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Figure 4. (left column) 3D point representations of the simulated structures going from 1 to 6 unit cells. Gray points
represents the interior bilayer tail region and black points the exterior head group points. Note that the cylinder (y) axis is
much smaller than the lateral axes for a unit cell. (right column) Comparing scattering simulations with the theoretical
model described above. In this example 1-6 unit cells are simulated with parameters: dy =10 A, dr =15 A, d. =50 A,
ry =02, rr = 0:1,r. =0,d =550 Aand hep =0. N takes values 1-6 as indicated. We have done extensive model
calculations to understand the in uence of individual model parameters to guide the tting procedure (not shown). The
dashed lines indicate the position of the Bragg peaks of order 1-12 for an in nite perfect stack.
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Figure 5. Direct comparison of theoretical scattering patterns corresponding to Figure 4. As the number of unit cells
increases from 1 to 6 (plotted with increasing intensity) the manifestation of the Bragg peaks becomes increasingly
pronounced. The red arrows indicate the curvature of the form factor governing the shift direction of the peaks for few unit

cells.

In Figure 6 we compare model scattering patterns with
and without the instrumental resolution smearing from the
Bilby instrument. It is clear that for SANS data the res-
olution smearing is absolutely crucial to fully model the
data as it has a pronounced effect on the resulting patterns.
Further, we compare the model predictions for three values
of the Caille parameter going from a perfect at sheet (
hep = 0) to very stiff layers (hep = 0.01) and  nally more
undulated sheets (hep = 0.1). This progression leads to a
gradual smearing of peak features from the high g end of
the spectrum. The conclusion is that the appearance of the
very distinct peak series around q = 0.05-0.08 which is clear
in the experimental data in Fig. 9 will be a signature of a
stiff and well-ordered membrane system and will pose a
requirement to keep the Caille parameter very low.

Another issue which needs to be considered is the effect
of large length scale uctuations, or polydispersity, on the
experimental patterns. It it easy to physically justify the
inclusion of polydispersity for the repeat and lumen dis-
tances as uctuations in these parameters are immediately
obvious upon inspection of TEM data and is quanti ed by
the statistics shown in Figure 8. On the other hand, the local
membrane thickness is hard to detect so we do not include
polydispersity for this. An important feature when compar-
ing the model calculations in Fig. 6 and the experimental
curves in Fig.9 is that the pure model displays a very deep
form factor minimum around q = 0.01- 0.03 A 1. However,
from the experimental data it is clear that the peaks in this
region still survive although to a varying degree. In Fig. 7
model calculations illustrating the effect of polydispersity
on the repeat distance and lumen width are shown. The
polydispersity is simply implemented as an sum across a
Gaussian distribution, thus the repeat distance and lumen
width each becomes associated with a standard deviation sp
and si.. In the implementation of the double polydispersity

one can do the full double sum over the two distributions,
but it turns out that one can split the two effects with negli-
gible effect (tested, not shown), i.e. one can calculate the
polydisperse form factor rst (lumen polydispersity) and
then use that in the sum over the structure factor distribu-
tion (repeat distance polydispersity) speeding up the tting
routine. As illustrated in Figure 7 lumen polydispersity
smears out the deep form factor minimum and smears out
structure factor features for ca. q=>0:1 A 1. Repeat dis-
tance polydispersity on the other hand smears peaks slightly,
but mostly for g-values higher than the deep form factor
minimum which is hardly affected. It maintains the 3 peak
features around q = 0.3-0.5 for quite large polydispersity
values, but smears out features for higher q values. Not
surprisingly, the effect of repeat distance uctuations are
basically the same as increasing the Caille parameter. The
combined effect of simultaneous variation of the overall
repeat distance and the lumen basically smears all high q
features leaving only broad 1st and 2nd order peaks.

3.4 Molecular constraints

The model described above is implemented in the WillltFit
framework [44] allowing for instrument resolution effects
to be included in the model ts following [45]. Also, care
has been taken in the WillltFit development to implement
trust region estimation, based on the pro le likelihood strat-
egy [44]. A nal term to be included in the model is a
background contribution Iy. Although a basic background
subtraction of buffer scattering has been performed this
does not include the contributions arising from any other
biological material present in the samples. There are two
main contributions to this, a general at incoherent back-
ground and scattering from the cell wall, enclosing the cell.
As was recently demonstrated the scattering from the latter
is basically a q 2 power law [46], thus we implement the
background contribution as a simple sum of two such terms
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Figure 6. Comparing model scattering patterns with (full
lines) and without the Bilby instrument resolution smearing
(dashed lines). (top) With hep = 0. (middle) With hep =
0.01. (bottom) With h¢p = 0.1. Other parameters as
simulations in Figure 4.
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Figure 7. Effects of large length scale uctuations on the
scattering patterns. The lower group of curves shows the
effect of increasing the lumen width polydispersity s. from
0 ¥ 10 ¥ 20 A. The middle curves shows the effect of
increasing the repeat distance polydispersity sp from

0 ¥ 20 ¥ 50 A. The top curve show the effect of double
polydispersity with s| = 20 and sp = 50. All curves have
N = 4. Other parameters as simulations in Figure 4.

and add that to Eq. 1:

lhb=B+Cq " (12)
where B, C are constants and where we require the power
law exponent n to be close to 2.

The procedure for conducting the ts is not easily tran-
scribed in a single sentence. The most general description
would be to rst determine the repeat distance which is
fairly accurately determined from the higher order peaks
around g  0.05. Also, starting out with representing the
bilayer as one large box allows a rough determination of the
bilayer width, lumen width and associated contrasts as these
parameters to a large extent control the peak ratios of the
characteristic three peak pattern in this region. After that
parameters are tweeked into place followed by a nal global

t. The tuses acombination of the Levenberg-Marquardt
algorithm for quick adjustments of single parameters but
more generally the grid search implementation of the algo-
rithm which is implemented in the WillltFit framework [44].
The resulting t parameters are listed in Tables 3 and 4.

3.5 Scattering length density calculations

Thylakoid membranes differs from other cellular mem-
branes by three aspects: its protein content is signi cantly
higher than other membranes, thylakoid fatty acids are
largely non-saturated and thylakoid lipid head groups are
predominantly non-charged galactosides [47, 48, 49, 50, 51,
52, 53]. Thus, using SLDs calculated for myelin [54] or
arti cial lipid membranes [55, 56] is unsuitable for mod-
elling cyanobacterial or higher plant chloroplast scattering.
We calculated average scattering length density values of
cyanobacterial thylakoid membrane components to use as
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molecular constraints or as best estimates for tting pa-
rameters in our thylakoid membrane modelling. X-ray and
neutron scattering length densities were calculated for four
different entities: the cyanobacterial inter-thylakoid space
and three integral thylakoid membrane components: mem-
brane proteins, lipid headgroups and lipid tailgroups. To
calculate the nal thylakoid scattering length, these mem-
brane components were averaged using a protein/lipid ratio
of 0.7/0.3 [4]. Chlorophylls or cofactors were not consid-
ered in the thylakoid scattering length density calculations.
The procedure for these calculations are outlined in the
following and the results are listed in Tables 1 and 6.

3.5.1 Thylakoid membrane proteins

To avoid individual protein volume calculations and their
multimerization, amino acid sequences of all unique sub-
units of T. vulcanus PSII, S. elongatus PSI, S. cerevisiae
V-ATPase and M. laminosus cytochrome bg f were subse-
quently joined into four long polypeptide sequences. Neu-
tron SLDs of these polypeptides were individually calcu-
lated using the Biological Scattering Length Density Cal-
culator with standard parameters and amino acid volumes
[57] in 100 % D,0. As photosynthetic complexes are large
membrane-embedded proteins and cyanobacterial cell equi-
libration time in D,O-media is maximally two hours, 0 %
labile H-D exchange in thylakoid membrane-embedded pro-
teins [58] was considered (Table S3). Individual polypep-
tide SLDs were average-weighted using protein molar ratios
(1 PSII: 0.7 PSI: 0.7 Cytbg f :0.5 ATPase [59]) and used in
the thylakoid SLD calculations with a protein density of
1.33-1.35 g/mL [60].

Table 1. Absolute SLD values of cyanobacterial
components. Values for aqueuous compartments are
calculated with a 60-85 % phycobilisome content.

Neutron SLD X-ray SLD
10 5A 2 10 5A 2
SL Dheadgroups 1.83 13.4 (calculated)
11.9 (from ts)
SLDxailgroups 133 11.2
SLDthylakoid membrane 1.58 12.3
SLDiumen 5.40-4.30 11.16-11.74
SLDinter thylakoid space 4.43-3.61 11.16-11.86
LDp,0 6.4 9.47

3.5.2 Thylakoid membrane lipids and sacharides

Lipids constitute 10 - 28 % of cyanobacterial dry weight [5,
6]. Although major lipid classes in cyanobacteria are similar
to plants and algae [61], the fatty acid compositions of their
lipids differ [6], as cyanobacterial thylakoid membranes
do not contain polyunsaturated fatty acids [50]. Following
work on nanodiscs [56], lipid SLD was calculated with the
NIST scattering length density calculator [62] separately for
fatty acids (tailgroups) and sugars (headgroups), using fatty
acid composition of Synechocystis sp. PCC 6803 [50, 63]
and physical properties of individual fatty acids and sugars.
In more detail, a weighted mixture of 16 and 18-C fatty
acids was used for SLDyajigroup Calculations, and a weighted
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mixture of galactose, sulfogalactose and phosphoglycerol
was used in SLDpeadgroup Calculations (Tables S4-S7).

3.5.3 Thylakoid membrane nal SLD

During the tting of the SANS data it became clear that
the neutron contrast does not allow us to distinguish be-
tween membrane head and tail regions, thus for the neutron
model we describe the whole thylakoid membrane as a sin-
gle scattering length density box. To calculate the average
SL Dthylakoid membraney Value of this box, SLDrailgroupy and
SL Dheadgroupy Were averaged with SLD proteiny USINg a ratio
0.7/0.3 as mentioned above. The nal SLDinylakoid membraney
value is then de ned as a sum of 1/2 protein-averaged
SLDtaigroup @nd 1/2 protein-averaged SLDneadgroup, thus:
SLDihylakoid membraney = 0.5 (1.83210 6 A 2+1.327 10 ©
A 2)=15810 ® A 2. This value was used throughout the
analysis of the SANS data (Tables 1, S8, S9). In the case
of X-ray scattering, the averaging is not performed, both
SLDneadgroupx and SLDraitgroupy are used individually.

3.5.4 Inter-thylakoid space SLD

For simplicity, we assume that inter-thylakoid space is only
composed of phycobilisomes and heavy water. Using Por-
phyridium cruentum phycobilisome dimensions and phyco-
bilisome packing density in low light [15] and the average
inter-thylakoid space width of 590 A, obtained from Table
2, we obtain that the phycobilisome volume fraction in the
inter-thylakoid space varies from 68-100 %. Therefore, the
average volume fraction of 60-85 % phycobilisomes and
40-15 % D20 was used in SLDjnter thylakoid space Calcula-
tions (Table S9). To calculate SLD phycopilisome, 25 unique
protein chains of Grif thsia paci ca phycobilisome [19]
were combined into a single polypeptide and calculated as
in the previous section. Since phycobilisomes have a higher
water accessibility than thylakoid membrane proteins, we
assume that their labile H-D exchange is similar to globular
proteins and that 0-90 % of exchangeable protein hydrogens
are exchanged to deuterium, which effectively amounts to
0-27 % of all protein hydrogens exchanged to deuterium
[64].

3.5.5 Lumen SLD

The exact lumen protein content is unknown [65], therefore
lumen composition is assumed to be a mixture of plasto-
cyanin and D,0 volume fractions, i.e. all lumen proteins
in SLDymen calculations are accounted for as plastocyanin
dissolved in D,O. It is estimated that all lumenal water is ex-
changed by the cytoplasmic water 100 times per second [66],
therefore we assume that after three subsequent cyanobac-
terial resuspension cycles in 100 % D,0, cyanobacterial
lumen contains predominantly heavy water. We do not ac-
count for any spatial ot temporal variation in the SLDjymen
due to illumination-induced ion transport and resulting lu-
men volume changes [20], as the cyanobacteria were not
illuminated during the scattering measurements.

3.5.6 From SLD to contrast

Object scattering in a solvent only arises if the scattering
density difference between the object and the solvent is
non-zero. In this paper, we de ne the thylakoid membrane
as "the object” and the inter-thylakoid space as ’solvent’, i.e.
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we calculate thylakoid and lumen contrasts relatively to the
inter-thylakoid space. For conveninence and to minimize
the number of tting parameters, we arbitrarily de ne the
SLDrailgroup @S -1. That is, we assume that relatively to the
inter-thylakoid space, the tailgroup scattering is lower and
the contrast between inter-thylakoid space and tailgroups is
set to 1 arbitrary unit. Lumen contrast is scaled accordingly
by constants C; and Cy, which are derived from ts and all
numbers are subsequently mapped back to absolute values.
The absolute value of SLDyajigroup is xed to 1.58 10 6 A 2
and since we de ne contrast relative to the inter-thylakoid
space, the SLDinter thylakoid space IS Obviously 0. For the
lumen the range of absolute values is 3.61-4.43 10 ¢ A 2
(neutron) and 11.16-11.9 10 8 A 2 (X-ray) (Tables 3, 6).

To obtain scattering contrasts of thylakoid and lumen,
we subtract SLDinter thylakoid space from SLDthylakoid membrane
and SLDyymen. This assumption has an underlying physical
explanation. Firstly, SLDijnter thylakoid space C2NNOt be calcu-
lated precisely in absolute scale due to lacking biological in-
formation,; if so, then deriving absolute SLDthylakoid membrane
and SLDyymen Values are prone to large errors. Secondly,
scattering length densities relative to inter-thylakoid space
(in arbitrary units) are obtained from scattering curve ttings
(Figure 9, Tables 3 and 4) and can be converted into absolute
scale under the assumption that thylakoid membrane and
inter-thylakoid space composition are known. Thirdly, rela-
tive SLDjymen cOmparison to SLDinter  thylakoid space allows
calculating the SLDjymen value on absolute scale. Com-
bining information from X-ray and neutron ts and vary-
ing inter-thylakoid space composition, we estimate volume
fractions of D,O and protein (expressed as the ’relative
plastocyanin’) in the lumen (see below).

