can
be varied when assembling NDs, including the MSP:MP ratio,
which is usually kept at 20:1 to decrease the probability that two
MPs become incorporated in the same ND (22,29). However,
using a high ratio such as this, results in a waste of lipids and
MSP, since only a small fraction of the used material is carried
through to the next step. In the present study, we used a
circularized and solubility enhanced version of MSP1E3D1
(csE3) previously developed by our group (24). It yields a
relatively large nanodisc with a diameter of approximately 13
nm, which is suitable in order to have an excess bilayer
facilitating the later binding of FVIla.



Figure 3: A: Schematics of the reconstitution process of a TF embedded nanodisc. B: SEC chromatogram of TF in NDs reconstituted with
different csE3: TF ratios. Blue area indicate fraction selected for further work. C: Gel of the peak fraction from B. D: HisTrap chromatogram
of nanodisc preparation with TF and increasing POPS content (0%, 15% and 30%). The blue area indicates the fractions selected for further
work. The red line indicates the UV280 absorption from the imidazole buffer. The three large peaks corresponds to empty NDs. E: SEC
chromatograms: Red: Empty nanodisc, orange: nanodisc with TF incorporated, blue: FVIla, and green: nanodisc with TF incorporated and

a ratio of 1:1 FV1la added.

We tested different ratios of csE3:TF, and all tested ratios
provided a single main peak at precisely the same elution
volume in the SEC (figure 3B). The fractions spanning the main
peaks (marked by blue) were loaded onto a gel to assess the
cSE3:TF ratio. By gel quantification, these were found to be
virtually identical (figure 3C) and correspond to one TF per
disc. However, it should be noted that the reconstitution ratio of
4, for unknown reasons, consistently yielded slightly less final
ND than the other ratios, and therefore a ratio of 8 was
identified as the most optimal, as the yield was high and excess
lipids and MSP low.

As it is well established that the activity of the TF:FVlla
complex increases with the POPS contents, nanodiscs with
increasing amounts of POPS were assembled. Using HisTrap
purification of assembled NDs with TF and an increasing
amount of POPS, we observed a change in the quantity of
reconstituted protein. In the chromatograms (figure 3D) the
three largest peaks were empty NDs not captured by the
HisTrap column and the blue areas correspond to the samples
selected for further work. The red line indicates the UV280
background of the imidazole buffer, and hence the UV signal in
the blue areas above the red line roughly corresponds to NDs
with TF incorporated.



Figure 4: A: Schematic overview of the experimental setup of the activity assay. B: Activity assay: The slope of the absorbance at 405 nm
is plotted as a function of the FVVIla concentration added. The data is fitted by a quadratic binding curve to obtain the Kq4. C: Experimental
setup of the SPR experiments. D: SPR data obtained on FVIla binding to TF in NDs with 30 % POPS. The applied FVIla concentrations

indicated in the plot.

Table 1 Sample Kq (pM) Kon (10° M1 s?) Kott (10 s)
0 % POPS ND ND ND
Activity assay 15 % POPS 4848 ND ND
30 % POPS 10+1 ND ND
0% POPS 126 5.60 £ 0.01 7.08 £0.01
SPR, multi cycle 15 % POPS 127 5.58 £ 0.01 7.08 £0.01
30 % POPS 125 6.77 £0.01 8.47 £0.01
0 % POPS 238 5.70+0.01 13.5+0.01
SPR, single cycle 15 % POPS 118 7.34£0.01 8.66 + 0.02
30 % POPS 168 8.31+0.01 13.9+£0.01

Table 1: Overview of data from the activity assay and from the SPR experiments. ND = Not determined.

As seenin figure 4D, the incorporation was much more efficient
when POPS was present and, as evaluated by area under the
curve (light blue area lying above the red line indicating the
background), the preparation with 0% POPS only yielded 17%
of the UV signal obtained in the sample with 30% POPS, while
the sample with 15% POPS yielded 69%. Thus, the presence of
POPS clearly enhanced TF reconstitution into NDs. The lower

yield of the 0% POPS sample naturally resulted in lower yield
after the SEC purification, but besides the weaker UV signal,
the SEC chromatograms were virtually identical (see figure S2).
To the best of the authors’ knowledge, this apparent POPS
preferential behavior in the reconstitution has not been
described elsewhere. It has however been suggested that TF has
specific residues that interact with POPS in a bilayer, and the



formation of these interactions could potentially stabilize the
system and aid the reconstitution (30).

Interaction with FVIla

To validate that TF is indeed present in the ND and in an active
state, a SEC of an empty ND (figure 3E, red), a ND with TF
(30% POPS) incorporated (figure 3E, orange) alone and with
FVIla added in a 1:1 ratio (figure 3E, green) was analyzed on a
Superdex 200 column. As evident from the elution profiles, the
particle was larger when TF was incorporated and even further
so when FVIla was bound to TF in the ND. This indirectly
confirms the presence and capability of recombinantly
produced and refolded TF to bind FVIla.

To further evaluate the activity of TF produced using this
protocol, we performed an activity assay with TF in ND (see
schematics in figure 4A). The assay relies on the fact that FX
activation is a factor of 10° higher by the TF:FVIla complex
than by free FVI1la (31). The activity of TF in 30% POPS was
slightly higher than in 15% POPS (figure 4B), which coincides
with previous studies using similar experiments (11). The Kq of
FVIla binding to TF in ND was determined to 48+8 pM (15%
POPS) and 10+1 pM (30% POPS) (see table 1), which is within
range of previously reported results (11). It is not feasible to
measure the affinity of FVIla towards TF in an ND containing
0% POPS using this assay as the activity is orders of magnitude
lower, and the background signal from activation by free FVIla
contributes significantly to the overall signal (31).

To probe the affinity between FVIla and the TF ND with 0%
POPS and to gain information about how the POPS contents
affected the binding kinetics of the interactions, we performed
surface plasmon resonance (SPR) experiments on the same
three TF samples (see the experimental setup in figure 4C). The
kinetic rate constants were largely identical in both
experimental setups (single and multi cycle) and did not change
with the lipid compositions of the ND. The recorded data and
results were in accordance with previous studies (7). It should
nonetheless be emphasized that the fitting of the data is not
perfect with some curvatures in the residuals (see fig 4D),
however, this is not anticipated to affect the overall conclusions.
The reason for the higher affinity determined by the functional
assay is not known, but could potentially arise from the assisted
complex assembly by the FX present in the assay

Samples suitable for structural studies

The monodisperse nature of nanodiscs and in particular the
circularized version makes this an ideal system for small X-ray
angle scattering (SAXS) experiments. SAXS provides
structural information down to 10 A resolution on particles in
solution and is therefore ideal to structurally investigate the
lipid-protein interplay in a membrane-like context.

We performed SEC-SAXS of TF-loaded ND and after
background subtraction, calibration to absolute scale and
concentration normalization, we obtained the data plotted in
figure 5A.

Figure 5: A: SAXS data of the empty ND (red), TF in ND (green)
and TF in ND and FVlla (blue). All data on absolute scale and
normalized by the concentration in molar. B: Normalized pair
distribution function of the same samples.

The oscillation in the 0.1A™ regime is a characteristic feature of
SAXS data from an ND (21,24,32), and both the empty ND and
the ND containing TF has this feature. The feature arises from
the oscillating sign of the contrasts (excess scattering length
density) from the lipid bilayer within the ND. Due to the small
size of TF compared to the ND, the oscillation is also seen in
this sample. However, when FVlla is added, the curve changed
considerably, due to the large size of FVIla now located on the
‘top’ of the ND. As visualized by the pair distance distribution
function in figure 5B, the largest distance (Dma) in the
measured particle matched well with the ~13 nm for the empty
ND and then increased as first TF is embedded in the ND and
again when FVIla is bound to TF. To further investigate the
nature of the complex on a lipid bilayer, more advanced
modeling is needed, which was not within the scope of the
present study. However, high-quality samples made possible by
the optimized protocol for production of full-length TF lay the
foundation for access to structure information of this
multicomponent complex. The protocols developed in this
study can produce samples in the amounts and quality needed
for both functional and structural studies and may be readily
adaptable for the production of other single - or multiple pass
transmembrane proteins. This is a prerequisite for future
experiments and gives unique structural data necessary for
modeling of the TF complex. Combined this will provide a



deeper understanding of the structural effects of lipid-protein
interaction in the blood coagulation.

Conclusion

We have shown that a final yield of more than 5 mg of pure and
concentrated TF per liter of culture can be obtained from a high-
level expression in IBs and a subsequent efficient refolding in
vitro. A significantly prolonged equilibration time turned out to
be crucial to optimize the yield. After reconstitution into
circularized nanodiscs with different lipid contents, we probed
the activity and the binding kinetics to FV1la and found them to
be similar to TF expressed in a membrane-anchored state
(11,12) hence documenting that the higher yielding protocol
provides samples on the functionally relevant form. Lastly, we
investigated the samples by small angle X-ray scattering and
show that both the quality and amount of the samples are
sufficient to obtain structural information about the interplay
between TF and the surrounding lipids as well as with binding
partners in multicomponent complexes. The approach may be
readily adaptable to the production of other single-pass
membrane proteins fueling an increase in the number of
membrane protein structures.
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Supplementary information

Figure S1

Figure SL: Gelsused for quantification of refolding yields. On all gelstwo standards of sSTF were loaded for
normalization. Band intensities were quantified using the Image Lab software (BioRad) using default settings. Samples
were taken out after 6 different time points (2 min, 1, 2, 4, 16 and 24 hours) A: Samples diluted in 60x buffer and 25x
buffer B: Samples diluted in 6x buffer. C: Samples diluted in 12x buffer and 8x buffer. D: Gel filtration chromatogram
of refolded and NiNTA purified TF on a Superdex200 equilibrated in 20 mM Tris, pH 8, 100 mM NaCl, 0.1% Triton X-
100. The areas under the two peaks (red and blue areas) were calculated and the fraction correctly folded is calcul ated

to be 93%.



Figure S2

Figure S2: Gelfiltration chromatogram (Superdex 200) of TF NDs assembled with different amount of POPS. The low
UV signal for the 0% POPS sample provided an unstable baseline after the peak.

Figure S3

Figure S3: SPR data: Single cycle analysis of the interaction between TF in a nanodisc comprising 30% POPSlIipids
and FVlla. FVlla concentrations: Grey: 1 nM, 2 nM, 4 nM, 8 nM, 16 nM. Red: 2 nM, 4 nM, 8 nM, 8 nM, 16 nM, 32
nM.
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Abstract

The blood coagulation system has been investigated for decades, and high resolution structures of many of
the implicated proteins are available. However, structural information on lipid-protein interplay is scarce,
and this is especially true for the tissue factor (TF):Factor VIla (FVIIa):Factor Xa (FXa) complex which
initiates blood coagulation. This is probably due to the lack of experimental possibilities in making samples
containing both lipids and protein. In the present study, we used a recently developed methodology to
deposit a lipid bilayer containing TF on a surface. We used this bilayer to obtain the heights of TF, TF:FVIla
and FXa on a membrane, by neutron reflectometry, and based on these measurements we speculated on
the orientations of the proteins on the membrane. Using this information, the height of the FVIIa active site
and the FX scissile bond, with respect to the membrane, were calculated to be 77 Aand 78 4, respectively.
These equivalent heights suggest that one function of the membrane is to ensure the correct orientation of
the two proteins, which could be responsible for the increased activity of TF:FVIIa upon the presence of a
lipid bilayer.

Introduction

The extrinsic part of the human blood coagulation cascade is initiated by the rupture of a blood vessel and
subsequent formation of the high affinity complex between the membrane protein: tissue factor (TF), and
the soluble protein: Factor VII (FVII). TF consists of a folded extracellular domain (ECD), followed by a
single pass transmembrane domain (TMD) and a short, likely unfolded, intracellular domain (ICD) (1),
while FVII consists of an N-terminal Gla-domain, followed by two EGF-like domains and a peptidase domain
(see illustration of both in figure 1). After formation of the TF:FVII complex, FVII is activated to FVIIa, and
the TF:FVIla complex can then activate Factor X (FX) to FXa. Once activated, FXa participates in the
Prothrombinase complex, which activates Prothrombin, ultimately resulting in blood clotting. An essential
co-factor in all of the above mentioned processes, is the lipid bilayer, on which most of the reactions in the
blood coagulation pathway occur (2). High resolution structures of most soluble parts of the TF:FVIla:FXa
complex was solved decades ago, but structural information about the tertiary complex and the interplay
with the lipids is scarce (3-5). It is well established that the presence of the membrane increases the activity
of the TF:FVIla complex by more than a 1000 fold (6) and the presence of the negatively charged
Phosphatidylserine (PS) lipids even further increases the activity by a 100 fold (7). However, the structural
feature responsible for the increased activity is still not completely clear. The Gla-domain of FVIIa is known
to interact with the membrane with a Kb in the low pM range (8), and it has been hypothesized that this
interaction could induce a change in FVIla that increases the catalytic activity. However, later studies have
shown that the activity of FVIla and a mutant of FVIla lacking the Gla-domain (des-gla, DG-FVIIa) had the
same activity towards a peptide substrate, indicating that the catalytic domain of FVIIa is not affected by
the lipid interaction (6). On the other hand, the activity towards FX was a 100 times lower for DG-FVIIa,
demonstrating that the Gla-domain is critical for the activity (6). To probe this effect, the height of the FVIIa
active site situated above the membrane, was measured in a FRET study, where it was found that the height
decreased from 83+3.3 A for the free FVIIa (figure 1A) to 75+1.8 A for the TF bound FVIIa (figure 1B),



indicating that the role of TF and the membrane is to locate FVIla in the correct height for catalytic efficiency
(9,10). In addition, it was found that the height of TF bound DG-FVIIa (figure 1C) was 73+1.8 A and thus not
significantly different from the active site of TF bound FVIIa, suggesting that it might just be TF introducing
the change in orientation and not the Gla-domain of FVIIa. It should be mentioned thatall these experiments
were conducted using a PS containing bilayer, and thus the effect of PS presence, was not addressed by
these studies.

Figure 1: A-D: Schematic overview of TF and FVIla on a membrane. All numbers presented are found in (9,10) and
represent the distance between the active site of FVIla and the membrane as measured by FRET. A: Free FVIla binding to
the membrane. B: The FVIla:TF complex on a membrane. C: The DG-FVIla:TF complex on a membrane. D: Orientation of
TF in a membrane. E: FX on a membrane. Indication of the FX scissile bond (blue circle). F: Schematic overview of the
deposition of TF in a peptidedisc and the subsequent flushing with buffer to remove peptides, leaving a membrane with TF
incorporated in a unidirectional way.

To investigate the effects of the TF-TMD and the linker region between the TMD and the ECD of TF, the ECD
was attached to a modified lipid head group. This setup was shown to maintain the native activity towards
FX, demonstrating that the activity is not dependent on the specific sequence of the linker nor the TMD, but
solely the ECD of TF being close to the membrane surface (11). This has led to the idea that the orientation
of the ECD of TF is potentially guided by interactions with the lipid membrane, and especially interactions
between the ECD and PS lipids have been investigated, as these could potentially also explain the increase
in activity. But as it is for many systems involving both lipids and proteins, the lack of an experimental setup
to investigate the structures is a bottleneck. Therefore, mutational studies have been used to identify a
number of residues located in the C-terminal of the TF ECD , proximal to the membrane, which was found
to be necessary for the activation of FX (12). However, as this activity is dependent on TF substrate
recognition (interaction with FX) and potentially also TF interacting with lipids, it was not possible to
distinguish these two effects. Subsequently, a molecular dynamics (MD) simulation with the crystal
structure of the TF ECD (called soluble TF, sTF), placed in the proximity of a membrane containing PS-lipids
was used to investigate this further. The simulation showed an interaction between the lipids and sTF, and
some residues in sTF were in contact with PS more than 70% of the time, indicating a relatively strong
interaction. A fraction of these residues were the same residues proved important for FX activation in the
mutational study, again suggesting an essential role of the membrane and PS lipids specifically (13,14).
However, these findings are still to be confirmed by experimental data, and in addition, a simulation of TF
situated in the membrane by the TMD would provide a more native-like setup for the simulations.

A piece of additional information lacking to describe the mechanism behind the function of the membrane
is the position of the scissile bond on FX when bound to the membrane (figure 1E), as this should be within
reach of the FVIla active site. FX is known to have an affinity towards the membrane in the nM-range (7),
but the orientation of FX when bound to the membrane is not yet determined.

The lack of experimental data in a membrane environment of this system, points towards a more general
problem of obtaining structural information about proteins in a lipid context. Neutron reflectometry (NR)
has emerged as a technique able to probe the thickness of layers on a surface, and has recently also been
shown to provide valuable information about heights of membrane proteins in bilayers. Additionally,



information on the interaction between soluble proteins and a membrane with regards to penetration
depth and protein height over the surface can be obtained (15-18). The main problem for this technique,
has been sample preparation, as depositing a bilayer with membrane proteins all oriented in the same way
is difficult. However, a recently developed method utilizing the so-called peptidedisc as carrier for a patch
of membrane containing the membrane protein of interest, presents a solution to this problem (Paper III).
After injecting the peptidediscs into the sample cell, the protruding ECDs of TF will all be oriented away
from the surface, and a subsequent flushing with buffer removes the amphipathic peptides, leaving a
membrane with TF incorporated in a unidirectional manner (figure 1F).

In the present study, we show that a combination of NR data on TF in lipid membranes, and MD simulations
on the same system, can provide information about the orientation of TF in a membrane. In addition, we
show how the binding of FVIla affects this system, investigate the orientation of FXa on a lipid bilayer and
speculate about the possible correlations between the heights of these.

Materials and methods

Sample preparation for NR

All chemicals are from Sigma Aldrich. The 18A peptide was synthesized by Genscript. Tissue factor (1-224)
was expressed and purified as described previously (Paper IV). Samples were assembled with 12 uM TF, 1
mg/ml 18A and 1 mg/ml lipid (30 % 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 70%
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)). After incubation for 1 hour at 10 °C the
preparation was loaded onto a 1 ml HisTrap column (GE Healthcare) equilibrated in loading buffer (20 mM
Tris-HC], pH 8, 100 mM NacCl, 20 mM imidazole). After loading, the column was washed with 3 column
volumes (CV) of loading buffer and eluted with 20 mM Tris-HCI, pH 8, 100 mM Na(Cl, 250 mM imidazole
while fractions were collected. Fractions spanning the main peak were collected (typically 2 ml) and frozen
and kept at -20 °C until use. Factor VIla and FXa were provided by Novo Nordisk A/s and were diluted to
10 uM in 20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM CacClz before experiments.

Neutron reflectometry

The NR experiments were performed at ISIS, Chilton, UK, at the SURF beamline. SURF is a time of flight
reflectometer and three angles were used to cover the desired gq-range: 0.35°, 0.65° and 1.5°. All samples
were measured under three different buffer conditions (100% D20, 0% D20 and in silicon matched water
(SMW) (38% D20). The samples for the experiments and the data reduction was performed as described
previously (Paper III). After measuring the TF containing bilayer, 10 uM FVIla was injected and the cell was
washed with buffer (20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM CaClz) before measuring the TF:FVIla
complex. The data analysis for the TF sample was conducted as previously described (Paper III). For the
TF.FVIIa analysis, the same model was used, except that FVIla was now included in the TF ECD layer.

For the FXa sample, a pure POPC/POPS (30% POPS) bilayer was prepared using the methodology described
previously (Paper III). 10 uM FXa was injected and after a buffer wash (20 mM Tris-HC], pH 7.5, 100 mM
NaCl, 10 mM CaClz) the measurements were conducted.

Small angle X-ray scattering

FVIla (from Novo Nordisk A/S) was measured using the SEC-SAXS setup at the BM29 beamline, Grenoble,
France (19). The buffer was 20 mM Tris-HCI, pH 7.5, 100 mM NacCl and either 10 mM CaClz (with calcium)
or 1 mM EDTA (without calcium). A Superdex 200 10/300 column equilibrated in relevant buffer was
attached to the setup, and the sample was injected with a flowrate of 0.5 ml/min. The intensity of the
scattered X-rays was measured for 48 min. The scattering vector, ¢ = 4w sin(0) /A where 0 is the scattering
angle and A the wavelength. The data were reduced using the software available at the beamline, and the
average intensity of a given frame was plotted as a function of frame number (19). Relevant frames were
selected from the peak and averaged and subtracted a buffer from the region before the peak. The data was
converted to absolute scale using a water measurement to finally obtain the scattering intensity, 1(q), of



the sample. The BayesApp-server was used to perform the indirect Fourier transformation of the /(q) to
provide the pair distance distribution (p(r)) functions.

Nuclear magnetic resonance

2D,15sN-labeled sTF (provided by Novo Nordisk A/S) was used to collect 1H,15N -spectra. The protein
concentration was 50 uM, buffer conditions: 20 mM Tris-HCI, pH 7.5, 100 mM NacCl, 10 mM CaClz and the
experiments were performed at 25 °C on a Varian INOVA 800-MHz (1H) spectrometer equipped with a
room temperature probe. The obtained spectra could be assigned by assignments provided by Novo
Nordisk A/S.

To asses the lipid binding of sTF, nanodiscs (NDs) made using the novel MSP called csdH5 was utilized.
csdH5 is designed in the same way as csE3 (described in detail in (20)) but with MSP1AH5D1 as template
instead of MSP1E3D1. The csdH5 sequence is:

MGHHHHHHHD YDIPTTENLY FQGSSSSFSK LREELGPVSE EFWDDLEKES EGLREEMSKD
LEEVKAKVEP YLDDFEKKWE EEMELYREKV EPLGEEMRDR ARAHVDALRS HLAPYSDELR
ERLAARLEAL KEDGGARLAE YHAKASEHLS SLSEKAKPAL EDLREGLLPV LESFKVSFLS
ALEEYSKKLD SEGGRGGSLP ETGGASHHHH HH

The expression was conducted at 20 °C over night, but otherwise was the protocol identical to the one for
csE3 which is described in detail in (20). NDs was assembled with a lipid:MSP ratio of 45 with either 100%
POPC or 80% POPC and 20 % POPS. The reconstitution was performed as described in (20) but the NDs
were concentrated using a spinfilter (cutoff 30 kDa) after the SEC run to obtain a sufficiently high
concentration.

Titration experiments were performed with an ND:sTF ratio of 5 as an initial experiment. Titration points
with ratios of 5, 4 and 2.5 was measured for both the pure POPC NDs and the mixed POPC/POPS NDs.
Intensity changes (based on the volumes of the peaks) were determined at the different ratios and
compared to free sTF intensities.