4. Results

4.1 Structural characterisation of cyanobacteria
from TEM

To assess biological variation of cyanobacterial RD, we mea-
sured thylakoid repeat distance in N "pseudograna’ from
three biological cyanobacterial replicates, grown under the
same temperature and illumination conditions and xated
during cell exponential phase. RD distribution histogram
(8) exhibits a large RD variation within three replicates (to-
tal spp is 116.5 A, df = 1668). RD medians for replicates
(Table 2, diamonds in Fig. 8) are within 530-630 A range.
From statistical analysis of normalized data, average RD
between investigated cyanobacterial species is signi cantly
statistically different (p<0.001, df = 1677), but post hoc
Tukey contrast test shows that the RD difference between
different cyanobacterial species can be considered biolog-
ically insigni cant. Therefore, we infer that the average
thylakoid repeat distance is the same between 6803, 7942
and 7002 and is equal to the average repeat distance of the
nine replicas of Table 2 yielding 590 A.

4.2 Structural characterisation of cyanobacteria
using SANS

TEM studies revealed a large thylakoid RD variation in-

side cyanobacterial cells. Therefore the model derived in

this study includes RD and lumen thickness uncertainties.
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The model includes a large set of parameters, and in or-
der to get reasonable ts, several assumptions were im-
posed in modelling: (1) SLD contrast of tailgroups was
constrained to -1, (2) total membrane thickness (a sum of
headgroups-+tailgroups) was constrained to 20-60 A [67,
68, 69], (3) lumen thickness was constrained to 45-300 A
[10, 70, 20, 23], (4) maximum repeat distance was con-
strained to 450-950 A [7, 30, 24], (5) average number of
thylakoids was constrained to 2-6 [10]. The triplicates of ex-
perimental SANS data for cyanobacteria are shown in in Fig.
9. Clear maxima are observed between q = 0.01-0.1 A 1,
the group of three maxima around q = 0.03-0.05 A 1 is best
resolved for the rst replica of 7002. Otherwise, scattering
peaks are largely smeared. This supports the expectation
that the polydispersity in the sample is relatively high and
that instrument resolution needs to be accounted for in the
analysis. Contrast variation series (Fig. S1) in 42 % and 21
% D,0 medium supports that scattering peaks occur from
thylakoid membranes. Importantly, investigation of 21 %
contrast shows background scattering, occurring from other
cellular components - cell wall and plasma membrane. To
account for background scattering, we included the back-
ground term from Equation 12 where n is determined from
ts and varies from 1.95 to 2.5.

The ttings were performed for all biological replicates,
measured in 100 % medium, and the best ts are presented
in Fig. 9. It became clear, that lumen polydispersity alone
was enough to explain the smearing of scattering curves,
therefore RD polydispersity was not considered in the nal
as this is already re ected in the Caille parameter as men-
tioned above. It also became clear, that including headgroup
scattering as a separate parameter did not improve ttings,
therefore the entire membrane thickness was tted as a
single box (i.e. only using protein-adjusted SLDyaiigroup)-

The model tresults are plotted along with the exper-
imental data in Fig. 9. As seen from the plots, model t
quality is satisfactory and the model ts capture almost all
signi cant features of the data. The model parameters de-
scribing the average dimensions of thylakoid system are
summarized in Table 3. Average thylakoid repeat distance
of 600-700 A, number of layers in a pseudogranum’ is
3.5-4.5, average lumen thickness is 60-85 A and average
thylakoid membrane thickness is 33.8-42 A. Inter-thylakoid
space height dinter thylakoid space = RD-dL-4 dr =430-555 A,
is in very close agreement with values obtained from (cryo-
)TEM studies [7, 10, 20, 23, 16]. From cryoEM measure-
ments, which exclude xation-induced sample shrinkage,
inter-thylakoid space height of 6803 is 580 130 A, and of
7942 - 450 30 A[16]. Membrane uctuations evaluated by
hep from SANS models, is also of the same order of magni-
tude as the parameters A, used to describe the uctuations
of Rhodopseudomonas viridis thylakoid system [71].

4.3 Structural characterization of cyanobacteria us-
ing SAXS

The results of SAXS model ts are plotted on the experi-

mental data in Fig. 10. As seen from the plots, model t

quality is reasonable and the model ts capture most signif-

icant features of the data. The overall system smearing is

not accounted for in modelling and be believe this inherent
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Table 2. Cyanobacterial repeat distances, measured from TEM images. All distances are in A. CL are con dence limits.

Strain  Replica Numberof ~ Average Median  Standard  Lower  Upper
pseudograna RD RD deviation CL CL
6803 114 574.1 568.1 10.91 552.7 595.5
198 632.5 615.0 8.28 616.3 648.8
189 556.9 554.2 8.48 540.3 573.6
7942 114 612.8 605.5 10.91 591.4 634.2
207 565.7 532.6 8.10 549.8 581.6
204 572.7 582.1 8.16 556.6 588.7
7002 242 615.8 572.6 7.49 601.1 630.5
205 622 601.1 8.14 606.0 638.0
204 556.7 534.6 8.16 540.7 572.7

Table 4. Individual tting parameters for SANS pro les of cyanobacteria.

6803 7942 7002
1 2 3 1 2 3 1 2 3
Dry,au. 1 1 Bt Bt 1 Bt 1 1 1
Driau. 047 0046 033 0044 020 0025 05 0038 029 004 027 0019 031 0023 0.48 0055 039 0019
dr, A 1383 0.60 17.84 091 19.02 043 2017 05 17.14 093 1808 034 1985 0.50 2326 117 1060 0.44
d A 5304 3.8 7242 417 6096 150 4757 183 8053 554 64.42 141 87.00 196 80 373 87 171
RD, A 7803 339 6432 1539 61011 509 70450 1135 699.1 220 67585 517 586.01 4.7 588.24 9.68 61852 637
N 6 112 3092 3036 6 397 30 099 406 055 597 39 2 0583 2282 036
hep 0.029 002 002 0.0266 0.029 0.0292 002 0018 00309
Background (B) 055 001 0.0044 00042 0 0006 022 00072 0.005 0.004 0 00067 0.069 00015 0
6.6e-8 639  Llde8 17e9 197 8509 6e8 3.1e-9 97e-9 14e9  2.4e7 8.9e-9 58e8 2.9¢-9 188 15e9 1667 6509
SLA 1761 411 7.30 13.88 856 3.20 2083 202 1328 1264 1392 203 1665 2.80 1523 6.03 1930 198
ower law 255 0.018 2543 0.00837 235 0.006 193 0.01 222 0.016 219 0,007 209 00081 2534 00068 225 0.0069
Scalepowerlaw (C)  2.1e5 16e-6 2505 9.8e-7 7.50-4 de-d 2906 4e5 2.9e-6 %4 2405 0000406 131e5 0000056 168e6 000051 1455
c? 525 751 64.45 809 195 69.25 36.25 1131 2034

Figure 8. Cumulative histograms from TEM
measurements of repeat distances (RD) from all

investigated species (three biological replicates).

Table 3. Average structural thylakoid membrane
parameters obtained from SANS model tting.

Fit parameter 6803 7942 7002
RD, A 677.8 693.1  597.6
N 4 4.3 3.41
de, A 62.13 64.26  84.66
dr, A 16.89 18.46  20.90
Dri,a. u. 0.334  0.3398 0.395
Drr,au. -1 -1 -1

Deduced parameter

dinter thylakoid spaces A~ 548.11 555.0 429.3
thylakoid membranes A 34 37 42
SLDjymen, 10 ® A 2 4.29 430 441

instrumental smearing account for the differences around
q=0:05A 2. Again, scattering contrast Dr is constrained
to -1 a. u and SLDyiigroupx absolute value is xed to
11.2 10 ® A 2. Contrary to neutrons, headgroup scattering
was included as a separate parameter in SAXS modelling
(therefore no SLDthylakoidy IS Calculated). Accordingly, thy-
lakoid membrane thickness in SAXS model was a double
sum of tailgroup and headgroup thicknesses. The model pa-
rameters describing the average dimensions of the thylakoid
system are summarized in Table 5. Average SLDhneadgroupy
value obtained from ts is slightly lower than purely theoret-
ically calculated (11.9 vs. 13.4 10 8 A 2, Table 1), but this
difference is acceptable. Compared to earlier literature value
of average SLDinylakoidy = 400 electrons/nm3=7.27 10 ©
A 2 (50 % protein, 30 % lipid), SLDneaggroupsy = 450
electrons/nm®=8.18 10 8 A 2, SLDyilgroupsx = 160-280
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Figure 9. SANS data and model ts from Table 4. Replicas
1 - 3 arranged from top to bottom, curves are arbitrarily
scaled for clarity.
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electrons/nm®=2.91-5.09 10 © A 2 [71], SLDx ray values
derived in this article are higher - most probably due to
a higher protein content in the thylakoid membrane, but
largely comparable. Structural parameters obtained from
X-ray ts: average thylakoid repeat distance RD is equal to
460-816 A, the number of layers in a "pseudogranum’ is 2-3,
average lumen thickness is 63 A. Derived average thylakoid
membrane thickness is 38.5-48 A and the inter-thylakoid
space height dinter thylakoid space 1S 350-710 A. These values,
although slightly higher, are generally comparable to our
SANS measurements. As SAXS and SANS measurements
were not performed simultaneously on the same bacterial
samples in the same environmental conditions, the structural
thylakoid values obtained from SAXS and SANS ttings
shall not be directly inter-compared. However, as discussed
in the following, we use the SAXS results to discriminate
between possible SANS interpretation scenarios.

Figure 10. SAXS model tting. Experimental datapoints
with errorbars in grey, SAXS model ts in color.

Figure 11. X-ray and neutron SLD pro les of a thylakoid
unit cell. Inter-thylakoid space contains 85 % protein and
15 % of D,0.

4.4 Lumen protein volume fraction
Absolute values of SLDjymenx and SLDyymenn have been
estimated from relative average values obtained from t-
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Table 5. Structural thylakoid membrane parameters obtained from SAXS model tting.

6803 7942 7002
Fit parameters
Dry, a. u. 1.32 0.044 1.07 0.07 1.20 0.08
Drr,a. u. -1 -1 -1
Dri,a. u. -0.02 0.0144 -0.47 0.0144 -0.035 0.0312
du, A 6.0 02 4.65 0.25 6.95 0.45
dr, A 158 0.22 19.2 0.34 12.3 0.44
d., A 62.5 2.75 63.7 2.71 63.8 12.63
RD, A 815.8 4.63 462.8 261 7481 30.8
N 2 023 3 0.28 2 1.03
sL A 18.0 25 150 3.28 195 9.53
hep 0.01 0.036 0.02
Background (B) 0.03 0.002 0.024 0.0043 0.020 0.0019
Scale (y) 1.6e-7 6.9e-9 1.42e-7 3.73e-9 7.57e-8 9.89e-9
n power law 2.37 0.0023 2.91 0.004 2.14 0.0037
Scale power law (C)  0.00058 5.32e-6 9.0e-5 1.45¢-6 0.000573 8.32e-6
c? 51.91 54.12 10.84
Deduced parameters
dinler thylakoid spacevA 709.7 3514 645.8
Gthylakoid membranes A 43.6 41.7 385
SLDjymen, 10 S A 2 11.85 11.55 11.84
SLDpeadgroup: 10 ¢ A 2 12.73 12,57 12.65

tings (X-rays: -0.175, neutrons: 0.34) using different inter-
thylakoid space volume compositions - varying phycobili-
some/water volume fractions, different labile H-D exchange
percentage and D,0O/H,0 fraction inside inter-thylakoid
space. The scattering length density pro le of the thylakoid
membrane with absolute values is depicted in Fig. 11 (also
given in Table 6). Lumenal protein content, expressed as
’relative plastocyanin’ was calculated from absolute val-
ues of SLDyymenx and SLDjymenn, Solving the system of
coupled equations (Eq. 13). Proportionality constants Cy
and C were derived from ts, SLDinter thylakoid space and
SLDyumen Were calculated for several scenarios: with differ-
ent protein/water volume fractions, for the case of neutrons
also varying D,0O/H,0 volume fractions of total water com-
position, and with different protein labile H-D exchange
percentages (w). Lumen protein volume fractions, derived
for a number of stromal composition scenarios are given
in Table 12. As X-ray and neutron SLDs provide comple-
mentary data, the case in which a lumen protein volume
fraction calculated from X-ray data is the most similar to
lumen protein volume fraction calculated from neutron data
is the most likely. Such conditioncs are denoted in orange in
Fig. 12. It is also assumed that ;:Z—Z of the lumen is either

2
equal or lower than that of the inter-thylakoid space.

o0
= fdo SLDwatery * Fonycabilisomey SO phycobilisomey
2 W% labile H D exchange

StDinter  thylakoid spacey = fwater SLOwater + pnycobilisomey - S-Ophycobilisomey

SLDinter thylakoid spacey

plastocyaniny
, wi% labile H D exchange
SLDjumeny = Twater SLDwatery *Tplastocyaniny SLPplastocyaniny

£l
D0
SLDjymeny = %FH S SLDwatery *Fplastocyaniny SL0
2

SLDjumeny =C1 SLDinter thylakoid spacey
SLDjumeny =C2 SLDinter thylakoid spacey

T ——)

phycobilisome + Fwater = 1
plastocyanin + Fwater =1

(13

As observed from Table 12, lumenal protein volume
fraction is lower than of inter-thylakoid space from both neu-
tron and X-ray calculations. From comparing volume frac-
tions of X-ray and neutron calculations for different scenar-
ios (Table 12), our best estimate (dark green) is that lumenal
protein content is 81-82 % and D,O/H,0 is 0.9/0.1, protein
H-D exchange is 30 %. This result suggests, that lumenal
content is higher than protein volume fraction of thylakoid
membrane, but lower than of the inter-thylakoid space. The
second-best lumenal composition scenario (brown) is that
lumenal protein occupies 75 % volume, D,O/H,0 is 0.9/0.1
and protein labile H-D exchange is 50 %. Together, these
two scenarios support the argument of Beebo et al. [66],
that lumenal water is ef ciently exchanged with cytoplas-
mic (inter-thylakoid space) water. From neutron ts, we
also estimate that the exchange of labile H-D of lumenal
proteins is 30-50 %, what equates to a total protein H-D
exchange of 9-15 %. To our knowledge, this is the rst
attempt to quantitatively estimate the protein concentration
inside the thylakoid lumen.