Surface plasmon resonance

Binding kinetics of the interactions between TF and FVIIa and DG-FVIIa (both provided by Novo Nordisk
A/S) were measured using SPR. TF incorporated in NDs with different lipid compositions were prepared
as described previously (Paper IV). Measurements were performed using a Biacore T200® system (GE
Healthcare) using an anti-His antibody (GE Healthcare Life Sciences, cat BR100530) which was
immobilized on a CM5 sensor chip using N-hydroxysuccinimide and N-ethyl-N-(3-(diethylamino)propyl)-
carbodiimide chemistry. 100 nM TF NDs were injected in a buffer containing 20 mM Tris-HCI, pH 7.2, 100
mM NacCl, 20 mM EDTA pH 7.2. Similarly 100 nM of empty discs containing a His-tag on the MSP were
injected in the reference cell (NDs called IsE3, prepared as described in (20)). The binding kinetics were
determined for three different lipid compositions (0%, 15%, and 30% POPS, with POPC as a
counterbalance). Single-cycle experiments were performed with 2-fold dilution series of the FVIla variants
in 10 mM HEPES, pH 7.4, 150 mM NaCl, 10 mM CaCl2 and 0.05% (v/v) surfactant P-20 at 20°C at a flowrate
of 50 ul/min. kon and koff values were fitted by a by non-linear regression to a bimolecular interaction model,
assuming pseudo-first order reaction conditions. Subsequently, the affinity, Kb, could be calculated as
Kp=Kon /Koft.

Quartz crystal microbalance with dissipation monitoring

The experiments and subsequent data treatment were conducted as described previously (Paper III). In
brief, a bilayer (30% POPS, 70% POPC) was formed using peptide discs as described (Paper III). 10 uM sTF
was injected in QCMD buffer: 20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 10 mM CaClz. For the FVIIa interaction
experiment, a TF containing bilayer (30% POPS, 70% POPC) was formed using peptidediscs. After initial



wash with QCMD buffer, 10uM FVIIa (also in QCMD buffer) was injected. Subsequently, the surface was
washed with QCMD buffer again.

Molecular dynamics simulations

The models used for simulations were build based on the crystal structure of sSTF (pdb-ID: 1BOY). The TMD
was build using the MOLEFACTURE plugin in VMD (21). 5000 structures were created using the
‘mp_domain_assembly’ protocol to join the ECD and TMD of TF by a flexible linker (22). The best 10 models
were selected and of these two main conformations were identified, which were used for the simulations:
Non-canonical (NC) and Canonical-like (CL) (figure S1). A 30% POPS: 70% POPC bilayer with TF
incorporated was build using the CHARMM-GUI suite (23). Simulations were performed for at least 600 ns
using an ionic strength corresponding to 150 mM NaCl.

Results

Lipid interactions of the extracellular domain of Tissue factor

To investigate the potential lipid interaction between sTF and PS lipids, two different experimental setups
were used. First, QCMD was performed in a setup where a membrane, containing PS-lipids, was formed
using peptidediscs (figure 1E), after which sTF was injected (figure 2A). The data (figure 2B) showed no
sign of adsorption to the lipid surface under these experimental conditions, as no change in AF or AD was
observed.

Figure 2: Lipid interactions of sTF. A: Experimental setup for monitoring lipid interactions by QCMD. B: QCMD
data on the interaction between sTF and a POPC:POPS bilayer. C: Schematics of NMR experiment. D: Intensity
changes of sTF upon addition of NDs (either POPC or POPC:POPS) relative to free sTF. Lower panel: Difference
between intensity ratios of PC and PCPS.

To further investigate this, and to potentially map the residues involved in the lipid interaction, nuclear
magnetic resonance (NMR) was conducted using a labeled version of sSTF and the novel csdH5 NDs, which
are relatively small (diameter ~9 nm, schematics in figure 2C). HSQC spectra were recorded, and upon
addition of NDs with either pure POPC or a mix of POPC and POPS, lipid interactions were expected to be
observed as either chemical shift changes or intensity changes. As assignments of sTF were available, these



could in principle readily be transformed to residues specific information. However, no chemical shift
changes were observed upon addition of PS containing NDs (figure S1) and therefore, intensity changes
were monitored (figure 2D). A drop was observed in the intensity upon addition of NDs, but the change was
very similar for the two different NDs (figure 2D, lower panel) and seemed to affect the intensities globally,
suggesting that the intensity change was not related to lipid binding but rather viscosity changes. Thus
neither of the experimental setups confirmed the lipid binding suggested by MD simulations (12). However,
it is important to underline that this does not necessarily mean that TF in a membrane does not have any
lipid interactions; they are just not present under these experimental conditions. If an interaction is
present, the affinity must be low (as we did not observe any sign of it) and it is likely that this affinity will
be higher due to a proximity effect when TF is anchored to the membrane. This underlines the need for a
model of FL TF incorporated in a membrane, to investigate these interactions and the general influence of
the bilayer, both in vitro and in silico.

Orientation of tissue factor in a bilayer

Using the recently developed protocol (Paper III) to form a lipid bilayer (POPC/POPS) containing TF, NR
data was obtained (figure 3A). The calculated scattering length density (SLDs) curves (figure 3B), and the
fitting parameters (figure 3C), showed that the values of the bilayer were consistent with the previously
reported numbers (Paper III) and that the height of the TF ECD layer was 61+3 A. By simply measuring the
largest distance in the crystal structure of TF ECD (pdb-ID: 1BOY), it was evident that the average position
of TF in a bilayer had an angle of 41°, as illustrated in figure 3B.

Figure 3: TF in a lipid bilayer. A: NR data with corresponding fits. Data is scaled for visualization. B: Scattering length
densities calculated from the fits presented in B. C: Corresponding fitting parameters. D: Temporal evolution of the angles
of Non-canonical (NC) and the Canonical-like (CL) starting conformations. Dashed line: equilibration. E: Probability
density as a function of angle. The data is from after equilibration time (after vertical line in D). F: Density profile. Black:
Phospahtes from the CL simulation. Grey: Phosphates from the NC simulation.



To support these findings, we developed a computational model of TF in a bilayer, to investigate the
dynamics of the system. The model of TF was constructed based on the crystal structure of sTF (3), and a
novel approach to build flexible linkers between ECDs and TMDs (22). 5000 models were generated, and
from these, two commonly occurring conformations could be identified: Non-canonical (NC) and Canonical-
like (CL) (figure S2). To investigate the flexibility and orientation of the TF, simulations were performed
using these two conformations in a POPC:POPS membrane. The orientation of both starting orientations
seemed to reach an equilibrium after around 200 ns (dashed line, figure 3D) but generally showed a flexible
nature. This was also demonstrated by probability density functions (figure 3E) which showed two
relatively broad distributions. The average angles after equilibration were calculated to be 40.14+15.29°
and 35.96+11.42° for the NC and the CL, respectively. Again, the large standard deviations reflects that TF
occubies many different conformations during the simulation. However, both values are relatively close to
the 41°, as probed by NR, suggesting a general accordance between experiments and the simulations.
Lastly, the density profile was evaluated for the equilibrated part of the simulation (figure 3F). First of all,
it seemed that also the density profiles were independent of the starting conformation. A minor fraction of
the TF density was present among the headgroups of the outer leaflet, while the majority was around 40 A
above the lipid headgroups. The maximal distance in the density profile between the lipid headgroups and
TF was 60-65 A (depending on starting conformation), which was in agreement with the 61+3 A found by
NR. The fact that a fraction of the density was located among the lipid headgroups, suggested that lipid
interactions with the TF-ECD were present. To investigate these interactions on a residue specific level, the
lipid contacts of TF during the simulation were evaluated (figure S3). The linker regions was found to be in
contact with the lipid headgroups during almost the entire simulation, but interestingly also three other
regions in the ECD were found to have contacts in around 50% of the time. These regions (113-122, 154-
167 and 174-184) span many of the residues previously found to confer lipids interaction, and intriguingly,
many of the residues shown to be important for FX activation (12). Lastly, it should be mentioned that both
contacts with POPC and POPS were observed to an equal degree, and thus no apparent PS preferential
behavior was observed in this simulation.

Binding of FVIla

To assess the orientation of the TF:FVIIa complex, we first evaluated the ability of FVIIa to bind to TF on
the surface. QCMD data (figure 4A) showed a clear drop in AF upon injection of FVIIa, indicating complex
formation. After washing with buffer, it seemed that a fraction of FVIla was removed, which was most likely
the fraction of the FVIla bound to the membrane and not TF, however the majority was stable. A sample for
NR was prepared in the same manner, and the recorded data (figure 4B) demonstrated different features
compared to the TF membrane (figure 3A). The data was fitted using the same layers, and the calculated
SLD curves (figure 4C) with their corresponding fitting parameters (figure 4D) showed an increase in the
height of the protein layer. The height increased from 61£3 4 to 9943 A consistent with the presence of a
taller protein (FVIIa).



Figure 4: Formation of the TF:FVIila complex. A: QCMD showing the formation of first the bilayer containing TF and
subsequent injection of FVIla followed by a buffer wash. B: NR data with corresponding fits. Data is scaled for visualization.
C: Scattering length densities calculated from the fits presented in B. D: Corresponding fitting parameters.

Unfolding of the Gla-domain affects complex formation

As mentioned, the Gla-domain of FVIla is reported to interact with a lipid bilayer with an affinity in the uM-
range (8), and is believed to play an essential role in the activity of the TF:FVIla complex on a membrane.
However, DG-FVIIa is also able to bind TF, albeit with an affinity 1000 times lower than FL FVIIa. This was
confirmed by SPR measurements, where the dependency of PS lipids also was probed (figure S4). Neither
of the two interactions seemed to be profoundly affected by the PS content in the membrane.

It is well established that calcium is needed for proper folding of the Gla-domain, so we tested how removal
of calcium would affect the system, by forming the TF:FVIla complex and subsequently flushing the surface
with an EDTA containing buffer. The QCMD data (figure S5) showed recovery of the same AF as before FVIla
injection, indicating complete removal of FVIIa. Performing the same experiment using NR (figure 5A),
showed that the curves for the TF bilayer, and the same TF bilayer after FVIla removal, were quite similar.
However, some changes were observed in the raw data, but when looking at the calculated SLD profiles
(figure 5B) and the corresponding fitting parameters (figure 5C), they were almost identical.



Figure 5: Removal of FVIla by removing calcium. First measurements were conducted with TF in a membrane. Then FVIla
was added and measured (data from figure 4) and lastly, calcium was removed and the same membrane was measured
again (called ‘after in this figure) A: Experimental NR data with fits for each buffer condition. Data is scaled for
visualization purposes. B: SLD profiles calculated from the NR fits, with a schematic illustration of TF in a membrane
overlaid.

As the DG-FVIIa is able to bind TF in a bilayer, the results above indicated that the unfolded Gla-domain
prevented the formation of the complex. We investigated this by performing SAXS measurements on FVIla
in the presence and absence of calcium (figure S6). The data showed that FVIla was clearly elongated upon
calcium removal, as the Dmax increases by around 25 A. As the binding interface between TF and FVIIa is
quite rigid, it is likely that the elongated structure of FVIla without calcium prevents the complex formation.
This is probably due to a sterically hindrance posed by the membrane, and the elongated Gla-domain, which
distances FVIla from the TF interface. These findings clearly underline the importance of proper folding
and positioning of the Gla-domain, but also possess an important experimental feature in regenerating a
‘clean TF membrane’ for a new experiment.

Factor Xa on a lipid membrane

Similarly to FVIIa, FXa is also known to bind the membrane, though with a higher affinity (7). We examined
the interaction of FVIla and FXa with the membrane using NR, to investigate the height and orientation of
the proteins. For FVIIa, unfortunately we were not able to obtain useful results, as the buffer change during
the experiment washed away the majority of FVIIa, leaving an undetectable amount for NR. The same
experiments were conducted using QCMD (data not shown), which confirmed the presence of FVIla on the
membrane, even after buffer washing, but QCMD is much more sensible than NR. On the other hand,
reasonable amounts of FXa stayed bound to the membrane, and NR data was collected (figure 6). The data
showed a bilayer with the expected characteristics, and with an FXa layer with a height of 92+3 4, resulting
in a slightly tilted orientation, as illustrated in figure 6B. A previous MD study suggested that the Gla-
domain of FX penetrates the bilayer, in such a way that the calcium ions were able to interact with the
phosphates, and the three hydrophobic residues of FX interacted with the lipid acyl chains (24). However,
the current NR data neither confirmed nor invalidated this, as it would require a higher contrast between
the lipid headgroup and FXa, to distinguish these.



Figure 6: FXa binding to a lipid membrane. A: Experimental NR data with fits for each buffer condition. Data is scaled for
visualization. B: SLD profiles calculated from the NR fits, with a schematic illustration of FXa on a membrane overlaid. C:
Parameters for the SLD fits.

Discussion

With all the measured distances at hand, it is possible to speculate about the functional implications. The
crystal structure of sTF is available, and the longest distance in the ECD was measured to be 80 A (figure
7A). The structure of FVIla is also available, albeit with a few lacking residues, and the structure of full
length FXa is not solved. The individual proteins in the computational model presented in (25) of the
tertiary sTF:FVIIA:FXa complex, was built based on the available crystal structures and completed by
homology modeling. From this model, the maximal distance in FVIla was measured to be 120 A (figure 7B)
while it was 110 A for FXa (figure 7C). As the two proteins’ Gla-domains are expected to be buried in the
bilayer, this height (8 A) was subtracted from the total height (24,26). Using these distances and the heights
measured by NR, simple trigonometry was used to calculate the angles of TF (figure 7D), TF:FVIla (figure
7E) and FXa (figure 7F) in regards to the membrane.

The active site of FVIIa is located approximately 94 A from the bottom of the Gla-domain (red residues,
figure 7B) which, assuming the angle of 27°, means that it is located approximately 77 A above the
membrane (figure 7E). This is in agreement with the 7543 A determined previously by FRET (9), and also
close to the ~79 A found by a MD simulation (26). All of these numbers are vitilated with uncertainties: NR
only provides the height of the layer, and the exact orientation of the complex is unknown, and thus also
the precise location of the active site is unknown. On the other hand, the FRET experiments were conducted
using a probe located directly inside the active site of FVIla, however FRET measurements are highly
dependent on the orientation of the two probes, and only small changes in this orientation can affect the
measured distances dramatically (27). Lastly, the simulations are highly dependent on the used force field,
and are thus usually supported by experimental data. However, as all three values are very similar, these
numbers seem trustworthy enough to continue with further analysis.
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Figure 7: Important distances. A: sTF, pdb-ID: 1BOY. B: FVIla: Model from (25). Active site residues in red. C: FXa: Model
from (25). New terminal residue after cleavage by FVIIa in teal. D: TF in a membrane with related height from NR and
calculated angle. E: TF:FVIla complex in a membrane with calculated angle and height of active site over the membrane.
F: FXa on a membrane with calculated angle and height of cleavage site over the membrane.

The model of FXa of course does not contain the scissile bond, and thus the position of the new terminal
residue (left after cleavage, teal residue, figure 7E), was used to estimate the position of the scissile bond.
Using this approximate height and the calculated angle, the distance of the scissile bond above the
membrane was calculated to 78 A. Even though this distance is associated with uncertainties, it is quite
curious that the FVIIa active site height (in the TF complex) and the scissile bond on FX were estimated to
be the same (77 A and 78 A, respectively). This positioning of the proteins, is likely one of the functions of
the membrane, supporting the increase in activity mediated by the presence of a bilyer. The increase in
TF:FVIla activity upon the presence of PS-lipids, might therefore not only be a question of recruiting FX,
but also a question of forming the exact membrane interaction that will facilitate the correct position of the
FX scissile bond in relation to the FVIIa active site.

The Gla-domain interaction with a pure PC lipid bilayer is expected to be different (or non-existing), as no
serine is available for contact (26), and the headgroup of PC is too bulky to allow penetration into the lipid
tails. Therefore, it is possible that the increase in TF:FVIIa activity upon PS exposure is mediated by the Gla-
domain dependent localization of the FVIIa active site. Although the FRET study (10) suggested a similar
height of the active site of DG-FVIIa, it is still possible that a Gla-domain, unable to interact with a pure PC
membrane, will enforce a changed orientation of the TF:FVIla complex. At least, an unfolded Gla-domain
will not support activation, as it hinders TF interaction, which serves as an example of how delicate the
position and conformation of the Gla-domain is.
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Using the heights from NR measurements, it is important to keep in mind that they represent the average
height of the protein layer, and in practice a population of different heights ranging around the average is
most likely the case. This was also reflected in the simulations of TF in a membrane, which showed a range
of conformations around the measured heights. Investigating the flexibility of the TF:FVIla on a membrane,
using similar simulations, would provide very interesting information about the mechanism behind the
activity. With the results currently at hand, we hypothesize that the flexible nature of TF, functions as an
anchor for FVIla, which rigidifies the complex upon binding, and fixes the FVIIa active site in the correct
height for catalytic efficiency. In contrast to the experiments conducted with sTF, our simulation suggested
that the TF-ECD posses lipid interactions, but whether these confer a functional mechanism cannot be
determined at this point.

Conclusion

Structural data on the TF:FVIla complex in a lipid bilayer might be the missing piece needed to explain the
PS induced increase in activity of the complex. In the present study, we utilized a novel deposition
technique, allowing us to utilize NR to measure the heights of the proteins above the membrane. Using
these heights and the available structure, we could calculate the height of the FVIla active site and the FX
scissile bond. These two proved to be very similar, suggesting that the effect of the lipid bilayer (containing
PS-lipids) is to localize the two sites in the same height. The role of the lipids and TF binding was also
investigated, as we observed no interactions between sTF and lipids. However, incorporating TF in a
membrane, allowed us to determine the angle with respect to the membrane, which we found to be 41°.
MD simulations supported this tilted angle, but suggests that the angle reflects quite a flexible nature, with
a destribution of conformation around this angle. The simulation also pointed towards TF interactions with
the membrane in a minor fraction of the time, and these interactions are likely to be mediated by a
proximity effect, as TF is anchored to the membrane, contrary to the experiments performed with sTF.
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Supplementary information

$1: Lipid interactions of sTF as probed by NMR. 2D,15N-labeled sTF used for recording 1H,1sN-HSQC spectra.
Blue: sTF (50 uM). Red: sTF (50 uM) + csdH5, POPC,POPS (250 uM). In conclusion, no chemical shift changes
were observed. Changes in intensity of the peaks were also monitored as presented in main text.

S$2: Input conformation for simulations of TF in a membrane. Red: sTF from pdb-ID: 1BOY. Orange:
Generated helical TMD. Green: Flexible linker generated using the ‘mp_domian_assembly’ protocol
implemented in Rosetta_MP (22). 5000 conformations were generated and two commonly occurring
conformations were identified and used for subsequent simulations: A: Non-canonical (NC). B: Canonical-
like (CL).
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$3: TF lipid contacts. Red: POPC. Blue: POPS. CL: Canonical-like. NC: Non-cononical. ECD, linker and TMD
as defined in S2.

The contacts between are very similar for POPS and POPC and are seen in four different regions. The
linker is almost during the entire simulation in contacts with lipids, while three other regions (in the ECD)
also have many contacts.
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S$4: Binding kinetics of the interaction between TF and FVIIa or DG-FVIIa. SPR measurements on TF in NDs
immobilized on anti-his antibodies. Injection of FVIla or DG-FVIIa provided the binding kinetics found in
the table. The TF NDs had three different lipid compositions with an increasing amount of POPS (and
decreasing of POPC). All affinities are within range of previously reported (6,28).

DG-FVIla FVIla
Sample Kon (M-1s-1) Koff (s-1) Kb (nM) Kon (M-1s-1) Kot (s-1) Kb (pM)
0% POPS 0.35+0.006 29.7+0.5 84.9 3.28+0.002 0.60+0.05 180
15% POPS 0.54 £ 0.002 228+ 0.5 42.2 484 +0.008 1.00+0.02 210
30% POPS 0.65 + 0.005 243+0.1 37.5 3.30+0.003 1.02+0.07 310

S$5: QCMD data on FVIla binding to a membrane. A change in AF was observed upon FVIla injection
indicating that interaction occurred. After washing with the calcium containing buffer a fraction of the FVIIa
left the surface, but the new plateau was clearly different from the initial level. When the sample was
flushed with EDTA containing buffer, the initial AF level was reached again, indicating a complete
regeneration of the pure membrane.

$6: Calcium dependent folding of the FVIlas Gla-domain. SAXS measurements were performed to
investigate the calcium dependent fold of the Gla-domain of FVIla. SEC-SAXS runs were performed in the
presence and absence (EDTA) of calcium, and the final data was as presented in A. Upon removal of calcium
(EDTA), FVIla clearly elongates as both indicated by the earlier decent in the raw data and the larger Dmax
from the p(r)-function in B. This coincides with previously reported results indicating that calcium is
necessary to fold the Gla-domain, which otherwise has a more flexible and elongated structure (29).
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Abstract

NAPc2 is an inhibitor of the intrinsic coagulation pathway, in which it inhibits the tissue factor:Factor VIla (FVIIa)
complex in a Factor X dependent mechanism. The structure of NAPc2 is unusual as it is mainly constrained by five
disulfide bridges, has no hydrophobic core and only has a few small secondary structure elements. We investigated
the solution structure of NAPc2 by a combination of small angle X-ray scattering (SAXS) and molecular dynamics
simulations, from which we found NAPc2 to be much less compact than previously reported. The simulations
highlighted the most flexible regions of the structure, and in general, the overall size of the ensemble converged
towards the size described by the SAXS data. The flexibility of NAPc2 is likely to be important for its promiscuous
binding behavior, as it only functions in other organisms than the nematode it originates from. In this context, its
interaction with human FVIla was investigated, using nuclear magnetic resonance (NMR). Initial NMR experiments
were conducted, confirming the binding to FVIIa although complete assignments are still lacking.

Introduction

It is estimated that more than one out of a thousand individuals suffer from thrombosis each year (1), making this
the third most common vascular disease, and resulting in a long history of research within this field.

In the search for drugs against thrombosis, the nematode Ancylostoma canium was investigated, as it had
previously proven to have strong anticoagulant properties (2). The main contributions to the anticoagulant
properties were narrowed down to the three proteins, NAP5, NAP6, and NAPc2, which are all very potent
inhibitors of blood clotting. More specifically, they inhibit the two clotting factors, Factor VIla (FVIla) and Factor
Xa (FXa) both of which play an important role in the intrinsic part of the human blood coagulation pathway. The
interaction between the integral membrane protein tissue factor (TF) and FVIIa initiates the intrinsic coagulation
pathway, as it increases the catalytic activity of FVIla by a factor 10s (3,4). FVIla cleaves Factor X (FX) at a specific
site, resulting in its activated counterpart: FXa. FXa then goes into the next step of the coagulation pathway,
ultimately leading to fibrin formation and blood clotting. The tertiary TF:FVIla:FXa complex is still structurally
uncharacterized, even though high-resolution structures of the individual parts have been available for many
years (5-7). NAPc2 was found to inhibit the TF:FVIla complex with a very high affinity, by a mechanism in which
FXa is crucial (see illustration of the quaternary complex in figure 1A). While NAPc2 binds the active site of FVIIa,
it binds to an exosite on FXa underlining the ‘carrier’ effect of FXa. This results in an FXa that is active on peptide
substrates, but inactive on its native substrate, Prothrombin, because it cannot form the Prothrombinase complex
with factor V when it is ‘trapped’ by NAPc2 in the quaternary complex (8). As seen in the illustration (figure 1A),
both FVIla and FXa interact with the lipid bilayer, which in general is an essential component in the coagulation
pathway (9,10). NAPc2 interacts with FX and FXa with a Ka in the low pM range, while the interaction with FVIla
has a Ka in the low pM range (11). In the mechanism of NAPc2 binding, it is generally accepted that NAPc2 and FXa
form an initial complex, but whether this complex binds to the membrane, and then translates until encountering
a TF:FVIla complex, or simply binds a TF:FVIla complex from solution is still unclear (11,12).