Correspondingly, the most feasible inter-thylakoid space
composition is 85%/15% phycobilisome/water, where D,O/H,0
fraction is 0.9/0.1 and 0 % labile H-D exchange (dark
green). The second-best scenario (brown) requires an inter-
thylakoid space composition of 80%/20% phycobilisome/water,
where D,0O/H,0 fraction is 1.0 and 0 % labile H-D ex-
change. In principle, lower H-D exchange of phycobilipro-
teins compared to 'a relative plastocyanin’ is very feasi-
ble, as phycobiliproteins are large multisubunit complexes,
which do not necessarily get fully exchanged, whereas sol-
uble lumenal proteins are generally smaller due to lumen
size restrictions and predominantly globular, therefore we
assume that their labile hydrogens can be exchanged to deu-
teriums more easily. However, we argue that the complete
exchange of inter-thylakoid space water with D,0, although
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not disallowed, is not practically likely, therefore we reject
this (brown) scenario.

Table 6. Absolute SLD values of inter-thylakoid space and
lumen in units of 10 & A 2

Protein/Water D,0/H,0 Labile H-D Neutron  X-ray
vol. fraction, % % exchange, % SLD SLD
SLD; t space
60/40 100/0 0 3.685 11.159
60/40 100/0 90 4.432 11.159
70/30 100/0 0 3.232 11.440
80/20 100/0 0 2.78 11.722
85/15 100/0 0 2.554 11.86
85/15 90/0 0 2.449 11.86
85/15 90/0 90 3.40 11.86
85/15 100/0 90 3.612 11.86
SLDiumen
60/40 100/0 0 4.400 11.16
60/40 100/0 90 5.402 11.16
70/30 100/0 0 4.962 11.40
80/20 100/0 0 3.188 11.63
85/15 100/0 0 2.885 11.75
85/15 90/0 0 2.745 11.75
85/15 90/0 90 4.021 11.75
85/15 100/0 90 4.303 11.75

5. Discussion

Having increased contrast by D,O exchange, we used SANS
to determine the transverse membrane structure by record-
ing scattered intensity 1(q). Cells for this experiment were
cultured as described above in water-based BG-11 or A+
medium, then transferred to 100 % deuterated medium, con-
centrated and measured immediately. We did not perform
cell viability assays, but from other in vivo experiments
with B. subtillis, more than 90 % cells remain viable over
a period of 4 h in 25 C [46]. The same is expected for
cyanobacteria and no scattering curve changes were ever
observed during the timeframe of experiment, even after 24
h (SAXS) in 30 Cor RT.

5.1 Previous scattering work on cyanobacteria

Imagine a one-dimensional crystal in the form of a stack
of in nitely thin sheets separated by 100 A. From Bragg’s
law such a stack would produce a series of Bragg peaks
at positions gy = 2p=100 A= 0:0628 A 1, g, =2 2p=100
A=0:1257 A !, g3 =3 2p=100 A= 0:1885 A ! and so
on. If one now takes the third order peak and interprets it
as a 1st order peak, then one must conclude that the peak
originates from a structure with a repeated separation of
2p=0:1885 A ! =33:33 A, but clearly no such structure
exists in this one-dimensional crystal and the conclusion
is erroneous. This simple example illustrates one of the
problems with a number of previously published papers on
photosynthetic membranes and in the present context, par-
ticularly papers on cyanobacterial membranes. For example
in [31] Liberton et al. presented a series of SANS mea-
surements which are very similar to those we present here,
although our Bilby-data seem to be of slightly superior reso-
lution. Thus, their data could straightforwardly be analysed
using the presented framework. However, their analysis
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involves a putative peak assignment where all peaks are
interpreted as 1st order peaks in the manner just described.
In Figure 13 we plot their reported peaks normalised to the
the lowest g-peaks and it is clear that all peaks fall very
close to an integer multiple of this peak illustrating that
they are part of a lamellar peak series and not individual
peaks originating from a range of independent substructures.
Thus, any discussion relating individual higher order peaks
to speci ¢ substructures becomes purely speculative and
in our opinion erroneous. The conclusion is that to extract
reliable information from scattering data, a full structural
model has to be invoked, such as described in this paper.

Figure 13. Peak positions reported in [31] normalized to
the rst order peak position (circles). Arti cial rescaling of
wild type data to match 5th order peak (asterisk). See text
for details.

6. Conclusions

In conclusion, we have developed a straigth-forward scat-
tering model based on a double-bilayer membrane stack to
study the ultrastructure of thylakoids inside cyanobacteria
in vivo. Model tting yields realistic values of thylakoid
membrane, lumen thickness and RD. This model presents
a rationale to explain the entire cyanobacterial scattering
pattern as occurring from an ordered lamellar system. This
model can be extended to study other organisms - diatoms
or systems with functional photosynthethic de ciencies,
thylakoid ultrastructure modi cations (CURT1 variants) or
organisms with larger number of thylakoid layers, such as
grana stacks of higher plants. Further considerations, such
as cyanobacterial thylakoid lumen change in relation to the
light intensity and spectral characteristics, different ionic
conditions and temperature, are needed to discuss the most
likely mechanism of thylakoid ultrastructure adaptation to
environmental factors.

On the basis of lumenal scattering length density con-
trast tting estimates, we propose an estimate of the lumenal
protein concentration. The combination of SLD calculations
derived from SANS and SAXS scattering model ts results
in the conclusion that protein content in lumen is smaller
than in the inter-thylakoid space and is about 82 %. Further
considerations, such as biological variation/deviation of the
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Figure 12. Lumen protein volume fraction. Stromal composition is listed as rows, lumenal composition as columns.
Disallowed compositions depicted in red. All feasible lumenal/stromal compositions depicted in orange, the best in green,

second-best in brown.

parameters when applying this scattering model to other
multi-layered biological systems, needs to be discussed in
the future.
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Table S1A+ mediumfor 7002

Substance MW, Density,  Weight per Neutron X-ray Amount of Weighted SLD
g/mol glcm3 liter, g SLD SLD mol in 1L *10° A2
*10°A%  *10°A?

2
»
N
8
3
S
8
S
g

MgS04*7H20 246.4746 2.66 g/cm3 0.025986451 0.487048158

KCl 745513 1.984 glcm3 0.6 2123 16.612 0.008048 0.017086221 0.133695858

CaClI2*2H20 1470.01 1.85 g/cm3 0.37 1.554 16.064 0.000252 0.00039114 0.004043292

K2HPO4 174.2 2.44 glcm3 0.05 2.695 20.764 0.000287 0.000773536 0.005959816

Trizma 121.14 1.328 g/em’ 1 0.807 12.328 0.008255 0.006661714 0.101766551
C4H11INO3

MnCI2*4H20 197.91 2.01 glcm3 0.00432 0.532 17.132 2.18E05 1.16126ED5 0.000373959

MoO3 143.95 4.69 glcm3 0.00003 4.735 36.568 2.08E07 9.86801ED7 7.62098ED6

CoClI2*6H20 237.93 1.924 glem3 0.000122 0.564 16.418 5.11E07 2.88009ED7 8.38392ED6

18.01528 0.9970 g/em3 21.934 . 1217522 -0.680594806 11.49462534

22mL H20 Sums 55.78093 346.8740748 530.4957864

FinalSLD Neutron SLD X-ray SLD




Table S2. BGL1 mediumfor 7942 and 6803

NaNO3 84,9947 2.257g/cm3 1.76E05 4.862 19.074 1.76E05 8.56E05 3.36E04

MgS04*7H20 246.4746 2.66 glcm3 3.04E04 1.281 24.009 3.04E04 3.89E04 7.30E03

Citric acid monohydrate, 210.14 1.542 g/cm3 2.85E05 2.162 13.764 2.85E05 6.16E05 3.92E04
C6HBO7*H20

Na2EDTA, 338.22 0.86g/cm3 3.40E06 1.333 7.594 3.40E06 4.53E06 2.58E05
C10H14N2Na208

H3BO3 61.83 1.435 glem3 4.63E05 1.606 12,668 4.63E05 7.44E05 5.87E04

ZnSO4*7H20 287.5496 3.31glcm3 7.65E07 1.387 28.782 7.65E07 1.06E06 2.20E05

CoCI2*6H20 237.93 1.924 g/cm3 2.10E07 0.564 16.418 2.10E07 1.18E07 3.45E06

=}
N
o

20.027 1.11 glcm3 53.707 6.393 9.455 5.37E+01 3.43E+02 5.08E+02

3imL  H20 Sums 5.54E+01 3.42E+02 5.24E+02

FinalSLD Neutron SLD X-ray SLD



Table S3. Thylakoid membrane protein SLD calculations

Mastigocladus
Organism T vulcanus S elongatus
PDB ID 4UB6 1JB0 3J9T 4H13
Number of uniqueprotein chains 20 12 11 8
Neutrons. Protein SLD calculations
SLD

Fractionof hydrogen PSiI PSI ATPsynthase V type [ Weighted averagd?

0 % Exchange 1.89E06 1.91E06 1.83E06 1.81E06 1.8646E06

10 % Exchange 2.01E06 2.03E06 1.96E06 1.93E06 1.986406

20 % Exchange 2.13E06 2.15E06 2.08E06 2.05E06 2.108(E06

50 % Exchange 2.49E06 2.51E06 2.47E06 2.40E06 2.4406

80 % Exchange 2.85E06 2.87E06 2.85E06 2.75E06 2.8297E06

90 % Exchange 2.97E06 2.99E06 2.98E06 2.87E06 2.949F06

100 % Exchange 3.08E06 3.11E06 3.10E06 2.98E06 3.067&06

X-rays. Protein SLD calculations
PSII Psl ATPsynthase V type Oyt béf SLDweighted average
1.25E05 1.24E05 1.25E05 1.25E05 1.2457805 A*

SLD weighted average =-@LDpg+0.7-SLDpgr+0.7-SLDcytyer+0.5 SLDaTPasd/2.9,
using ratios of Table 6, Antak al.2013.

A total 2630% of protein hydrogen atoms are exchangeable with deuterium. Therefore,
u ([FKDQJHY P H-I[o%\df ot protein hydrogen atoms are exchanged to
deuterium.

Table S4Synechocystithylakoid membrane lipitailgroup SLD calculations

Synechocystisp. PCC 6803 lipid composition (mol%): 37.4% MGDG, 20% DGDG,
28% SQDG and 13.7% P@Sakurai2006). Total weighted sum for each fatty acid
(mol%) from different lipids calculated as follows (example for 16:00 is given):
0.531-0.374+0.514-0.2+0.691-0.28+0.513-0.137 = 0.55810 = 55.81 mol%. Column
1 & R U U ebRtaindr@ifidual weighted suns divided bythe total weighted sui®.964
in order to obtain the final sum of 1

Fatty acid MGDG DGDG SQDG PG Weighted sum Corrected NeutronSLD A? Xray SLDA?
16:0 0.531 0.514 0691 0513 0.550818 0.571387967 -3.4532E08 8.1493E06
1614 0.054 0.078 0078  0.034 0.060836 0.063107884 1.2184E07 8.4925E06
18:0 0.002 0.015 0.039 0.009037 0.009374481 -6.739E08 9.0048E06
181 4 0.097 0.046 0123 0.161 0.099356 0.10306639 7.8055ED8 8.5200E06
iow?a 0.117 0.106 0102 0212 0.119403 0.123862033 2.2365ED7 8.5202E06
6 Wi*%and

iowh4® 0.199 0.241 0.006 0.041 0.12455 0.129201245 3.7767807 8.6266E06

SuM 1 1 1 1 0.964 1




Neutron, A Xray,A?

Weighted fatty acid
SLDs _ 7.1868E8 8.324E6

Table S5Thermosynechococcuslcanusthylakoid membrane lipid tailgroup SLD

calculations

Thermosynechococcusiicanudipid composition (mol%)43.83% MGDG, 25.6%
DGDG, 2.8% SQDG and 6.% PG (Sakurai2006). Total weighted sum for each fatty
acid (mol%) fom different lipids calculated &s the Table S4.

Fatty acid MGDG DGDG SQDG PG Weighted sum NeutronSLD A? Xray SLDA?
16:0 0451 0.436 0.62 0.479 0.49078 -3.4532E08 8.1493E06
1614 0.155 0.151 0039  0.107 0.12228 1.2184E07 8.4925E06
18:0 0.039 0.025 0.08 0.089 0.048634 -6.739E08 9.0048ED6
181 £and

181 4% 0.355 0.388 0261 0.325 0.338306 7.8055ED8 8.5200ED6

SUM 1 1 1 1 1 Neutron, A Xray,A?

Weighted fatty acid
SLDs _ 2.108E8 8.3583E6

Table S6Synechocystitylakoid membrane lipid headgroup SLD calculations

Synechocystisp. PCC 6803 lipid composition (mol%): 37.4% MGDG, 20% DGDG,
28% SQDG and 13.7% PG (Sakurai2006). Scattering length density of RBDG
MGDG is summed andalculatedasfor single galactose molecule. No glycosidic bond
formation is taken into account.