Figure 1: A: Schematic illustration of the quaternary TF:FVlla:FXa:NAPc2 complex in/on a lipid bilayer. B: Crystal structure of the
FXa:NAPc2 complex (2H9E) overlaid with the NMR structure of NAPc2 (1COU). FXa: Red. NAPc2: Black. NMR structure 1COU: Grey. C:
NMR structure of NAPc2 with the FXa interface marked with red and the proposed FVlla binding interface marked with blue.

On a structural level NAPc2, is a curious protein with 84 residues, five disulfide bridges and almost no secondary
structure suggesting that the primary constraint of the size is the disulfide bonds. A nuclear magnetic resonance
(NMR) ensemble showing a very flexible nature with only a few smaller secondary structure elements was
published in 1999 (see figure 1B+C) (13). In addition, this NMR structure demonstrates that the NAPc2 does not
contain a hydrophobic core, but is mainly supported by salt bridges, placed in the interior of the protein due to the
high amount of charged residues in the sequence (40% of the residues are charged). The flexibility of the protein
is probably critical, since the protein functions in organisms other than the nematode itself, making a promiscuous
binding behavior essential. In different mammals, blood coagulation factors are similar but not identical, and the
flexibility of NAPc2 is likely to embrace these differences. Until now, only the interactions between NAPc2 and
human and bovine FXa has been probed, but both of these affinities are very tight (8,14).

The interaction between NAPc2 and FXa is well described, both in terms of affinity (8) and structure (14), but the
structural features of the FVIIa interaction are not yet well understood. The crystal structure of NAPc2 and FXa
(figure 1B) demonstrates an interface of interaction consisting of a small helix, a short beta strand, and a few
disordered contact points. Looking at the overlay of the NAPc2 crystal and NMR structures (figure 1B), two things
are revealed: i) folding upon binding must happen, since the NAPc2 NMR structure does not entirely overlay the
crystal structure, and ii) almost no secondary structure elements are left for the interaction with FVIla, which
either means that the interaction purely relies on disordered contact points, or that a folding upon binding event
also occurs in this interaction. Folding upon binding can either occur directly in the binding event, or as a result of
transient structure elements forming in the apoprotein, and this conformation having a higher affinity for the
binding partner (15). The binding interface between NAPc2 and FVIla is not structurally determined, but
biochemical assays suggest that it is the flexible region spanning Leus2 to Valss in NAPc2 that binds in the active
site of FVIla (11) (blue residues, figure 1C).

The samples for most experiments performed on recombinant NAPc2 are produced in Pichia pastoris, as the yeast
facilitates the formation of disulfide bridges (2). However, a more recent study showed that it is possible to
produce NAPc2 in E.colj, in an active state using a 20 kDa intein and chitin-binding domain, as an affinity tag for
purification.

In the present study, we demonstrate the production of a His-tagged version of NAPc2 in E. coli and also set out to
investigate the solution structure and flexibility of NAPc2 using small angle X-ray scattering (SAXS) and molecular
dynamics (MD). In addition, the interaction between NAPc2 and FVIla was investigated using NMR.



Materials and methods

Expression and purification of NAPc2

All chemicals are from Sigma Aldrich unless otherwise stated.

A condon optimized NAPc2 containing a Hise-tag and a TEV-site N-terminally was synthesized and cloned into the
pET28b+ vector by GenScript. The plasmid was transformed into competent BL21 Origami cells, and expression
was performed in TB media. The culture was grown at 37°C until it reached an optical density at 600 nm (ODsoo)
of 0.8. The culture was then cooled to 20°C and induced with 1 mM IPTG over night (ON). The cells were harvested,
and the pellet was resuspended in 3.5 ml lysis buffer (50 mM Tris-HCI, pH 8.0, 250 mM NacCl, 20 mM Imidazole,
1mM PMSF) per gram of cells and passed through a cell disrupter at 30kPsi (E1061, Constant Systems LTD).
Cellular debris was pelleted with centrifugation at 20000g for 20 min, and the supernatant was incubated for 1
hour with NiNTA resin (equilibrated in lysis buffer) on a tilting table. The preparation was loaded onto an empty
disposable column, and the flowthrough was collected. The resin was washed with 5 column volumes (CV) of
washing buffer (20 mM Tris-HCl, pH 8.0, 100 mM NacCl, 40 mM Imidazole) and eluted in 3 CV of elution buffer (20
mM Tris-HC], pH 8.0, 100 mM NaCl, 250 mM Imidazole). Fractions were collected and analyzed by SDS-PAGE.
Fractions containing NAPc2 were pooled, and TEV was added to a 1:100 ratio. The sample was put in a 3.5MW
cutoff dialysis bag, submerged in 2 1 of TEV buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM DTT and 0.1 mM
EDTA) and placed at 4°C ON under magnetic stirring. The sample was put in a falcon tube, and equilibrated NiNTA
(lysis buffer) was added to the sample and incubated for 1 hour on a tilting table. The sample was poured onto a
disposable column, and the flowthrough was collected. 1.5 CV of lysis buffer was added, and the flowthrough was
again collected. The preparation was concentrated using a spinfilter (cutoff 3 kDa) and loaded onto a Superdex
200 HiLoad (26/600) equilibrated in 20 mM Tris-HC], pH 7.5 and 100 mM NaCl and the peak fractions were
collected.

Expression and purification of labeled NAPc2

Expression of 1sN labeled NAPc2 was performed similarly to unlabeled NAPc2, except that the media was 15N-
labelled M9-media (3 g 1-1 KH2PO4, 7.5 g 1-1 NazHPO4 - H20, 5 g 1.1 NaCl, 1mM MgS0s4, 1 ml M2 trace solution, 4 g l-1
glucose, 1.5 g -1 (1sNH4)2S04, (ISOTEC)). The purification was identical to that of unlabeled-NAPc2, until the TEV-
cleavage, which was not performed on labeled NAPc2. Instead, the sample was freeze-dried and dissolved in 0.5
ml, which was loaded onto a Superdex 200 increase (10/300) equilibrated in 20 mM Tris, pH 7.5, 100 mM NaCL
The fractions spanning the main peak were collected and freeze-dried, and resuspended in 300 pl water.
Microdialysis was performed against 20 mM Tris, pH 7.5, 100 mM NacCl, 10 mM CaCl.

Inhibition of FVIIa

The assay was conducted in 50 mM Hepes, pH 7.3, 100 mM NacCl, 10 mM CaCl2, 0.1% PEG8000 and 1 mg/ml BSA.
200nM sTF (extracellular domain of TF, called soluble TF, sTF) and 15nm FVIIa (both kindly provided by Novo
Nordisk) were mixed with NAPc2 to the desired concentration and incubated for 10 min at RT. S2288 (from
Chromogenix) was added to a final concentration of 1 mM, and after thorough mixing the absorbance at 405 nm
was read out for 15 min. The slope of the absorbance was determined for the first 10 minutes of the measurement,
and the slope as a function of NAPc2 concentration was fitted to a quadratic binding function to obtain the Ki.

Inhibition of FVIIa in the presence of FX

10 pM TF incorporated in a nanodiscs with a POPC content of 70% and POPS content of 30% (prepared as
described in Paper IV) were mixed with 2.5 nM FVIla (kindly provided by Novo Nordisk A/S) and a varying NAPc2
concentration and incubated for 10 min on a tilting table at room temperature. 50 nM FX (provided by Novo
Nordisk A/S) was added and incubated for 20 min. The reaction was stopped with Quench buffer (50 mM Hepes,
pH 7.3,100 mM NaCl, 80 mM EDTA). 0.5 mM S2765 was added just before placing the plate in the plate reader and



measuring the absorbance at 405 nm for 10 minutes. The slope of the absorbance was plotted as a function of the
NAPc2 concentration and fitted to a quadratic binding function to obtain the Ki.

Small angle X-ray scattering

The SAXS measurements were performed at the P12 beamline, DESY, Hamburg using the standard solution-SAXS
setup (16). The sample was run on SEC (20 mM Tris-HCI, pH 7.5, 150 mM NacCl) just prior to measurements and
the peak fraction was selected. The exposure temperature was 10 °C and the intensity of the scattered X-rays was
measured as a function of the magnitude of the scattering vector, g = 4w sin(@) /A. 6 is the scattering angle and 4
the wavelength. The data was subsequently reduced using the software available at the instrument, and a
background measured on the same buffer as used for the final SEC run was subtracted. The data was converted to
absolute scale using a water measurement and normalized by the concentration, to finally obtain the scattering
intensity, 1(q), of the sample. The BayesApp-server (BayesApp.org) was used to perform the indirect Fourier
transformation of the /(q) to provide the pair distribution functions, p(7).

Molecular dynamics and SAXS fitting

All fitting of SAXS data was performed using Pepsi SAXS (17). The MD simulations were performed using the first
model in the NMR ensemble (13). All-atom simulations were performed in the presence of 150 mM NacCl for 550
ns. Rg-values and root mean square fluctuations (RMSF) (which is the deviation between the Ca and their average
position) were obtained as a function of time and residue number, respectively. After the simulations, the
generated ensemble of 3500 frames (taken every 100 ps from the last 350 ns) was post-refined by the use of a
Bayesian/Maximum Entropy procedure (18,19). A 6-value of 100 was chosen which resulted in the use of 22% of
the frames for reweighting of the ensemble.

NMR

1H,15N-HSQC spectra were obtained at 25°C on a Varian INOVA 800-MHz (1H) spectrometer equipped with a room
temperature probe. The 15N-NAPc2 concentration was 150 uM as measured by UV280 absorbance in triplicate on
a Nanodrop 1000 just before experiments. The buffer conditions were: 10% D20, 20 mM Tris, pH 7.5, 100 mM NacCl
and 1 mM DSS. A FVIla titration was performed using FVIla dialyzed against the same buffer as 1sN-NAPc2. A
sample with 300 uM FVIla and 150 puM 15sN-NAPc2 was measured initially, and by mixing this sample and the free
1sN-NAPc2 sample the titration points in between were obtained (at FVIIa concentrations of 30, 60, 90, 120 and
150uM).

Initial assignments of the 1H,1sN-HSQC spectra were performed based on the assignments performed by Duggan
et al. which is deposited in the Biological magnetic resonance bank (BMRB)(13). However, probably due to the
very different buffer conditions, the two 1H,1sN-HSQC spectra were quite different, and thus only 25 of the
assignments could reliably be transferred to the newly obtained data. Hence the rest of the data treatment was
conducted on these 25 residues. Both chemical shift perturbations and intensity changes (based on the volumes
of the peaks) were probed at the different titration points and evaluated with respect to the free 1sN-NAPc2 values.