Lipid Fraction NeutronSLD A” Xray SLDA”
Galactose 0574 1.6114E06 1.4679E05
Sulfogalactose 0.289 2.1336E06 1.7495E05
| 0.137 1.5610E06 1.5202E05
Sum 1
Neutron,A? Xray,A?
Lipid headgroup
SLDs _ 1.7554E06 1.5564E05




Table S7Thermosynechococcus vulcarihglakoid membrane lipid headgroup SLD
calculations

Thermosynechococcus vulcaripgd composition (mol% 43.5% MGDG, 25.6%
DGDG, 24.8% SQDG and 6.1 % PG (Sakurai2006). Scattering length density of
DGDG and MGDG is summed and calculated as for single galactose molecule. No
glycosidic bond formation is taken into account.

Lipid headgroup Fraction NeutronSLD A Xray SLDA?

Galactose 0.691 1.6114E06 1.4679ED5
Sulfogalactose 0.248 2.1336E06 1.7495E05

0.061 1.5610E06 1.5202E05

SUM 1

Neutron,A? Xray,A?
Lipid headgroup
SLDs  1.7378E06 1.5409E05

Phosphoglycerol has two exchangeable hydroger3hh but ester bonds are formed
in lipids between phosphoglycerol and fatty acifisereforeno exchange is accounted
for phosphyglycerol when deriving neutron SLD.



Table S8. Protetadjusted SLD values of headgroups and tailgroups with different

Protein/Lipid ratios.

Neutron SLDs for 115% (N10) and 0% (NO) total deuteridhydrogen exchange as
well X-ray SLDs (X) are calculated in different blocks.

Nontreated
SLD values
taken from
Tables S3, S4
and S6 SLD Neutrons, A SLD Xays, &
Tailgroups 7.1868ED8 8.3248ED6
Headgroups 1.7554E06 1.5564E05
*10% total hydrogen exchange Protein 10* 2.4704F06 NA(identical to1.2457E05)
**0% total Protein 0** 1.8646E06 1.2457E05
HYDROGEN EXCHANGEL®0 of total hydrogens are exchanged
Protein/Lipid
ratio SLDAdjust 187 SLDAdjustedTailgroupN18:?
100% lipids 0 1.7554E06
0.2 1.8984ED6 5.52E07
0.4 2.0414E06 1.0313E06
0.5 2.1129E06 1.2711E06
0.6 2.1844ED6 1.5110ED6
0.7 2.2559ED6 1.7508E06
0.8 2.3274E06 1.9907E06
100 % proteins 1 2.4704E06 2.4704E06
HYDROGEN EXCHANGE: 0% of all hydrogens are exchanged
Protein/Lipid
ratio SLDAdjustedHeadgroupNA? SLDAdjustedT: N
100% lipids 0 1.7554E06 7.1868E08
0.2 1.78E06 4.30E07
0.4 1.7991E06 7.8896E07
0.5 1.8100E06 9.6823E07
0.6 1.8209ED6 1.1475E06
0.7 1.8318E06 1.3268E06
0.8 1.8428E06 1.5060ED6
100 % proteins 1 1.86606 1.86606

X-rays
Protein/Lipid
ratio SLDAdjustedHeadgroupX™
100% lipids 0 1.5564E05
0.2 1.49E05
0.4 1.4321E05

SLDAdjustedTailgroup*

9.15E06

9.9777E06



05 1.4011E05 1.0391E05

0.6 1.3700E05 1.0804E05
0.7 1.3389E05 1.1217E05
0.8 1.3078ED5 1.1631E05
100 % proteins 1 1.247%05 1.247%05

Table S9 Inter-thylakoid spaceX-ray andneutron SLDderivation using different
phycobilisome/BRO volume fractions and phycobilisomelHexchange.

Inter-thylakoid space SLD was derived as the weighted sum of phycobilisome and D20
SLDs. 25 unique polypeptides @riffithsia pacifica(PY6P)from (Zhang 2017ywere
combined to a single sequence. Neutron SLD calculated using biological SLD
calculator for different FD exchanges.

Neutrons

Protein/D20 volume ratio D20/H20 volume ratio in inter Phycobilisome HD exchange % Neutron SLDA
thylakoid space.

Phycobilisome SLD

110 10 100% 3.258E6
140 10 90% 3.1266
10 10 80% 2.982E6
110 10 0% 1.875E6
110 0.9/0.1 90% 3.1266
110 0.8/0.2 80% 2.76E6
110 0.8/0.2 50% 2.428E6
10 0.5/0.5 50% 2.2286
110 0.5/0.5 0% 1.87566

Inter-thylakoid spaceSLD

0.6/0.4 10 0% 3,686
0.6/0.4 10 90% 3.232%6
0.7/0.3 10 0% 41066
0.7/0.3 10 90% 3.9€6

0.75/0.25 10 90% 27666
0.8/0.2 10 0% 3.66566
0.8/0.2 10 80% 2.5537%E:6

0.85/0.15 10 0% 250186

0.85/0.15 0.8/0.2 80% 3.0910E6

0.85/0.15 0.9/0.1 90% 3.4013565

0.85/0.15 10 90% 3.61E6
0.9/0.1 10 0% 2.327%:6

0.9/0.1 10 90% 3.4486




X-ray SLD calculatedf inter-thylakoid spacén NIST calculator fo25 unique
Griffithsia pacifica(PY6P) phycobilisome subunjt€zsz1ds530d0N97160107265311 With
the density of 1.35 g/mL

Xrays

Protein/D20 volume ratio ray SLDA
05005 10.87E6

0.6/0.4 1115866

0.7/0.3 11.440E6

0.8/0.2 1172186
0.85/0.15 11.8626:6
0.9/0.1 12.003€6

1 12,286

Table S10LumenX-ray andneutron SLDderivationusing differentplastocyanifD,O
volume fractions andlastocyanirH-D exchange.

Amino acid sequence of matur®ynechocystis sp. (strain PCC 6803 / Kazusa)
plastocyaninUniProtkKB P2169Y was usedLumenSLD was derived as the weighted

sum of plastocyanin and,D SLDs. Neutron SLD calculated using biological SLD
calculator for different FD exchanges.

Neutrons

Protein/D20 volume ratio D20/H20 volume ratio in inter Plastocyaniit+D exchange % Neutron SLOK
thylakoid space.
Plastocyanin SLD

10 10 100% 3.02166
10 10 90% 2.9086

10 10 80% 277986
10 10 0% 1.808E6
10 09/0.1 90% 279186
10 08/0.2 80% 2.2585E6
10 08/0.2 50% 229486
10 05/0.5 50% 211266

110 0.5/0.5 0% 1.808E6




X-ray SLD calculated in NIST calculator forggH70iN11d0144S3 (UniProtkKB P21697)
Synechocystis sp. (strain PCC 6803 / Kazp$agtocyanirwith the density of 1.35
g/mL.

Xrays

Protein/D20 volume ratio ray SLDA
05005 10.87E6

0.6/0.4 1115266

0.7/0.3 11.433E6

0.8/0.2 1171386
0.85/0.15 11.854E6
0.9/0.1 11,9946

1 12.27%6

Table S11Absolute values for intethylakoid and lumen SLDs

Neutrons

X-rays



Table S12Lumen protein volume fractioiX-rays and neutrons.



Figure S1 Contrast variation measurements



Figure. S2 lllumination spectra

lllumina standard light source
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Introduction

Investigatingandunderstandinghloroplastthylakoid dynamicsin relationto illumination is of a key
importanceto increasephotosyntheticyield and plant biomass,as light-induced adjustmentsof
thylakoid ultrastructureareproposedto regulatephotosyntheti@fficiency*. Light-inducedthylakoid
dynamicshavebeeninvestigatecby fluorescencanicroscopy®, electronmicroscopy2®, atomicforce
microscopy’, light scattering®*® and small angle scatterind®2* methods.Despite a considerable
amount of literature on the topic, the underlying mechanismstill remains controversial, as the
underlyingbiochemistry,which governstheseultrastructurechangess not well understoodindeed,
two seeminglyirreconcilabledynamicalprocessesreobservedexperimentallyillumination-induced
decreasef thylakoid stackingrepea distance SRD (the heightof granalthylakoid plusthe heightof
theinter-thylakoid spaceacrosgo the nextgranalthylakoid),or SRD expansion.

The currentunderstandingf illumination-inducedthylakoid dynamicsin granumis visualizedin Fig.
1: at least eight ultrastructuraloutcomeshave been observed.The experimentsobservinglight-
induced lumen and thylakoid stacking repeat distance shrinkage *64710124521.222%7  haye heen
recently contradictedwith experimentalobservationssuggestinga medium/highlight illumination-
inducedincreaseof lumen heighf®*’ Furthermore many more p G BQLNJdyNefiical outcomes
have beendocumentedgranamargin expansionand a simultaneousshrinkageof granacoré”? a
decreasén granadiametet™® and changesof the distancebetweentwo adjacentthylakoids (inter-
thylakoid spaceheightf*° havebeenobservediponleaf illumination in vivo (Fig. 1). In accordance
with literatureanalysis,our findings supportthe claim that thylakoid ultrastructurakchangesandthe
directionof the change(SRD expansioror shrinkage)canbe affectedby ion concentration>:, light
quality'” andpreviousplantgrowth conditiort?.

To getacomprehensiblandmethodindependenbverviewof thylakoiddynamicswe herereportthe
useof complementarwltrastructuretracking techniquesmicroscopyand small angle scattering.As
chlorophyll naturally fluoresces,the confocal laser scanningmicroscopy(CLSM) on a plant leaf
sectionenablesfollowing largescale chloroplastdynamicsin medium resolution. Complementary
transmissiorelectronmicroscopy(TEM) techniquerevealsa nanometeresolutionandis anexcellent
tool to investigatelocal thylakoid membrandeaturessuchas membrane|umen, and inter-thylakoid



gapthicknessesHowever, TEM hasa practicallimit of the numberof analyzedsamplesandrequires
samplecryo/chemicafixation, what mayintroduceputativeartefacts The useof smallangleneutron
scattering SANS) methodavoidssuchartefacts Also, scatteringorobesa largesampleareain vivoin
Angstromscaleresolutionandyieldsthe averagediltrastructurén vivo.

This paperaimsto re-examinethe previouslypublishedfindings on light-inducedthylakoid dynamics
in the contextof plantscontining a high numberof granalayers.In the first part of the paperwe

explain thylakoid membranescatteringin vivo. We analysescatteringcurvesof leavesin vivo by

applyingthe model of Jakubauskast al. (Manuscriptl) providesthe averagethylakoid membrane,
lumenthicknessesndthe stackingrepeatdistancebetweerthylakoidsin granastacks.

In the secondpart of the paperwe combinescattering, TEM and CLSM techniquego investigatethe

thylakoid darkto-mediumlight transition of selectedshadetolerantmono and dicot plant species
with high granastacks,exemplified by Ficus elastica and compareit to thylakoid ultrastructure
changesn plantswith a p W\ S thigdk@darrangemengxemplifiedby Arabidopsisthaliana

Fig. 1 Granalthylakoid ultrastructurechangesbetweendarklight conditions.HL +*high light, ML +medium
light, NL +naturallight.



Tablel. QuantitativeSRD changesStackingrepeatdistanceof variousplantsin darknessandafterillumination
in given conditions.Green illumination-inducedSRD increaseprange *illumination-inducedSRD decrease.
Numbersgiven in bracketsis lumen thicknessin A. Numbersgiven with a star is thicknessof individual
thylakoid in A. D ReAd +darkreadaptedChemF +chemicalfixation, HPF xhigh pressurefreezing, FS +
freezesubstitution SANS *smallangleneutronscatteringft-c +foot candles;+ATP *with 1 mM ATP added.

Organism Entity SRDDark, A SRDlight, lllumination Light color, Method  Reference
A time
A.thalianaCol0  Leafdegassedith buffer 168+4(46) 186+4(88) 500 P Rpbotonsm?s* White, 30 min Fs Kirchhoff etal. 2011°
Attachedleaf 175 2338 2000 P Rpbotonsm?s* White, 30-120min HPF Tsabarietal. 2015
Attachedleafin Ny 175 14016 2000 P Rpbotonsm?s? White, 120 min HPF Fig. 2aof Tsabarietal.
atmosphere 2015 ©
De-envelopecthloroplasts 25242 316+7/+ATP 2000 P Rpbotonsm?s* White, 120min ChemF Chuartzmaretal. 2008°
in buffer 275+4/-ATP
Isolatedthylakoidsin 200+£100 213+100 150 P Rpbotonsm?s? 640nm, 5 min HPF Clauseretal. 20147,
buffer Partialunstackingunder
PSIHight, no effect
underPSHight
Leafgrownin LL *241,D ReAd:*241 *229 1000 P Rpbotonsm?s* White, 30 min, Dark ChemF Schumanretal, 2017*2
readaptatiorl0 min
Leafgrownin NL *223,D ReAd:*269 *231 1000 P Rpbotonsm? s White, 30 min, Dark ChemF Schumanretal, 2017*2
readaptatiorl0 min
Leafgrownin NatL *204,D ReAd:*259 *289 1000 P Rpbotonsm?s? White, 30 min, Dark ChemF Schumanretal. 2017*?
readaptatiorl.0 min
Leafgrownin HL *211,D ReAd:*266 *257 1000 P Rpbotonsm? s White, 30 min, Dark ChemF Schumanretal. 2017*?
readaptatiorl.0 min
A thalianastn7 Isolatedthylakoidsin 184+40 22050 150 P Rpbotonsm?s? 640nm, 5-30 min HPF Clauseretal. 20147,
buffer Partialunstackingunder
PSIHight, no effect
underPSHight
Spinach Leafasis, 4 °C 162 190 2000 P Rpbotonsm?s* White, 1h ChemF Fig S1of Yoshioka
Nishimuraetal. 2014
Leafasis 163.1+8.4 147.6x7.0 1500 P Rpbotonsm?s? White, 1h ChemF Fig. 4 of Yamamotoet
al. 2013
Leafinfiltrated with D20 229; 220224 1700 P Rpbotonsm?s* White, 5-10 min SANS Unnepetal. 2014%
D ReAd: 223227
Leaf 206+24 192427 200 P Rpbotonsmn?s* White, 60 min ChemF Woodetal. 2018
Isolatedchloroplastsn 212+8;D ReAd: 14419 290 P Rpbotonsm? s (900ft-  Red(600-700nm),3 ChemF Murakamietal. 1970%
buffer 214+4 ) min
Isolatedchloroplastsn 1964 1443 290 P Rpbotonsm?s? (900ft-  Red(600-700nm),3 ChemF Murakamietal. 1970%
buffer c) min
Isolatedchloroplastsn 164+23 146+18 70klux (6500ft-c) Red,2 min ChemF Sundquisetal. 1970%
buffer
Isolatedchloroplastsn 215+19 17524 70Klux (6500ft-c) Red,30s ChemF Sundquisetal. 1970*
buffer
Isolatedchloroplastsn (250) (150) 350 P Rpbotonsm?s* Red(635nm),5 min ChemF Johnsoretal. 20117
buffer
Isolatedthylakoidsin 296;D ReAd: 294 262288 1501700 P Rpotonsm? s* White, 200s SANS Nagyetal. 2013%
uffer 298
Maize Leaf *101£7 *88+8 1400 P Rpbotonscm? s Red(650+7.5nm),60  ChemF Mustardyetal. 1976"
min
Leaf *101+7 *96+8 1400 P Rpbotonsem? s* FarRed(707+8.5nm), ChemF Mustardyetal. 1976*
60min
Pea Leaf 195+4 from 152+4to 1-37 P RpBotonsm? s (50- White, 60 min ChemF Miller etal. 1972%
17243 2000lux)
Isolatedthylakoidsin 330355 271280 3301000 P Rpotonsm?s* White, 30 min SANS Posseletal. 20122