Results and discussion

Production and activity of NAPc2

To be able to perform structural studies on NAPc2, a protocol providing a high yield of pure protein had to be
established. Previously NAPc2 has most commonly been expressed in yeast (2,13) but has also been expressed as
a fusion protein in E. coli (20). To ease the purification, we added a His-tag and a TEV-site to the N-terminal of
NAPc2, and performed the expression in E. Coli with a subsequent NiNTA purification. To ensure formation of the
five disulfide bonds, the expression was carried out in the BL21 Origami cells, which provide an oxidative
environment. No NAPc2 was visible in the cellular extract after induction with IPTG (figure 24, lane 2 and 3).
However, the protein clearly became visible after the NiNTA purification, while still containing other impurities
(Iane 4). The migration of the band changed after TEV cleavage (lane 5), indicating successful removal of the His-
tag. The sample was concentrated and applied to a gel filtration column to remove remaining impurities and
aggregates. The chromatogram (figure 2B) indicated that the sample contained some aggregates and a dimeric
fraction of NAPc2. The fractions marked with blue were visualized in lane 6 (figure 2A), and were used for all
subsequent studies. This new protocol yielded 5 mg NAPc2 per liter of bacterial culture and a final purity suitable
for structural studies.

Figure 2: A: SDS-PAGE of the expression and purification of NAPc2. Lane 1: Molecular ladder. Lane 2: Cell lysate before induction. Lane
3: Cell lysate after induction with IPTG. Lane 4: Elution from NiNTA column. Lane 5: After TEV cleavage. Lane 6: After SEC purification.
B: Chromatogram from NAPc2 purification on Superdex200 HilLoad. Fractions marked in blue were selected for further work and
visualized in lane 6 in A. C: Inhibition of NAPc2 by FVlla (green) or FVlla and FX (blue).

To confirm the activity of the NAPc2 produced, using this new protocol, the inhibition of FVIIa in the absence and
presence of FX was probed. After formation of the sTF:FVIla complex, the ability to cleave the chromogenic
substrate was measured at different NAPc2 concentrations (green, figure 2C). The Ki of the interaction was
determined to be 3.2 £ 0.2 uM, which coincides with the one previously determined of 6.8+ 0.7 uM (11). The
inhibitory efficiency of NAPc2 is markedly increased when FX is present, as FX functions as a carrier of NAPc2 to
the TF:FVIla complex. Therefore, the inhibition of the TF:FVIIa (in a nanodisc (ND)) by NAPc2 in the presence of
FX was investigated (figure 2C) and the Ki was found to be 2.3 + 0.4 nM. This experiment was conducted using TF
incorporated in an ND containing 30 % POPS, which is close to the 25 % used by P. Bergum and coworkers, who
report a Ki 0of 9.6 + 6.7 pM. The Ki obtained in this study is closer to the Ki (6.5 + 1.4 nM) for the sample with 100%
PC as reported by P. Bergum and colleagues. This difference could have been due to the fact that the previous Ki
was measured using TF in vesicles, while the Ki reported here was measured in NDs. As the FX:NAPc2 complex is
suggested to move around on the lipid surface to dock TF:FVIIa, it could explain the lower Kj, as the ND surface is
minimal compared to a vesicle, and thus the nearby pool of FX:NAPc2 is lower.

Size and flexibility of NAPc2
To evaluate the overall size and flexibility of NAPc2, SAXS measurements were performed. As an initial step, the

18 models deposited in the NMR ensemble (13) were fitted to the data, but the overall trend was that the models



did not fit the data well with y2-values ranging from 34 to 99 (figure S1). This was also reflected in the Rg-values
which had an average of 13.3+0.5 A for the 18 NMR models, while the experimentally determined Ry was 15.3+0.1
A, indicating a more extended nature of the SAXS sample. To explore the flexibility of NAPc2 the first model in the
NMR ensemble was used for all-atom MD simulations. The simulation was performed for 550 ns, and the
superposition of the conformation taken for every 40 ns, demonstrates the flexibility of the NAPc2 (figure 3A). The
Rg was found to increase during the first ~200 ns of the simulation, while an equilibrium was reached for the last
~350 ns, providing an average Ry of the last 350 ns of 14.1+0.2 A (figure S2A). This suggests a less compact
structure, compared to the initial NMR ensemble, but still more compact compared to the experimental data.

The generated MD ensemble was fitted to the data, and a considerable decrease in y2 was obtained (MD models,
purple, figure 3B).

Figure 3: A: Overlaid structures taken every 40 ns of the simulation. B: SAXS data including fitted models. C: p(r)-functions of the same
samples as in A. D: Kratky plot of the same samples as in A.

To further optimize the model, a Bayesian/Maximum Entropy (BME) approach was used to reweigh the ensemble,
generating a final ensemble that describes the data (18,19). Selecting 22% of the frames, using this approach,
yielded an average Ry of 14.3 A, which closed the gap to the experimental value even further. The reason for the



continuously smaller Ry, compared to the one determined from SAXS, could be that NAPc2 is mainly stabilized by
salt bridges, which tends to be over-stabilized in MD simulations using current force fields (21).

The different steps were fitted to the experimental data (figure 3B), showing a substantial decrease in the y2-values
from the initial NMR model, to the final best frame of the reweighted models. However, the residuals still revealed
that even the best frame failed to reproduce the features at high q-values, which could potentially be explained by
the over stabilized salt bridges. The p(r)-functions (figure 3C) revealed a similar trend, with a large discrepancy
between the NMR model and the experimental data, and the best frame approaching the features of the
experimental data. The Kratky plot (figure 3D) demonstrated a similar behavior of all five curves, although the
NMR structure might look slightly more rigid. Generally, the Kratky plot did not highlight the flexibility of the
system, which might be because NAPc2 is restrained globally by the disulfide bridges, and the local flexibility is
not visible in the Kratky plot. The root mean square fluctuations (RMSF) on a residue-specific level (figure S2B)
revealed that especially the two termini of NAPc2 were very flexible. The FXa binding region is located in the C-
terminal, possessing a high degree of flexibility, while the FVIla binding region is located in a more rigid part of
NAPc2.

Mapping the interaction with FVIIa

In order to examine the interaction between NAPc2 and FVIla on a residues specific level, 1sN-labeled NAPc2 was
produced and a 1H,1sN-HSQC spectrum was recorded (figure 4A). Many of the peaks were well distributed, but a
fraction of the peaks clustered together, suggesting that the protein contains both structured regions and
disordered regions. This is in contrast to the 1H,1sN-HSQC spectra obtained by Duggan et al. (13) in which the peaks
showed a wider spread, suggesting that their sample preparation introduced a higher degree of rigidity compared
to the sample preparation used in the present study.

Due to time limitations, data using 13C,15N-NAPc2 was not collected, and hence assignments for the protein under
these buffer conditions have not yet been performed. Therefore, the assignments from the earlier study (13) were
overlaid with the HSQC spectra (figure 4A), and 25 of the assignments could be transferred, while the rest were
markedly different and could not be assigned.

Figure 4: A: 15N-NAPc2 HSQC with initial assignments obtained from the published 1COU structure. B: 1°N-NAPc2 HSQC (blue) (same
asin A). Red: HSQC of °N-NAPc2:FVila in a ratio of 1:2.

To investigate the FVIla interaction, a HSQC with a 2:1 ratio of FVIIa:NAPc2 was performed (figure 4B). Evidently,
the majority of the peaks now either disappeared or moved, indicating that NAPc2 and FVIla formed a complex. It
is interesting to note that all the most distant peaks disappeared, while the only peaks left were present in what is
assumed to be the location of the flexible residues. This indicates that the relatively large size of FVIla (around 55
kDa) made the tumbling of the FVIIa:NAPc2 complex so slow that the peaks of the rigid parts of NAPc2
disappeared, while the flexible parts on their own, were still present.



To investigate the changes on a residues specific level, the intensity changes for the 25 residues were followed
during a titration series, and two representative plots are seen in figure 5. For the 1:1 ratio (figure 5A) a fraction
of the peaks was already reduced to 40% of the initial intensity, while another fraction was relatively unaffected
and still contained more than 80% of the intensity. For the 2:1 ratio, all residues were reduced to less than half of
the initial intensity, and the majority to less than 25%. It seems that while the initial changes were seen locally,
the 2:1 ratio seemed to affect the protein globally. However, it should be noted that it was almost only possible to
assign the residues that were well spread, which were also the residues taking part in structured elements. This
means that these residues were also the residues most likely to be rigid in complex with FVIIa, and hence would
tumble too slow to obtain a proper signal.

In conclusion, assignments for the buffer conditions used in the present study must be obtained in order to
evaluate the FVIla interaction by NMR, and will be performed before submission of this manuscript.

Figure 5: Intensity changes of the assigned residues of 1°*N-NAPc2 upon titration with FVila compared to free 1°N-NAPc2. A:
NAPc2:FVila in a ratio of 1:1. B: NAPc2:FVlla in a ratio of 1:2.

Conclusions

Flexibility and disorder in proteins are observed at an increasing number of systems, and is being recognized as
an important parameter in maintaining cellular functions. As the majority of the protein structures deposited in
the protein data bank, are solved using X-ray crystallography, which is unable to describe flexible regions, other
methods have to be employed. We have devised a combination of SAXS data and MD simulations to describe the
overall size and flexibility of the blood coagulation inhibitor NAPc2. Our SAXS measurements demonstrated a
considerably larger size of NAPc2 compared to the NMR structure previously published, which can probably be
explained by the very different buffer conditions used in the two experiments. The SAXS measurements were
performed at physiological pH, and showed a Dmax of about 50 A compared to the 42 A for the NMR structure. MD
simulations highlighted the most flexible regions in NAPc2, and especially the region conferring the binding
interface with FXa showed high flexibility. Lastly, initial NMR experiments were performed in an attempt to map
the FVIla binding interface. However, assignments of the HSQC are lacking and have to be performed, before the
data analysis can be finalized.
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Supplementary information

$1: Fit of all 18 NMR models in the deposited 1COU (13) to SAXS data. Related Rgand y2 in table. Fitting

performed using Pepsi-SAXS (17).

model

# Rg (A) | %2

1 12.30 34.43
2 13,55 | 37.50
3 13.32 | 9431
4 13.96 56.70
5 13.31 | 56.16
6 13.22 | 59.50
7 13.09 | 49.87
8 12.99 62.68
9 13.41 99.10
10 13.28 48.17
11 12.58 81.19
12 12.97 52.00
13 13.30 | 49.48
14 13.60 | 59.20
15 14.46 66.97
16 13.48 74.95
17 12.40 58.24
18 13.60 47.47

$2: Data from MD simulations. A: Temporal evolution of Rg. Dashed line indicates equilibration time. The frames

after equilibration time is used for further analysis. B: Root mean square fluctuations (RMSF) of the Cacas a
function of residue number. The higher the RMSF, the higher degree of flexibility. The region proposed to be
involved in FVIla binding is marked with blue, while the region involved in the binding with FXa (from the

crystal structure) are marked with red.
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Abstract

High-resolution structures of the individual soluble parts of the tertiary tissue factor (TF):Factor Vlla
(FVIIa):Factor Xa (FXa) complex, were solved decades ago, but the structure of the entire complex still remains
elusive. TF is an integral membrane protein which, together with the soluble FVIIa, initiates the blood coagulation
pathway by forming a complex activating FX to FXa. The structure of the complex between the extracellular
domain of TF and FVIla was solved in the 1990s, but the interaction with FXa is transitory, and highly dependent
on the presence of lipids, making the tertiary complex challenging to approach experimentally. In the present
study, we employed the inhibitor of the complex, NAPc2, together with a nanodisc (ND) to lock’ the complex on a
lipid bilayer. Using this approach, we could obtain small angle scattering data using both X-rays (SAXS) and
neutrons, to confirm the overall sizes of the complex, which increased upon addition of binding partners, as
expected. In addition, the individual binding partners were measured using SAXS, and compared to the published
structures all cases revealed deviations from the SAXS data. Lastly, a matched-out-deuterated ND (dND) was
developed, which was found to be practically invisible to neutrons in a D20 based buffer. TF was incorporated in
the dND, and the quaternary complex was assembled, enabling SANS data on the complex only, without
contributions from the ND. Collectively this data mediates the ongoing modeling of the tertiary complex on a lipid
bilayer.

Introduction

Tissue factor (TF) and the interaction with Factor VII (FVII) initiates the extrinsic blood coagulation cascade by
forming a high-affinity complex which after activation of FVII to FVIIa, can activate Factor X (FX) to FXa (1) (figure
1A). This tertiary complex is of paramount importance to the human blood coagulation, and deficiencies in any of
the interaction partners lead to hemophilia. FVII is present in the bloodstream while TF is located on the surface
of cells adjacent to the vessels. Upon vascular rupture, FVII is able to bind to TF, and subsequently, FX (also present
in the blood) will bind the complex (1).

Figure 1: A: Overview of the extrinsic (blue) and common (green) blood coagulation pathway. B: Illustration of the quaternary
TF:FVIla:FXa:NAPc2 complex on a nanodisc.



After activation by the TF:FVIla complex, FXa participates in the common coagulation pathway by forming the
Prothrombinase complex with Factor Va (FVa), activating Prothrombin to Thrombin. Lastly, Thrombin cleaves
Fibrinogen to Fibrin which participates in the actual clotting as structural elements (figure 1A) (1). The nature of
the TF:FVIla:FXa complex is multifaceted, as it involves both soluble (FVIla and FXa), membrane-anchored (TF)
proteins, stable (FVIla + TF) and transient (TF:FVIla + FXa) interactions and finally, the dependency on the
presence of a lipid bilayer. In summary, this makes the tertiary complex challenging to study, especially in terms
of structure. However, the investigation of the structures of the human blood clotting pathway has been going on
for several decades, and many high-resolution structures of the individual proteins have been published. The
structure of the extracellular domain of TF (called sTF), was published in 1994 (2) and two years later, the
structure of the complex between sTF and FVIla was published (3). In addition, an incomplete crystal structure of
FXa was published in 2000 (4), but to date, there are still no published experimental data on the tertiary structure,
although many studies combining mutagenesis and activity measurements have tried to map the binding interface
between FXa and TF:FVIla (5,6). Both FVIla and FXa contain a Gla-domain, which is a common feature of the
soluble blood clotting proteins (7,8). This domain chelates calcium ions, to obtain a folded state, and mediates the
interaction with phospholipids (9). The interplay between the proteins and the lipids is not fully understood, but
it is known that the negatively charged phospholipids, Phosphatidylserine (PS), are essential for obtaining a high
activity. Also increasing the PS content in the membrane from 10% to 40% was shown to increase the catalytic
activity of the TF:FVIla complex 50 fold (10). In addition, only the interaction with TF, increases the activity of
FVIla by a factor 10s, highlighting the many factors important in this multicomponent system (10).

The main bottleneck in the structural investigation is the need for the presence of lipids, which hampers many of
the available structural techniques. This is reflected by the fact that the only published structural data in a lipid
environment are two FRET studies measuring the height of the FVIla active site in different conditions (11,12).
Most of the published studies are conducted using TF in vesicles, which is readily obtained using existing protocols
(13,14), but for structural studies, other carrier systems are usually preferred. One of these is the nanodisc (ND)
which is a self-assembled molecule consisting of a lipid bilayer surrounded by two amphipathic membrane
scaffolding proteins (MSPs). The ND is particularly relevant for structural studies because of its relatively small
size (compared to a vesicle) and its monodisperse nature. Especially the development of circularized NDs (cNDs)
(15) and the further addition of negatively charged residues in the sequence provides an ND (circularized and
solubility enhanced, csND) with relatively narrow size distribution and high temporal stability (Paper I). The
csNDs provide a foundation for a structural investigation using techniques such as Cryo-electron microscopy and
small angle scattering (SAS), as both of these techniques are capable of probing the relatively large size of the
system, and also handle the lipid content. Specifically for SAS measurements, which are highly impeded by even a
minor fraction of aggregates or other larger particles, the high stability and monodispersity of the csNDs are
essential features. As both FVIla and FXa binds to the lipid membrane through their Gla-domains (9,16), an ND
with a reasonably sized bilayer has to be used to assemble the complex. As mentioned, the tertiary complex is only
formed transiently with the quick realsease of FXa, as the biological function is to participate in the
Prothrombinase complex after activation. However, NAPc2 has been reported to inhibit FVIla in an FX dependent
mechanism, which effectively locks the quaternary complex (17) (figure 1B). The NAPc2 binding site on FXa is
located on an FXa exosite (18), while the binding interface between FVIla and NAPc2 is still not determined (17).
On its own NAPc2 is a 10 kDa protein with a high degree of flexibility, five disulfide bridges restraining the
structure, and only a few secondary structure elements (19)(Paper VI).

In the present study, we utilized csNDs and the inhibitory function of NAPc2 to be able to probe the structure of
the quaternary TF:FVIla:FXa:NAPc2 complex on a bilayer. This was done using neutrons and X-rays for SAS
measurements, which provided complementary information, which will aid future modeling of the complex.



Methods

All chemicals and lipids are from Sigma Aldrich unless otherwise stated.

Expression and purification of proteins

The expression and purification of TF, csE3, and NAPc2 were performed exactly as described elsewhere (Paper 1V,
(20), Paper V, respectively). The deuterated csE3 (dcsE3) was expressed by the D-lab at ILL in Grenoble (21). The
expression and purification were identical to csE3. FVIla and FXa were kindly provided by Novo Nordisk A/S and
no further purification was performed before use.

Assembly of nanodiscs

The TF containing nanodiscs used in this study were produced exactly as described previously (Paper IV). In brief
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (POPS) were dissolved in cholate buffer (20 mM Tris-HCI pH 7.5, 100 mM NaCl, 100 mM sodium cholate) to
a final lipid concentration of 50 mM. All TF containing nanodiscs were assembled with a lipid:csE3 ratio of 120:1,
a csE3:TF ratio of 8 and a lipid ratio (POPC:POPS) of 4:1. All preparations had a final lipid concentration of 10 mM.
Samples were mixed and incubated for 15 min at room temperature (RT) before detergent absorbing beads
(Amberlite XAD-2, Sigma) were added to a ratio of 15% w/v. Samples were incubated at 10°C while shaking at
800 rpm overnight. The samples were applied to a 1 ml HisTrap column (GE Healthcare) equilibrated in 20 mM
Tris-HCI pH 8, 100 mM NaCl, and 20 mM and subsequently eluted with 250 mM imidazole. Fractions containing
the TF loaded NDs were pooled and diluted 2-fold in MiliQ water and concentrated to 0.5 ml. For SAXS and SANS
measurements, the samples were stored on ice until use.

The dND was assembled using the same protocol as described above, but with the use of a novel version of POPC
(dPOPC) which has a 94% deuteration of the tail-group and a 71% deuteration in the head-group (22). This lipid
was synthesized by the National deuteration facility (NDF) at ANSTO, Australia. As no deuterated POPS was
available, the dNDs were prepared with 100% dPOPC.

The empty NDs were all reconstituted with a csE3:lipid ratio of 130 and were applied to the gel filtration column
directly after removal of the detergent absorbing beads.

Small angle scattering

4m-sin (26)

For all SAS data the scattering intensity, I/(q), was recorded, where g = , where A is the wavelength of the

incoming neutrons or X-rays and @ is the scattering angle.

All SAXS measurements were performed in Grenoble, France, at the BM29 at ESRF. All experiments were
performed such that the sample was passed through a gel filtration column just before it was irradiated with either
X-rays or neutrons, as described previously (23,24). For the TF in ND sample with binding partners, the respective
binding partners were added to the sample in 3x the concentration of the TF ND together with CaCL2 to a final
concentration of 10 mM before injection onto the column. All experiments were performed using a Superose 6
increase 10/300 GL column (GE Healthcare) equilibrated in 20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM CaCla.
For the SEC-SAXS experiments the flow rate of the column was 0.7 ml/min throughout the experiment.

The SANS measurements on the TF in ND and the TF in ND with binding partners were performed at D22, ILL,
Grenoble. The measurements were performed in the SEC-SANS setup using a Superose 6 increase 10/300 GL
column (GE Healthcare) equilibrated in a 100% D20 buffer 20 mM Tris-DC], pH 7.5, 150 mM NacCl, 10 mM CaClz.
The initial flow was 0.4 ml/min and when the peak of interest eluted, the flow was decreased to 0.1 ml/min and
then increased to 0.4 ml/min after the peak had eluted. For both the SEC-SAXS and SEC-SANS experiments, a
background was chosen from the regions before the peaks, and frames from the peak were averaged and
subtracted this background. The concentration of the selected peaks was estimated using the UV cell attached to
the instruments, and the data were normalized by this concentration. In the SANS experiment the sample was run
twice in order to have two different sample-to-detector distances (2 m and 11.2 m) to cover a larger g-range.



The SANS measurement on the empty ND was performed at SANS 2, FRMII, Munich. The sample was purified using
SEC (on a Superdex 200 increase 10/300 GL, equilibrated in 100% D20 buffer 20 mM Tris-DCl, pH 7.5, 150 mM
NaCl, 10 mM CacClz) before measurement, and a peak fraction was put in a cuvette for the measurement.

The dND and the corresponding hydrogenated ND (hND) samples were measured at D22, ILL, Grenoble, and were
gel filtrated on a Superose 6 increase 10/300 offline ina 100% D20 buffer (20 mM Tris-DCl, pH 7.5, 150 mM Na(l,
10 mM CaClz). A fraction from the main peak was selected and measured in a normal cuvette SANS setup at sample-
to-detector distance of 2 m and 6 m. The concentrations were 2.3 uM and 2.1 pM for the hND and the dND samples,
respectively. The buffer used for the gelfiltration was measured in a separate cuvette in the same settings to obtain
a background measurement.

Results and discussion

Assembly of the complex on a ND

In a previous study (Paper IV) we showed that we were able
to produce TF incorporated circularized nanodiscs in the
amounts needed for structural studies. To further explore
the utility of this, we tried to assemble the tertiary
TF:FVIla:FXa complex on an ND. In order to obtain an SAS
dataset only describing the complex of interest, the
experiments need to be carried out as an SEC-SAS
experiment to get rid of excess binding partners. An SEC-SAS
experiment sets a certain requirement for the binding
kinetics within the complex, as excess binding partners are
continuously removed when the sample passes through the
column. We tested the binding of different binding partners
on a TF loaded ND (figure 2), and it was evident that when
adding FVIla and FXa (blue) to the TF ND, the size of the
particle in the main peak did not increase compared to only
adding FVIla (green). Cosequently, we employed an
inhibitor of the complex, NAPc2, which has been shown to
bind both FVIIa and FXa and in this study it was used to
stabilize the quaternary complex. As shown by the purple
curve, the main peak eluted slightly earlier indicating that the quaternary complex was stable on an ND during an
SEC run, which was required in order to obtain high quality SAS data.