buffer




Ulva Algaecellsin vivo 150 109+8 290 PRpBotonsm?s’ (900ft-  Red(600700nm),2  ChemF Murakamietal. 1970b'®
c) min

Porphyra Algaecellsin vivo 198+10 14416 290 P Rpbotonsm? s (900ft-  Red(600-700nm),2 ChemF Murakamietal. 1970b'®
c) min

Table 2. Qualitative thylakoid ultrastructurechangeshetweendarkadaptedand illuminated plants.LL +low
light, NL *naturallight, HL *highlight. Restasin Tablel.

Organism Entity Dark Light lllumination Light color, time Method Reference
Spinach Isolatedthylakoidsin UnstackingunderHL in 5002000 P RpBotonsm?s®  White, 10-60 min Digitonin Khatoonetal.
buffer i fractionation ~ 2009*°
Attachedleaf Avg. grananumber  Avg. grananumberper 3001500 P Rpotonsm? s Sunlight,30-180min ChemF Rozaketal.
per i 20021
lower
Avg. thylakoid ~ Avg. thylakoidnumber 3001500 P RpBotonsm?s®  Sunlight,30-180min ChemF Rozaketal.
it grana per 20021
higher
A.thalianaCol0and  Leaf Avg. grananumber  Avg. grananumberper 150 P RpBotonsm?s? Growthlight, 60min ChemF Andersoretal.
alhch2mutant per i 2012%
lower
Avg. thylakoid ~ Avg. thylakoid number 150 P RpBotonsm?s* Growthlight, 60min ChemF Andersonetal.
it grana per 2012%"
higher
A.thalianaCol 0 Leafgrownin LL No significant No 1000 P st White light, 30 min ChemF Schumanret
changes al. 2017%
Leafgrownin NL No significant No significantchanges 100 P Rpbotonsm? s White light, 30 min ChemF Schumanret
changes al. 2017%
Leafg HL { 1000 P Rpbotonsm?s® White light, 30 min ChemF Schumanret
underl0minofre-  increasan granaheight 1. 20172
darkening
i i Thylakoi i 5001000 P RpBotonsm?s®  White light, 20-60 min Digitonin Yamamotoet
buffer higher lower fractionation  al. 2008%°
Barley Leaves Er Ellipsoid 130 P Rpbotonsm?s* White light, 180min HPFFS Pfeiffer etal
chioroplasts 2005
T 130 P Rpbotonsm?s? White light, 180min HPFFS Pfeiffer etal.
i 2005
thylakoids.Lumen
swollen
L inLL 1500 P RpBotonsm? s White light, 20 min ChemF Demmig:
Adams et al.
2015%
Leavesgrownin LL Avg. thylakoid Avg. thylakoid number 1500 P Rpbotonsm?s* White light, 20 min ChemF Demmig
n grana per i Adamsetal.
higher 2015
Leavesgrownin HL Avg. thylakoid Avg. thylakoid number 1500 P Rpbotonsm? s* White light, 20 min ChemF Demmig
n grana per Adamsetal.
lower 2015




Methods
Samples

For scattering experiments, variegated variants of Ficus elastica (hereby: Ficus),
Epipremnumaureum (hereby: Epipremnun)y, Alocassiamacrorhizzos(hereby: Alocassig,
Dieffenbachia (hereby: Dieffenbachig, Chlorophytumcomosum(hereby: Chlorophytur
plant specieswerekeptin the deepshade(0 P Rpfiotonsm? s?, with 10 min exposureto
indoor light everyday) at room temperaturdor 2 weeksto stimulatelarge granaformation.
For the last two days before measurementplants were dark-adapted.For TEM, CLSM,
chlorophyll fluorescenceand 77K experimentstheseplantsweregrownin 40 P Rpgbotons
m? s* ambientlight and dark-adapted. Arabidopss thaliana Col 0 (hereby: Arabidopsi3
plantsfor SANS studieswere grown at 21 °C with 12 hour light/dark cycle under110-140

P Rhotonsm™ s* and darkadaptedior 3 daysin room temperaturéeforemeasurement.
Arabidopsisthaliana Col0 plantsfor TEM, CLSM and 77K were grown in 21/18 °C with
8/16hourlight/dark cycleunder100 P Rghotonsm? s anddarkadaptedor 2 daysbefore
measurements.

Light intensityconversions

With a conversionfactor 0.322,900 ft-c red light is equivalentto 290 P Rghotonsm™? s?,
6500ft-c is equivalentto 2096 P Ryiotonsm? s, with a conversionfactor of 0.0185%,
2000lux of sunlightis equivalento 37 P Rpbotonsm? s**°.

Chlorophylifluorescenceneasurements

Chl emissionspectrawere measuredn 77 K directly on a leaf blade (0.8-1.7 mg Chl/cn?)
and from isolated plastids (plastids were isolated as in Kowalewskaet al.*° in 20mM
HEPESNaOH (pH 7.5) 330mM sorbitol, 15 mM NaCl and4 mM MgCl, containingbuffer
and diluted to 10 pg Chl/ml concentration) using modified Shimadzu RF5301PC
spectrofluorometewhereexcitationand emissionbeamswere suppliedby optical fibers as
in Mazur et al.*Y. Fy and Fr, valuesof in vivo Chl fluorescencewas measuredat room
temperatureusing DuakFPAM100 fluorimeter, maximum quantum yield of PSIl was
calculatedasF/Fr, = (Fn-Fo)/Fm. VariablefluorescencdF,) reflectsthe PSIl photochemistry
indicatedby the redoxstateof Qa, andthe F,/Fy, ratio informs aboutthe maximumquantum
yield of PSIl in the dark-adaptedstate.The fast kinetics curvesof chlorophyll fluorescence
were registeredsimultaneouslywith Fo and Fy, values.The basic patternof fluorescence
induction curve is denotedas the p2 -, 3i§e. The different inflection points of the
fluorescenceurvecorrespondo: J the peakconcentrationsf quinonesQa Qs  andQa Qs

, | - the concentratiorchangeof Q" Qs® and P +the peakconcentration®f Qa” Qs and
PQH.. This conceptuallyneanshatall reactioncentersareopenat O andall areclosedat P,
if thelight pulsesaresaturatingthen 3 x .)Chl aandb contentwasmeasurecccordingto
Lichtentalef?



Smallangleneutronscattering

Small angle neutronscatteringwas performedwith BILBY finstrumentin a time-of-flight
mode (ANSTO, Sydney,Australia) *. Experimentalparametersmeasuringtime 60 min, g
range0.00350.26 A (neutronwavelength2-20 A), resolutionof 7%. Dark-adaptedD,O-
infiltrated leave sampleswere measuredn quartz sample holdersfilled with D,O in this
sequence3 P Ryhotonsm? s* ambientlight, illuminatedwith 500 P Ryghotonsm’ s*
with KL1500 LED cold white light for 1 hour with a pre-illumination period of 20 min and
remeasuredh 3 P Rpbotonsm? s* ambientlight after12 h darkreadaptation.

Transmissiorelectronmicroscopy

Samplesfor TEM were preparedas in Rudowskaet al.? by cutting pieces of about
3 mn? areafrom the middle of the greenand yellow/white partsof the leaf. Plantmaterial
wasfixed in 2.5% (w/v) glutaraldehyden 5 mM cacodylatebuffer (pH 7.4) for 2 h, washed
in the buffer andplacedin a 2% (w/v) OsQ, at4 °C in 50 mM cacodylatebuffer (pH 7.4) for
about12h. The specimensvere dehydratedn a gradedacetoneseriesand embedéd in a
low viscosity epoxy embeddingmediumand cut on a Leica UCT ultramicrotome Ultrathin
sectionsof 90 nm were stainedwith uranyl acetateand examinedwith a JEM 1400electron
microscope(Jeol, Japan)in the Nencki Institute of ExperimentalBiology of the Polish
Academyof SciencesWarsaw.The numberof granain a plastid, the total granaheight,
grana diameter and stacking repeat distance were measuredfor both dark-adaptedand
illuminated (500 P R otonsm™? s for 50 min) Arabidopsisthaliana Col 0 and Ficus
elasticaleaves.

Confocallaserscanningmicroscopy

CLSM sampleswere preparedusing a modified tape method* which enablesisolation of
single mesophyll cells layer and analysis of thylakoid network structure in vivo in
chloroplastdocalizedin theliving cell. CLSM samplesverekeptbetweernthe coverandthe
baseglasswithout additional CO, access.Chloroplastswere visualized with the help of
Nikon A1 MP microscopeasdescribedn Kowalewskaet al.*° with the z axis stepsetat 60
nm. Numericalparameter®f fluorescencestacksand 3D modelswere calculatedusingthe
MeasurementPrpackageof Imaris8.4.2.



Results
Characterizatioof granamorphologyusingtransmissiorelectronmicroscopy.

The TEM imagesof the green parts of dark-adaptedDieffenbachia Ficus, Epipremnum
leavescontainchloroplastshavingseverawide granaof adiameteibetweerb96and857nm

(Fig. 2A, B). Eachgranastackis composedf numeroughylakoid layersand canreachthe

heightin the rangeof 460 - 791 nm (Fig. 2C). Our findings are consistentwith previous
results;a very similar thylakoid ultrastructuresvere observedin low-light adaptedshade
tolerantplantAlocassi4®. Thegreenpartsof dark-adaptedChlorophytumandhavea pW\SLFD O |
thylakoid ultrastructurethe two distinct granaland stromalthylakoid regions,and granaof

lower height- around264and181nm, respectivelyFig 2B, C).

The TEM studiesof the white-yellow (variegated)partsof the sameleaves (Fig. 2A middle
column) show that the plastidsin variegatedleaf parts containno developedand ordered
photosynthetic membranes. Only varioussized membrane vesicles, plastoglobules,
disorganizednembrandamellaor tubulesareobservedn all plantspeciesThe plastidsfrom
white partsof Chlorophytumeaf alsocontainsmall patchesf prolamellarbodiesin addition
to vesicles.



Fig. 2 A: Electron micrographsof greenpart (green)and variegated(white) parts of the shadetolerantand
1 Q R UlRdD& flant leaves.An extensivemulti-layeredgranalultrastructureis observedin greenleaf parts.
Vesicles and lipid droplets are observedin variegated plant parts. B, C: Grana diameter and height
measurement@ = 20).



Greenparts of leaf bladesare photosyntheticallyfunctional and have high chlorophyll a
content

The chlorophyll contentin the greenpart of the leavesof all speciesanalyzeds betweenl-
1.71 mg/enf Chl a and 0.350.63 mg/cnt Chl b. This gives the following chlorophyll a/b
ratiosof 2.5 for Ficus, 2.7 for Epipremnum2.8 for Chlorophytumand 3 for Dieffenbachia
Plantcells have Chl a/Chl b ratios of 3.2-4.0 when exposedto high irradianceand 2.5-2.9
whengrown underlow irradiancé®. Therefore, measuredChl a / Chl b valuesindicatethat
plantsare low-light adaptedand havea high amountof chlorophyll boundto enlargedight
harvestingcomplexes.

PSII photochemistryn vivo wasestimatedoy measuringnaximalquantumyield (Fv/Fm)in
dark-adaptedplant leaves.F,/Fn, hastypical valuesof: 0.79 (Dieffenbachi, 0.76 (Ficus),
0.823 (Epipremnun), 0.765 (Chlorophytuny, indicating the functionality of PSIl well in
agreemenwith previousmeasurements

77K fluorescenceemission spectra of the green leaf parts in vivo and of isolated
chloroplasts/plastidexhibit two main peaks. The wavelengthsat 683 and 695 nm are
associatedwith the PSIl whereaghe bandaround740 nm correspondgo PSI. This peakis

remarkablyvariableamongthe different speciesrangingfrom 734nmto 745 nm®’. Both the

greenpartsof the leavesand the isolatedchloroplasts(Fig 3A, B) exhibit a characteristic
chlorophyll fluorescencepattern of developed chloroplastswith PSII, PSI and their

associatedntenndluorescenceeaks.

The Chl a fluorescencéransientcurvesof dark-adaptedeavesare shownon the logarithmic
timescalefrom x (pto X(Mg. 3C). Fluorescenceurvesof greenpartsof leaf blades
of all examinedspeciesexhibitedtypical featuresof OJIP rise. This indicatesthat electron
transporthroughPSlII takesplace,beinga markerof the photochemicahctivity of examined
plants.

White/yellow partsof leaf bladesarephotosyntheticallynactive

77K chlorophyll fluorescencespectrafrom both variegatedeaf parts and isolatedplastids
exhibitlow intensitypeaks,correspondindo the fluorescencef PSll andPSlantemae(Fig.
3A,B). The spectrumof the white part of a Chlorophytumleaf (Fig. S4) is comparableo a
spectrunof etioplastafterits illumination for 1 hourfrom Kowalewskaetal. 4°.

In vivo chlorophyll fluorescenceof variegatedoartsdo not exhibit the characteristic and|

intermediatesteps(Fig. 3C) andthereis no curve flattening after the J point in variegated
parts,indicating the lack of oxygenevolving activity. In variegatedpartsof Chlorophytum
the shapeof the fast kinetics curveis similar to that observedn developingChlorophytum
plant (Fig. S4). Overall, although signs of presenceof PSs are indicated by the 77K

fluorescenceemission measurementsthe photosynthetictransfer chain is impaired in

white/yellow partsof a variegatedeaf and thesepartsarephotosyntheticallynactive.



Fig. 3 A: 77K Chl emissionspectraof green(green)and variegatedorange)leaf parts.B: 77K Chl emission
spectraof plastidsisolatedfrom green(green)and variegatedorange)plant parts.C: In vivo Chl fluorescence
kineticsof a greenleaf part exhibitsa normal OJIP curve (green)and no photosynthetieelectrontransportin a

variegatedeaf part(orange).
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In vivo measurementsn plantleavesusingsmallangleneutronscattering

Small angle neuton scattering has previously been applied to investigate thylakoid

ultrastructureand dynamicsin plant leaves®. Here we presentan approachof higher
resolution, using time-of-flight SANS (ToF SANS). By measuringa window of different

energyneutronsin time-of-flight, smallangleneutronscatteringnodeallows a simultaneous
investigationof a wide rangeof the scatteringvectorg, q = ( siné. The higherresolution
of time-of-flight setup allows resolving individual scatteringpeaks better. Overall, ToF

SANS enablessimultaneouslyollowing the behaviorof severalscatteringoeaksin a wide q

range without the need of different instrumental settings, what considerablyshortens
measuringtime and is important in following thylakoid ultrastructure changesupon

illumination.

As exemplified by Ficus the first three diffraction peaks(ai3) are observedatq = 0.0279,
0.0558,and0.0837A ™, Theratio of thesediffraction peaksto thefirst scatteringpeakey is 1: 2 :

3 (Fig. 4A, redlines), what correspondso stackedamellae,wherescatteringpeaksoriginate
from a single granalthylakoid stackingrepeatdistance(SRD). As expectedscatteringfrom
white partsof the Ficus plantleaf (Fig. 4A, brownline) or from etiolatedplantleaves(maize
and barley +Fig. S1) do not exhibit lamellar scatteringfeaturesin the entire g range.The
amountof PLBs presentin etiolatedleaves(Fig. S6) is insufficient to give a detectable
coherentscattering thereforeetiolatedleavescan be usedas a backgroundf no variegated
equivalentof the greenleaf partis available.This hasbeendonefor the caseof Arabidopsis

Fig. 4. A: SANS curvesof white and greenpartsof Ficus leaves.Red dottedlines indicate g,.g positionsof
peaksfrom Ficus thylakoid scattering;q; = 0.0279A™. B: SANS curvesfrom dark-adaptedD,O infiltrated
leaves,wherescatteringfrom white leaf partis subtracted|eavingonly scatteringof a thylakoid network. The
curvesarearbitraryy-spaced.
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To investigatescatteringof thylakoid membraneswe expandthe early experimentalwork
andseminaldataanalysisof KreutzandMenke'®, wherethey haveusedvariegatedeavesto
obtain X-ray scatteringof thylakoidsin vivo. Specifically, we subtractecthe white/yellow
partscatteringirom the greenpartscatteringof the sameleaf andtherebyobtainedscattering
originating from the thylakoid network in vivo for Ficus Dieffenbachia, Epipremnum
Chlorophytumand Arabidopsis(Fig. 4B). The scatteringof Arabidopsiswith white leaves
was not measuredtherefore etiolated maize leaf scattering(Figs. S1, S5) was used as
backgroundo obtainthe Arabidopsisthylakoid scattering.

We canunequivocallyconfirm, thatthe neutronscatteringof greenleaf partsoccurfrom the
lamellar structureof the thylakoid membranenetworkin the entire observedy rangeandnot
from the orderedcellulose locatedin plant cell walls. The value of the most dominant
scatteringpeak g is 0.02790.031 A (225202 A, Fig. 4B and Table 4), consistentwith

previousthylakoid SRD measurementom the control and D,O-infiltrated leaves(205254
A)*® andis within therangeof the publishedTEM data(Table1 andreferencesherein).

From the appearancef scatteringcurves,the scatteringpeaksare much more evidentand
definedin the scatteringcurvesof dark-adaptedshadetolerantplants(Fig. 4B) thanin dark
adaptedChlorophytunor Arabidopsisplants.We explainthis observatiorwith the effectof a
structurefactor asa high stackwith more orderedlamellarlayerswould havea muchmore
pronouncedamellarscatteringsignal,comparedo alower stackwith disorderedayers.

We extendedhe applicability of the scatteringmodelfrom Manuscriptl to the SANS dataof

higher plants. The resultsof the modelfit for Ficus and Arabidopsisare plotted along the

experimentaldata in Fig. 5. As seen,the preliminary model fits captureall significant
featuresof thedataandafit qualityis visually satisfactoryThe modelparameterslescribing
the averagedimensionsof a thylakoid systemare summarizedn Table 3. Both the SRD,

lumen height and thylakoid membranethicknessare within the experimentallyobserved
range.However, lumen thicknesspolydispersity Jumen and goodnesf-fit parameter$ are
notyet optimal, whatunequivocallyindicatesthe needof a furtherfitting refinement.
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Fig. 5. ExperimentalSANS data(points)andmodelfittings (lines) for FicusandArabidopsis

Table3. Structuralthylakoid parameterslerivedfrom SANS models depictedin Fig. 5.

Parameter Ficus Arabidopsis
SLDaigroups . U. -1 -1
SLDymen @. U. -0.26+0.11 -0.05+0.145
SRD,A 225.5+3.7 191.87+3.6
Lumenheight,A 50+7.3 64.3+5.5
Jumen A 25+25 5+23.6
ThylakoidmembranehicknessA 37.35+4.4 47.7+4.4
No. of thylakoidsin granum(N) 5 5
Caillé parameter ) 0.02 0.02
Goodnesf-fit parameter § 18.23 8.06
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Dark-light-dark thylakoid dynamicsevaluatedby thylakoid stackingrepeatdistance,SRD,
changes

Small angleneutronscatteringwas subsequentlyneasuredn the sameplant leaf samplein
low light ( Fig. 6, greencurves),lluminatedfor 20 min + 1 hourwith 500 P Rpbotonsm™
s* (Fig. 6, yellow curves)andin low light after 12-h dark adaptation(Fig. 6, black curves).
The scatteringfrom darkadaptedand illuminated white parts does not differ (Fig. S3),
thereforeit is possibleto usethe same'white leaf part' scatteringto subtractit from dark
adaptedandilluminatedleaf scattering.

Changes of scattering curves between dark/illuminated/darkadapted measurements
correspondo thylakoid dynamicsin vivo. The valuesof g, for dark-adaptedandilluminated
plantsaregivenin Table4. From raw dataanalysis thereis a smallincreasen q; value of
lamellar peak for plants with high granastacks,indicating that thylakoid repeatdistance
decreasedupon illumination. The situation is slightly different in Chlorophytum and
Arabidopsisplants, which have a typical grana organization- illumination-induced SRD
decreasds more pronouncedfor thesespecies(Fig. 6 and Table 4). Most importantly,
scatteringpeaksof illuminatedplantsarebroaderthanthoseof darkadaptedlants.This has
beenobservedfor all investigatedplants and is most pronouncedfor Chlorophytumand
Arabidopsis Broadeningof scatteringpeaksputatively indicatesthat thylakoid membrane
systemlosesits orderuponillumination.

The SRD changesduring 12-h darkreadaptationwere more diverse and therefore less
conclusive.The g, peakpositionof Dieffenbachia Epipremnum(Fig. 6) and Alocassia(Fig.
S7)plantsdecreasedfter 12-h dark adaptationindicatinga stackingrepeatdistanceincrease
in the darkness.For Ficus and plants with typical grana structure (Chlorophytumand
Arabidopsi3, q. peak position slightly increased.This indicates that speciesdependent
thylakoidrearrangemertaikesplacein vivo alsoafterreleaseof light excitationpressure.

Overall,a scatteringsignalof low intensitycanpotentiallyyield an ambiguousnterpretation
regardingdynamicchangesf investigatedper se Therefore,scatteringexperimentsof two
characteristic plant species Ficus (large grana) and Arabidopsis (typical grana) are
complementedwith CLSM and TEM experimentsperformedin the same illumination
conditions.

14



Table4.

SRD of thefirst orderlamellarpeakderivedfrom SANS.

Plant

q, Dark-adapted(A™), SRD(A) o llluminated (A™), SRD (A)

Dieffenbachia
Ficuselastica
Epipremnurmaureum

AlocassiamacrorhizzogS.1.)

Chlorophytumcomosum

ArabidopsigthalianaCol0

0.0315,199
0.0279,225
0.0285,220

0.0305,206

0.036,174

0.0327,192

0.033,190
0.0285,220
0.0285,220
0.0305,206

0.037,169

0.035,179
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Fig. 6. SANS curvesof thylakoid membranescatteringfrom leavesof A: Ficus B: Dieffenbachia;C:
Epipremnum D: ArabidopsisColO; E: Chlorophytumleaves.Curves:green +darkadaptedieaf, yellow *
illuminated leaf, black +12 h darkreadaptedeaf. All insets:Kratky plots of zoomedin regionwith peaks.
Light-induced SRD shrinkageis inferred from peak movementto the right. Arbitrary y-spacing.Red dotted
linesindicatepositionsof g;.s peaks.
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CLSM studyof thylakoidsshowsa reduceddynamicsof Ficusthylakoid networkin thelight,
comparedo Arabidopsis

The distribution of granainside chloroplastsas well as the shapeof the entire thylakoid
network in the chloroplastis analyzedin dark-adaptedand illuminated plants basedon
chlorophyll autofluorescenceand rendered isosurface (Fig. 7A, red regions). CLSM
measurementsf 12 h darkreadaptedlantshavenot beenperformed,sincedetachedplant
leavesarenotviablefor this periodof time in suchexperimentaketup.

Similarly to previouslyreportedobservations'® we observethat light exposureinfluences
the dimensionsof the Arabidopsisthylakoid networkin vivo. The thicknessof the registered
fluorescencean z-axis of illuminated chloroplastscorrespondingo the total height of the
thylakoid network is depictedby arrowsin the last row of Fig. 7A decreasesroundtwo

times compared to dark-adapted chloroplasts (Fig. 7B), indicating that illuminated
Arabidopsischloroplastshecomemore p 1 O B \B5% decreasen volume of the thylakoid
network(Fig. 7C) and25% decreasef the total thylakoid networkarea(Fig. 7D) in thelight

indicatea morecompacthylakoid networkarrangemet uponillumination (Fig. 7A, columns
1-2 and Fig. 7B-D). A small increasein thylakoid network volume and area has been
observedwhen chloroplastswere placedunder laserlight for 4 minutes,what showsthat
illumination with laserlight per sedoesnot causea significantshrinkage(Fig. 7A columns3-

4 and Fig. 7C-D). In caseof Ficus light-induced thylakoid network shrinkagewas less
pronouncedFig. 8).
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Fig.7.A: Representativehlorophyllfluorescencendfluorescensurfacereconstructionmagesof dark-adapted
andilluminated ArabidopsisCol0 granastacksin different angles.Total granaheightis indicatedas vertical
barsin the last vertical line; B: Quantitdive thylakoid network thicknesschange(n=25-30); C: Quantitative
thylakoid network volume change(measuredfrom 5 independentexperiments);D: Quantitative thylakoid
networkareachange(measuredrom 5 independenéxperiments).
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Fig. 8 Representativehlorophyll fluorescenceand fluorescentsurfacereconstructiorimagesof darkadapted
andilluminatedFicusgranastacksin differentangles.

TEM study of thylakoids shows smaller SRD shrinkagein Ficus granumin the light,
comparedo Arabidopsis

When a dark-adaptedArabidopsisleaf is illuminated, a productionof starch granulesis
observedshowingthatphotosynthesis functionalduringthe experimen{the bottomrow of
Fig. 9A). TEM measurementshow that the number of individual granastacksin the
chloroplastincreasesiponillumination (Fig. 9B) with white light of 500 P Rpbotonsm? s
! Furthermore the total granum diameter(Fig. 9C) and height (Fig. 9D) decreaseupon
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illumination. This observationis in line to other publishedresult$?*® and indicatesthat
individual granaprobablyundergodichotomicalsplitting.

The thylakoid stackingrepeatdistancewas measuredrom micrographsof chemicallyfixed
dark-adaptedand illuminated plants. The decreasef stackingrepeatdistancefrom arourd
182 to 153 A indicatesthat thylakoids and lumen shrink upon illumination (Fig. 9E). A
similar behavioris observedn spinachleaves®.