Figure 2: SEC chromatograms of the assembly of the
quaternary complex TF:FVlla:FXa:NAPc2 on a nanodisc.

Probing the structure of the individual interaction partners

Before initializing the investigation of the entire complex, the solution structures of the individual parts of the
complex were probed using SAXS. The data on sTF (figure 3A) appeared to agree with the overall features of the
crystal structure but showed deviations especially at higher g-values. This was expected, as the crystal structure
is lacking a few residues, furthermore it is possible that the solution structure is different from the crystal structure
e.g. due to crystal packing effects. Adding the missing residues and performing a short simulation to relax the
structure, will most likely fix this issue. Looking at the FVIla data and fit (figure 3B), the model presented by
Norledge et al. (25) seemed to capture the overall features, but substantial deviations were also present. First of
all, the model used for fitting was based on a crystal structure lacking several residues, which have been
constructed by homology modeling. However, the large deviations seen around 0.1 A-1 was likely in part due to the
lack of glycosylations of the FVIla model. FVIla contains four glycosylations (26) which are not present in any
published model, but they will indeed contribute to the scattering patterns. The flexible nature of these
glycosylations makes them challenging to study using X-ray crystallography and electron microscopy, but a
combination of MD simulations and SAXS data have proved valuable in describing the structural features of
glycosylations, and such a strategy should be pursued for the present analysis (27,28).



The sTF:FVIla complex was also investigated (figure 3C), and the crystal structure (pdb-ID: 1DAN) was fitted to
the data. As expected, the fit was yet again hampered by incomplete structures and the lack of glycosylations,
which was particularly visible at high g-values, but the overall features of the complex were well represented.
Lastly, SAXS data on NAPc2 had previously been shown to deviate significantly from the published NMR structure
(Paper VI) (teal, figure 4D). However, in a previous study (Paper VI) using MD simulations, we were able to refine
a model that better described the flexibility and overall size observed by the SAXS data. This study resulted in the
final model presented in figure 4D, with the corresponding fit (black, figure 4D) describing the SAXS data
considerably better than the NMR structure (y2=3.5 compared to y2=35 for the NMR model). There are slight
deviations present in the fit at high q-values, which are likely due to overstabilization by the simulation of the
many salt bridges in NAPc2.

Figure 3: SAXS measurements of individual proteins from the complex. Chi2-values from the respective fits and fitted model as
inserts. A:sTF. Crystal structure (pdb-1D: 1BOY) fitted. B: FVIla. FVIIa from the model presented in (25) fitted. C: sTF:FVIla complex.
Crystal structure (pdb-ID: 1DAN) fitted. D: NAPc2. NMR structure (pdb-ID: 1COU) (teal) and MD model (Paper VI)(black) fitted
(data and model from Paper VI).

Structural investigation of the complex formation on a nanodisc

The structure of the TF complex in a nanodisc was investigated using both SAXS and SANS. For both techniques,
four samples were measured (top panel, figure 4): Empty ND, TF incorporated ND, TF incorporated ND + FVIIa,
and TF incorporated ND + FVIla + FXa + NAPc2. SEC-SAXS measurements were conducted on all four samples,
providing information about the Rg-values over the peak of interest (figure S1). As evident from all four figures,



the Rg-values decreased substantially over the peak, and a difference of more than 20 A was observed for some of
the samples. This is commonly seen for NDs measured using SEC-SAXS (24), and reflects the dynamic nature of
the discs. A previous study, showed a change in both the number of lipids and the axis ratio of the NDs over the
peak (29). For the empty ND, the TF ND and the TF ND + FVIla samples, a slight plateau was observed, and frames
spanning this plateau were selected for further analysis. For the ND with the entire complex assembled, the main
peak seemed to have a small ‘shoulder’ on the right-hand side, which could represent a minor fraction of NDs with
only TF and FVIla bound, and thus frames in the left-hand side of the peak were selected.

The resulting SAXS data (figure 4A) showed an increase in I(0) upon addition of binding partners, which was
expected, as the molecular weight of the complex increased. Both the empty ND and the TF-containing-ND had an
oscillation around 0.1 A.1, which is line with previously reported observations for both the ND and this system
((30,31) and Paper 1V). When FVIla was also bound, this feature disappeared, while when the entire complex was
assembled, a new feature emerged in the same q-region. However, the increase in I(0) was larger than expected
upon addition of FXa and NAPc2, but as the concentration estimates from the SEC-SAXS measurements are related
with quite substantial errors, this might be the reason for this increase.

Figure 4: SAS data on four different samples: Empty ND (red), TF containing ND (green), TF containing ND + FVIla (blue) and TF
containing ND + FVIla + FXa + NAPc2. A: SAXS data on absolute scale and normalized by concentration. B: p(r)-functions of the
data presented in A. C: SANS data on absolute scale and concentration normalized. D: p(r)-functions of the data presented in C.



The p(r)-functions (figure 4B) showed the same overall trends, as the Dmax increased for every binding partner
added to the complex, and the downward trend around 30 A almost disappeared when FVIla was bound.

SANS measurements were also performed to support the SAXS data. The empty ND was purified using SEC (figure
S2A), and static SANS was measured on the selected fraction (figure 4C). The other three samples were measured
using SEC-SANS, in which the flowrate had to be lowered during the run to obtain useful statistics on the final
scattergrams. Unfortunately, this resulted in chromatograms with broad peaks (as they were only available as a
function of time, figure S2B-D), which were difficult to assess. However, as the SAXS and SANS samples were from
the same batch, we tried to select frames from the same place in the peaks, as we did for the SAXS measurements.
This resulted in SANS data (figure 4C) which looked quite similar, and especially the data with TF in NDs also
showed roughly the same I(0). This is probably also due to difficulties in estimation of the concentrations, as an
increase in I(0) was expected. When investigating the p(r)-functions (figure 4D), it was once again evident that the
Dmax values increased, as more binding partners were added to the complex. The Dmax values obtained from SANS
measurements were considerably smaller than those obtained by SAXS, but this is a commonly seen feature (31).
The difference relies on the different contrast situations, as the lipid tails have the largest contrast in SANS, while
the MSPs have the largest contrast in SAXS. This means that the interior of the ND scatters the most in SANS, while
it is the periphery in SAXS. When calculating p(r)-functions, the curve is ‘pushed’ towards 0 by the algorithm. This
means that if the signal at large distances is low, it will be forced to zero and hence a low Dmax will be obtained, as
in this case for SANS. As the large distances in SAXS scatter more, the curve will not be forced to zero as fast, and
hence a larger Dmax is obtained.

Invisible nanodiscs to investigate the complex

To be able to investigate the structure of the complex, without contribution from the ND, a so-called ‘matched-out’
deuterated ND (dND) was developed. The dND was composed of the same constituents as the NDs used for the
other experiments, except that both lipids and MSPs were partially deuterated. The partial deuteration of the lipids
was obtained by synthesis, while the MSPs were expressed in E. Coli grown in a D20 containing media. To
investigate the dND in a SANS context, a sample was made in buffers with different D20 contents, and the
background subtracted data (figure 5A) showed a decreasing tendency of the I(0). To evaluate the exact match
point of the dND, the square root of i(0) - ¢ as a function of D20 content was plotted (figure 5B). The data showed
a linear relationship, and the intersect with the x-axis provided the match-point, 101% D20, which means that the
ND was practically invisible in 100% D20. To confirm this, the raw data from the ND at 100 % D20 and the
corresponding background were plotted (figure 5C) demonstrating that the ND data was almost within the noise
of the background.

Figure 5: Match-out deuterated nanodisc. A: SANS measurements of the nanodisc in buffers with varying D20 content. B: The square
root of the I(0)-values obtained from A times the concentration as a function of the D20 content shows a linear relationship. C:
Raw data of the nanodisc in 100% D20 and the corresponding buffer.



TF was incorporated, and the quaternary complex was assembled on the novel dND, and a SEC chromatogram
(figure 6A, red) showed the same elution volume as the corresponding normal ND (hydrogenated, hND) also with
the complex assembled (figure 6A, blue). The resulting SANS measurements (figure 6B) showed a flat Guinier
region for the hND, while the dND seemed to ascent even at low g-values. This was also reflected in the p(r)-
distributions (figure 6C), as the hND had approximately the same Dmax as seen for the SEC-SANS data (figure 4D).
On the other hand, the dND had an even larger Dmax, which was actually in the range of the Dmax obtained from the
SAXS measurements. This was unexpected, as the dND sample, in theory, should have a smaller or maximally
equally large Dmax as the hND sample. However, it should be mentioned that the concentration of the dND sample
was not optimal (identical to the hND, but with much less scattering due to the contrast), and preferably, this
sample should be remeasured at a higher concentration. The fact that no scattering was obtained from the dND
was also seen in the markedly lower I(0) of the dND + complex sample, compared to the hND + complex sample.

Figure 6: Comparison of the quaternary complex TF:FVIla:FXa:NAPc2 assembled on a dND and a regular ND. A: SEC-
chromatograms of the two different samples. Marked areas are the fractions selected for SANS measurements. B: SANS data on
absolute scale and concentration normalized. C: p(r)-functions obtained using the Bayesapp server.

Conclusions and outlook

In the present study, we assembled the quaternary TF:FVIla:FXa:NAPc2 complex on an ND. It was evident from
analysis by SEC that NAPc2 was necessary to form a stable complex between TF, FVIIa, and FXa. After SAXS
measurements of the soluble seperate parts of the complex, the individual steps in the assembly of the complex
were measured using both SAXS and SANS. Both datasets showed the expected increase in Dmax, suggesting
enlargement of the particle for each addition of new binding partners. Lastly, the matched out deuterated NDs
were utilized to obtain SANS data on the complex alone. Unfortunately, these data were hampered by a low
concentration, but the method proved to be applicable for this system.

The next step in this study is modeling of the individual proteins to fit the SAXS data, before assembling these parts
to fit the complex on a bilayer. The previous work on NAPc2 clearly showed how MD simulations could improve a
model to fit the SAXS data, and similar simulations are to be performed on both TF, FVIIa, and FXa. In addition,
glycosylations need to be attached to FVIla to represent the solution structure. On the data side, SAXS
measurements of FXa needs to be performed to be able to refine the model of FXa before assembling the complex.
Furthermore, the SANS measurements on the dND data are to be remeasured, perhaps using a fraction from the
middle of the peak, as the concentration needs to be much higher, because there is no scattering contribution from
the lipids in the sample. In summary, the present study lays the foundation for the first experimentally supported
model of the tertiary TF:FVIla:FXa model in a lipid context, which will hopefully provide a deeper understanding
of the initial steps of the blood coagulation pathway in humans.
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Supplementary information

S$1: SEC-SAXS measurements. Normalized total intensity as a function of frame number. Rg-values over the peak
on the second y-axis. Blue areas are the frames selected for analysis as presented in main text. A: Empty ND. B: TF
containing ND: C: TF containing ND + FVIIa. D: TF containing ND + FVIIa + FXa + NAPc2.

$2: SANS measurements. A: Empty ND was measured at FRM II, Munich, in normal cuvette SANS. The sample was
purified using SEC before measurement. UV280 chromatogram in A, and the blue are spanning the fractions
selected for the sample. B-D: SEC-SANS measurements performed at D22, ILL, Grenoble. Normalized UV280 form
as a function of time. The reason for the weird-looking chromatograms is that the flow rate was decreased when
reaching the peak and speeded up again after the peak. The blue areas are the frames selected for analysis as
presented in main text. B: TF containing ND: C: TF containing ND + FVIla. D: TF containing ND + FVIIa + FXa +
NAPc2.
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