Thechangeof a Ficusthylakoid networkultrastructureuponillumination is similar, although
less prominentthan in Arabidopsisplants (Fig. 10A-E). A numberof thylakoid layersin

granum(Fig. 10B) and granadiameter(Fig. 10 C) remainconstantuponillumination anda
slight shrinkageof bothgranaheight(Fig. 10 D) andSRD (Fig. 10 E) is observed.
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Fig. 9. A: RepresentativelEM imagesof darkadaptedand illuminated Arabidopsis ColO granastacksin
different magnifications.The SRD is depictedin the inset. B: The boxplots of the number of granaper
chloroplastcrosssection;C: the granadiameter;D: the total heightof granum;E: the SRDin dark-adaptecand
illuminated plants.Averagevaluesare depictedwith a black square medianvaluesdepictedwith a horizontal
blackline. SDis depictedby whiskers(n = 110).

Fig. 10. A: Representativ8 EM imagesof dark-adaptedandilluminatedFicusgranastacksn different
magnificationsThe SRDis depictedin theright panel.B: The boxplotsof the numberof granaperchloroplast
crosssection;C: thegranadiameter;D: thetotal heightof granum;E: SRDin dark-adaptedandilluminated
plants.Averagevaluesaredepictedwith a black squaremedianvaluesdepictedwith a horizontalblackline. SD
is depictedby whiskers(n = 20).
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Discussion

Energyin thechloroplastss storedasatransmembranprotongradient(protonmotive force,
pm), which drives ATP synthesisandis requiredto maintainfunctional photosynthesi§:>*
The proton motive force is a sum of two componentstthe transmembranelifference of
protonsbetweenlumenandstroma 0 S +andthe membranepotential (% - the electrical
field (charge)difference acrossthe thylakoid membran#. Proton influx into the lumen
triggersthe consequenhet CI™ anioninflux into lumen,which is balancedoy the outflux of
counterions K* and Mg?* into the strom&*% This ion redistribution changesthe net
negativechargeof stromalthylakoid membranesurfaceinter-thylakoid repulsionforcesand
thus can induce changesin thylakoid stacking. Thylakoid stackingis also influenced by
proteinproteininteractions®, proteinphosphorylatiotf >***andproteinexpressiorf.

A summaryof the currentunderstandingf thylakoid dynamicsupondark-to-light transition,
expressedn the stackingrepeatdistance, SRD changesis givenin Fig. 1, Tables1 and 2.

Publisheddaa provide an ambiguouspicture of thylakoid dynamicsin grana.Experiments
observinglight-induced lumen and thylakoid stacking repeatdistanceshrinkage* 1%

16.21.222%7 have beenrecently contradictedwith experimentalobservations suggestinga

medium/highlight illumination-inducedincreaseof lumen heighf°*” Furthermore many
more p G PQINIdn&fiicaloutcomeshavebeendocumentedgranamarginexpansioranda

simultaneoushrinkageof granacoré”? adecreasén granadiametef'® andchangeof the

distance between two adjacent thylakoids (inter-thylakoid space height}?° have been
observedupon leaf illumination in vivo. It hasalso beenshown,that individual thylakoids
canbecomethinner,lessundulatedmoreintrinsically ordeed in light, comparedo darkness
13335758 Even a simultaneouslumen shrinkageand expansionis observedin the same
thylakoid, where expansionis localized in granamarginsand shrinkageoccursin granal

coré®, Furthermoresignificantdifferencesare observedn darkto-light thylakoid dynamics
on the sameplant speciesasdarklight structuralchangesiependon illumination conditions
beforedark-adaptatiof?.

This infers that electrostatidon redistributionis an importantfactorin governingthylakoid
ultrastructurechangesOverview of previousexperimentalwork showsthat predominantly
isolatedthylakoids,saturatingight intensitiesof different wavelenghs and shortmeasuring
times were employedin ultrastructure/dynamicainvestigationsof thylakoid membranes
usingtherecentadventof cryo-microscopyandscatteringechniques.

Initially, we show that white leaf parts are photosyntheticallyinactive, contain no ordered
thylakoid structuresand do not exhibit orderedscatteringin the entire g range.For this we
apply the pZ K lleafipart V X EW U meEtiodladoaf and obtain scatteringsolely from
thylakoid membranes.The ability to perform a proper baclground subtraction greatly
expandspreviouswork using leaf scatteringin vivo?®#® asa simultaneousnvestigationof
severakcatteringpeakorders(q;.s) becomegossiblewith increasedesolution.

Overall, our mathematicamodel capturesmany featuresof the scatteringcurve and yields
reasonablevalues for lumen and inter-thylakoid membranethickness,but the thylakoid
numberin granumN cannotbe resolvedyet. Also, the scatteringlength density of the
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tailgroup, SLDuigroup IS CONstrainedo -1 a. u. andthe calculationof absoluteSLD valuesis

in progressHowever,mostimportantly,a wide low intensitydiffuse peakat g= 0.01-0.02 A"

Lin scatteringcurves,which has beenearlier arbitrarily atributed to a stromal thylakoid
repeatdistancé®, can be accountedor by applying the stackedlamellaemodel. Therefore
only the granalunit cell is sufficientto explainthylakoid scatteringmakingthe stromalunit

cel® a redundantentity. To compareour scatteringresultsof Arabidopsiswith literature
data,we simulatescatteringcurvesof dark adapted(Fig. 11A, green)and illuminated (Fig.

11A, yellow) thylakoids using accordingultrastructurevaluesfrom Kirchhoff et al®. It is

evidentthatthe experimentallyobservedscatteringcurves(Fig. 6E) areof aninferior quality
compared to the simulated non-polydisperse thylakoid curves, what supports our
argumentatioraboutthe largea priori thylakoid systemdisorderin Arabidopsisthylakoidsin

vivo. Looking from a scatteringperspective Arabidopsisis an inferior model systemthan
Ficus

Fig. 11. Modelled scatteringcurveswith Arabidopsisthylakoid ultrastructureparametergrom®, with N = 5,
SLDaigroup = -1 @.u., SLDumen= 0.02a. u.

A simultaneouschangeof severalcorrelatedthylakoid scatteringpeaksupon illumination
allows connectinghemto a changeof thylakoid stateandthusobservingthylakoid dynamics
in vivo. In the secondpart of this paperwe haveinvestigatedhylakoid dynamicsof plants
with two thylakoid ultrastructuresextremeshadetolerant, high granaplant Ficus and sun
tolerant, typical granatstromalthylakoid arrangemenplant Arabidopsis In contrastto the
shortterm scattering experimentswith saturating light intensitie$*?*% we decided to
performnoninvasivemeasurementsn D,O-infiltrated plantleavesin vivo andusemoderate
white light illumination of 500 P Rotonsm? s? for 1 hour on darkadaptedplants. In
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our understandinga prolonged dark adaptationbefore the experimentand a moderate
illumination with pre-illumination, which allows achieving thylakoid membranesystem
equilibrium, is more applicableas the first step of thylakoid ultrastructureinvestigations,
sinceit separateswo distinct p G Bfand p O LD I6\V Ss¥dtelsanfl mimics non-destructive
conditions. The investigation of shortterm illumination-induced thylakoid ultrastructure
adaptationss foreseerasthe nextstep,whenthemodellingis utile.

Small angle neutronscatteringexperimentsof the sameleaf sampleindicate a small, but

discernibleillumination-inducedSRD decreaséshrinkageland SRD increaseduringdark re-

adaptation.Our observationthat SRD shrinkageis less apparentfor plants with a high

numberof thylakoid layersin granumis in line with previousTEM observationwherea

highly-stacked granum of Monstera deliciosa does not undergo a significant (vertical)

unstackingafter its illumination with white light of 1500 P R ghotonsm? s* for 20

minute€’. This indicates that the findings of Kirchhoff et al.2 are not applicablefor higher
plants with extensivegrana stacking. Indeed, despite the discrepanciesof mathematical
modd, it is clear,that the experimentaheutronscatteringobservationof darkadaptel and
illuminatedplant, presentedin this paper(Fig. 6 and11B) do not follow the p 6 5increasen

O L JHeWdT Instead, we observea slight illuminationrinduced SRD decreasewhat is

otherwisewell in line with the resultsfrom otherneutronscattering?**28 CLSM and TEM

experimentgall Tablel).

Togetherwith the fact that scatteringsignal intensity decreasesn light?>®, this could

indicatea decreasef thylakoid systemorder,especiallyin the endmembranespr/andgrana
undergoingdichotonical splitting. This observationcannotbe unequivocallyconfirmed by

scatteringmodelling, as neither the exact N not its decreasecan be determinedso far.

Furthermorethe observatiorof light-inducedincreasen thylakoid disordercanbe putatively
linked to statetransitions similarly asobservedor Chlamydomona$, or NP2 but this

requiresa further clarification using modelling. Lastly, SRD of illuminated plants with a
typical grana ultrastructuredid not increaseto original values after 12 hour dark re-

adaptationwhat can have severalexplanationsno thylakoid rearrangemenbccursduring
dark re-adaptatioror thylakoid systemis damagedy a prolongedillumination andtherefore
cannotre-adaptdueto its increasedlisorder.

To explain our experimentalfindings, we suggesta hypothesisof illumination-induced
behaviorof plantswith two different thylakoid ultrastructures+ p K L atdfu W\ S griaaO |
arrangementexpressedy a numberof layersN. If N is high, illumination induced SRD
deceasds smallandthe overallgranaultrastructuredoesnot change On the contrary,if N is
low, illumination induced SRD decreaseis larger and individual granum undergoes
dichotomicalsplitting with a possibledecreasef thylakoid orderin endmembrans.
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Fig. 12. A hypothesisof illumination-inducedthylakoid systemchangessystemin plantswith a p K L &id|
HW\'S gremaudfstructure.

Conclusions

In this paperwe extend the capacity of mathematicalmodel of in Jakubauskast al.

(Manuscriptl) to analyzesmall angleneutronscatteringand extractstructuralparametersf

higherplantthylakoids.We alsodemonstrat¢hatthylakoid dynamicsof dark-adaptedshade

tolerant plants with extensivegranastackingis significantly suppresedcomparedto sun
species.The stacking repeatdistanceremainsunchangedupon darkto-light transition of

shadetolerant plant Ficus elastica but is reducedin sun plant Arabidopsis thaliana

ComplementarfCLSM and TEM resultson theseplantspeciegield to anoverall conclusion
thatthe thylakoid systemin illuminated Arabidopsisleavesbecomesnore compactanddoes
not significantly changen illuminated Ficus leaves what supportsthe resultsobtainedfrom

scatteringexperimentsn vivo. As a proof of principle, smallanglescatteringwith a posterior
mathematicamodelling can be usedin combinationwith TEM to investigateplant species
where CLSM - anotherin vivo methodto investigatedynamics- is not suitable due to

resolutionrestrictions.
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Perspectives

In the contextof plant biology, a functional norrinvasionalscatteringmethodtogetherwith
the ability to extractstructuralparametersf the thylakoid systemfrom different plantsand
mutantsenablessystematicallyinvestigatinglight-inducedchangesn granalstackingin vivo
- with the ultimate function of invoking underlyingbiochemicalprocessesand key actors,
such as function of certain proteins, ion distribution. In the context of biophysics,this
mathematicalmodel describeda complex biological system and allows following its
dynamicspaveswhatthewayto the future applicationsof scatteringnethodsn biology, and
is a goodexampleof interdisciplinaryresearckcollaboration. The next experimentabtepis
to investigatespectralquality and temperatureeffects on thylakoid dynamicsin wild type
plantsand photosynthetianutants.Futureresearclendeavorsentail systematicexperiments
with outdoorgrown plants,naturallyvarying night/dayillumination conditionsandresulting
thylakoidflexibility duringshorttermacclimationandin differenttemperatures.
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Fig. S1. Original neutron scatteringcurves. Etiolated leaves exhibit only backgroundscattering,therefore
scatteringcurvesof etiolatedleavesaresuitableasbackgroundsubtraction.

Fig. S2.DieffenbachiaSANS curves.The scatteringof white partof theleaf doesnot changeuponillumination.

Fig. S3. SANS curve subtraction.Original scatteringcurves *solid lines. Scatteringof green +white part is
depictedasdottedlines.
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Fig. S6. Plasmidsfrom the etiolated leaf of maize and barley. Both PLBs and parallel prothylakoids are
observednsideetioplasts.
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Fig. S7.Alocassiamacrorhizzoscatteringcurves.
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ABSTRACT Small angle scattering enables investigating structures of
10-1500 A in neain vivo conditions and is widely applied
in biology and soft matter science. Small-angle scattering
complements various microscopic techniques, such as as
1 INTRODUCTION transmission electron microscopy (TEM), B, 6, 7], scan-
ning electron microscopy (SEMB[ 9], cryo-EM [10, 11],
The lamellar nature of thylakoids was con rmed in the pio-cryo-electron tomography (ET)R, 13, 14, 15], atomic force
neering works of Menke in 194@]2] who studied the inner microscopy (AFM) [L6, 17, 18, 19, 20]) and live cell imaging
structure of chloroplasts using a range of microscopy tecH21, 22]. In plant sciences, small angle scattering has been
niques. From microscopical studies it became evident thaised to investigate structure and dynamic changes of thylakoid
photosynthetic membranes are not randomly dispersed withimembrane systems of plan® P3, 24, 25, 26, 27, 28, 29, 30,
the cell, but organise into highly complex ultrastructures31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45],
Figure 1 depicts representative images of the photosynthetjorotists B6, 47, 33], diatoms B8, 48], photosynthetic bac-
membrane systems: from remarkably intricate network struderia [49, 50, 51, 52, 53, 54, 55], algae B8, 48, 56], light
ture of the prolamellar body found inside developing etioplastharvesting complexe&¥, 58, 59], phycobiliproteins 60, 61],
to individual cyanobacterial thylakoids and stacked grandigher-plant prolamellar bodies (PLB§Z, 63] or plant cell
thylakoid arrays in higher plants. Structural regularity in transwall cellulose micro bers §4]. The aim of applying small
mission electron microscopy (TEM) images suggests tha@ngle scattering in biological sciences is to investigate ultra-
structural information can be extracted from X-ray or neutronstructural changes of the biologic system and correlate them
diffraction and scattering methods. In this review we focus orwith underlying physiological processisvivo. This paper
small angle scattering techniques: small-angle X-ray (SAXSgritically reviews the current state of small angle scattering
and neutron (SANS) scattering. The rst scattering studies orapplied to photosynthetic membrane systems with a three-fold
photosynthetic membranes were performed in 1953 by Fineaagenda: 1. small-angle scattering results on photosynthetic
et al. [3] and has continued ever since. There are currentlynembrane systems are presented, 2. scattering results are
about 40 works published on scattering from photosyntheticorrelated with microscopy, critical points of result interpre-
systems - photosynthetic bacteria, diatoms, algae and hightation and method limitations are discussed, 3. development
plants.

Keywords: SAXS SANS TEM Thylakoids Modelling
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(@)

(b)

©

Figure 1: Structures found in photosynthetic membrane sy?—
tems. a) Highly organised maize prolamellar body; b) Concen-

tric Synechocystisp. PCC 6803 thylakoids; c) Grana stacks
of ArabidopsisCol0, interconnected by stromal thylakoids.

of the small angle scattering method and its data analysis is
envisioned in the eld of plant sciences. The review is or-

ganized as follows: small-angle scattering terminology and

relevant background is introduced in Section 2. Scattering
results from plant, cyanobacterial and diatom thylakoid mem-
branes: changes in osmotica and illumination are critically

evaluated in Section 3. Finally, an outlook is presented in

Section 4.

2 SMALL-ANGLE X-RAY AND
NEUTRON SCATTERING

2.1 The small-angle scattering experiment

Concepts described below hold both for X-rays and neu-
trons, however certain differences arise due to the different
physical nature and interactions of photons and neutrons with
the sample material (Table 1). Electrons (X-ray scattering) or
nuclei (neutron scattering) of sample material interact with an
incoming radiation and de ect X-ray photons or neutrons from
their original path. The electrons or nuclei become sources
of elastically scattered secondary waves, which are registered
by a detector (Fig. 2). Contemporary detection systems pro-
duce a 2-dimensional output as shown in Fig. 3 a,b). If a
sample scatters isotropically, the 2-dimensional pattern is cen-
trosymmetric. For analysis, the 2-D pattern is typically radially
averaged and collapsed to the 1-dimensional curve (Fig. 5 a)
showing scattering intensity as a function of the scattering
vector magnitude:

Figure 2: General experimental setup. Incident radiation is
collimated and penetrates the sample (green box). Scatter-
ing arising in 2 direction and the resulting scattering vector
i(jsd_epicted in light blue. Beamstop (red) blocks primary
adiation.
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P
g=J9g= —sin @

where is the wavelength of the incident radiation (for neu-

trons the de Broglie wavelength) ands half the scattering

angle. For non-isotropic systems, sector averaging can be

employed to yield 1-dimensional curves, but in some cases

analysis is performed directly on the 2-dimensional dataset. @ (b)
By combining Eq. 1 with Bragg's lawn =2 RD sin

(n=1;2;3;:), adirect relation betweemand a real-space Figure 3: (a) Isotropic 2—dimensipnal st_:atteri_ng pattern
sample dimensioRD is obtained: from non-aligned system. (b) Non-isotropic 2-dimensional
’ scattering pattern from magnetically aligned system.

2n
RD= o )
contrast arises from different atom nuclear structures. Effec-

The fundamental inverse relation between angles and di8ively, a larger contrast between the sample and medium (
tances is de ned in Eqgs. 1 and 2: larger angles probe smallef SLDsample - SLDmedium ) yields a larger registered scatter-
distances and vice versa. The integdrom Bragg's law ap-  ing intensity (Eq. 3). Calculating precise SLDs for biological
pearing in Eq. 2 is called the 'peak order' and indicates that 8ystem components is important for modelling (see below),
certain distanc®D , repeating in the material, gives rise to but is dif cult, since the exact protein and lipid composition of
a series of peaks in the reciprocal space, ideally one for eadi€ membrane, their volume fractions, protein H-D exchange
value ofn = 1:2;3::::. For an ordered lamellar stack, these degree, membrane-associated water content and solvent com-
peaks are placed equidistantly. For more complex structureB9sition need to be known. Calculated SLD val(teken from
different peak positions re ect other crystallographic sym-the PhD thesis of D. Jakubauskasf)thylakoid membrane
metries and are analysed in more detail. Once the thylakoiomponents, which are used in modelling, are given in Table
sample scattering intensity pattern is recorded and correctedl

for background contributions, structural sample parameters, . . .
including a thylakoid stacking repeat distance (RD in Eq. The different physical nature of the two methods is advanta-

2, which is de ned as the height of granal thylakoid plus thedeoUSs and complementary in ultrastructural analysis - SAXS

height of the inter-thylakoid space across to the next granal th and SANS enable extracting different structural information

lakoid), lumen height and thylakoid membrane thickness cag) 1® Same sample. As illustrated in Fig. 4(a) X-ray scattering
ower of atoms increases roughly linearly with atomic num-

be extracted from the scattering pattern by means of modellin@er (heavier atoms scatter stronger), while for neutrons the
as shown in unpublished Manuscripts 1 and 2 of Jakubauskas gen).

etal variation is less systematic and differs signi cantly between
different atom isotopesp]. This isotope difference is partic-
2.2 Scattering length density and contrast ularly important for biological samples, since the exchange of
some sample hydrogen (H) atoms with the heavy-hydrogen
Analogue to scattering of visible light where differencesisotope deuterium (D) allows ne-tuning the neutron scatter-
in refractive index give rise to the air-material contrast, dif-ing contrast; the method is called contrast variation. If SLD
ferences in scattering length density enable to 'see’ materiadf the surrounding medium is equal to the SLD of a speci ¢
constituents with X-rays and neutrons. Scattering length demaolecular component, no scattering is observed from that
sity (SLD) describes the degree of interaction between sampleomponent. In its simplest form, mixird,O andD,O-based
molecules and incoming radiation 4(b, c) and is used to quarbuffers in speci c ratios enables to enhance or diminish the
tify the scattering power of different molecular componentscontrast  of different cellular component$6, 67] (Fig.
For interacting X-rays, contrast () arises from variations 4(c). To exemplify, contrast variation technique allows an in-
in the electron density of the material, and for neutrons thelividual investigation of either lipid or protein components in

Frontiers 3



Jakubauskas et al.

Scattering on photosynthetic membranes

a complex biological membrane system. In order to match out
membrane lipids 5-20 %50 (v/v) containing solutions are
used, and 40 - 45 %50 (v/v) containing solutions are used
to match out protein components of the membrane (Fig. 4(d).

2.3 Small angle scattering models

The most elaborate (to date) small angle scattering model
on a complex biological system vivo of Nickelset al. t the
entire scattering curve dacillus subtilisbacterium and eluci-
dated its membrane thickne&s]. A thylakoid systenin vivo
and its model, presented in Manuscript 1, is much more com-
plex. Previous interpretations of small angle scattering data
on photosynthetic membranes are limited to the estimation of
the average thylakoid membrane repeat distance from the ob-
served peak position by directly applying Eq. 2. This method
provides an approximation of the average spacing between
thylakoid membranes and is used to follow system behaviour
in changing conditions: e.g. illumination intensity, temper-
ature, pH or different ionic strength (see below). However,
a number of factors are not accounted for in this approach:
luminal or membrane bilayer thicknesses, the number of thy-
lakoid layers, the degree of system orientation and instrument
resolution effects.

Therefore, more sophisticated analyses of scattering data on
photosynthetic systems are required. Theoretical calculations
of Kirkensgaarcet al, based on simulated scattering patterns,
suggested a possible rout®/] for further modelling. The
general equation for the scattering intensity of particles in
solution is:

H@= 2 p%P@S(A )

Here 2isthe contrast of the particles relative to the so-
lution,  the volume fraction of the particles in the solvent
andV, the particle volume. The ternt3(q) and S(q) are
named thdorm factorandstructure factoy respectively. The
form factor describes the scattering registered from an individ-
ual particle (its form), and the structure factor describes the
interactions between these particles.

We extend these descriptions. For a grana stack, the form
factor is the scattering from a single thylakoid lamella (two
bilayers, lumen and inter-thylakoid space) and the struc-

ture factor describes the stacking order of lamellae in th%igure 4: (a) Scattering length comparisons for X-rays and

neutrons for selected elements (b) SLD of X-rays and neu-

trons—e)-Dependence-of neutron-scatteringtength-density of
lipid and protein moieties 0B,0 amount in the sample4(d)
Contrast variation technique, where photosynthetic membrane
is visualized in differenD, O buffers. The signal from lipid

(20 - 25 %D, 0) or protein components (40 - 45 B5)0) is
'masked out'. The total scattering signal is enhanced in 100 %
D50, as indicated by more intense colors than in 0 40D
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grana stack, the number of layers, in-plane undulateins techniques allow preserving amvivo-like environment, but
Instrument resolution, inherent sample disorder and polydighe investigation of thick samples.(g.the entire grana stack
persity affect the ‘clarity’ of scattering peaks and have to[72] is yet impossible due to method restrictions and the
be accounted for. The overall goal of modelling thylakoid generally insuf cient contrast of membranes.

scattering curve is to construct a mathematical model that . ) L

incorporates these parameters and properly reproduces th _Igctron microscopy alloyvs |nvest|g§1t|ng an ensem.blv_a of
experimentally measured scattering curve without undue Ovepjdlwdual sample features in A resolution, but the statistical

parametrization. This has been done for cyanobacteria anzﬂanySiS of ultrastructures from TEM micrographs requires
higher plants (Manuscripts 1 and 2) choosing a number of well-preserved structures from the

sample volume of 57 mm? order. To compare, a relatively
2.4 Small angle scattering complements large sample volume of 0.1-1 ninis probed by X-rays or
microscopy neutrons simultaneously and a statistical medium-resolution
structure of the total-volume averaged particle is obtained. Mi-
Both electron microscopy and small angle scattering argroscopy methods are therefore complementary to scattering
widely used techniques in thylakoid ultrastructural investigain accounting for sample heterogeneity, as minute differences
tion, method practicalities are compared below. of individual structure are clearly observed.

Electron microscopy method visualizes the sample in Overall, small angle scattering and microscopy methods
A-resolution in direct space, but artefacts due to sampleomplement each other and their parallel usage is advocated.
preparation are common: xation, dehydration and imageComplementary investigation of the same sample with both
contrast (Table 3). Therefore, probably the simplest way taechniques provides its detailed structural information - both
obtain structural information from the sample containing orin direct and indirect spaces - accounting for sample in-
dered structures without an extensive sample preparation is ttomogeneities (electron microscopy) and following sample
measure its X-ray or neutron scattering. Besides requiring behaviourin vivo (scattering).
minimal sample preparation, scattering methods enable a rela-
tively quick system analysis under near-native conditions, the
method allows following sample dynamics. The investigation3 THYLAKOID MEMBRANES
of sample dynamicm situis only possible using scattering
methods, as electron microscopy requires sample immobiliz&1  Synopsis of key works on thylakoid
tion and light super-resolution microscopy techniques do not membrane scattering
provide suf cient resolution21, 22]. However, small-angle

scattering re ections of the sampie vivoare registered ina | . )
reciprocal space: experimental scattering data needs to be cdiidistrachloroplasts 3] indicated the existence of a structure

verted to a direct space by means of a speci ¢ mathematicdVith @ repeat distance of 250 A, a similar RD was measured
model, which has an underlying biological interpretation. AsPY Kratky et al. for Allium porrumchloroplast pellet23).

discussed above, a ready-to-use mathematical model is raréye”tz et al. measured X-ray spat_tering Of_ the thin layer of
available. ried chloroplast pellet fromntirrhinum majug 24, 25, 28].

Isotropic scattering curves with peaks corresponding to the re-
Furthermore, obtaining sharp Bragg peaks on photosymeat distances of 177-248 A, which putatively occurred from
thetic membranes in physiological conditions (large proteirthe ordered-layered thylakoid structure had been obtained
content, required H-D contrast adjustments, measurement&6, 29]. A wide variation of repeat distance values from early
in room temperature and high osmolarity) is a tedious taslexperiments has been explained by different sample prepara-
Large system inhomogeneity additionally smears peaks, antibns and different degrees of thylakoid membrane swelling
burdens precise structural parameter calculations. Centrifugg#3]. Common to all early works is that scattering was used
tion, controlled drying 23, 25, 34] or external magnetic eld to investigate the composition and internal structure of an
[70, 30, 38, 71, 40Q] are used to increase internal order of theindividual thylakoid membrane and not thylakoid membrane
sample during the scattering experiment. Cryo-microscopgtacking.

The rst SAXS experiment on isolated osmium- xe&ks-
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A systematic work trying to explain thylakoid membrane from the thylakoid stacking repeat distance in grand #1].
scattering has been conducted by Sadteal. [46, 30, when A weak intensity and dispersion of this scattering peak is
he isolated chloroplasts frofuglena gracilisand spinach, explained by a high degree membrane disorder in a stack
aligned thylakoid pellet by centrifugation, partial dehydrationof swollen thylakoid membranes, what results in a range
or external magnetic eld and measured X-ray or neutronof different stacking repeat distances and therefore peak
diffraction: four orders of diffraction peaks having a lamellar broadening.
periodicity of 165-170 A were observedd]. These peaks are
now considered to arise from a thylakoid membrane bilayer The published explanations of the origin of other scattering
(form factor peaks)35, 36, 37]. Complementing X-rays with peaks ¢ s) are inconsistent. The interpretation of Liberton
neutron scattering experiments in a magnetic eld, Saeller et al.treats all scattering peaks a¥ brder Bragg peaks, and
al. suggested a realistic thylakoid ultrastructure model withvarious repeat distances are ascribed for cyanobac#dia [

a thylakoid repeat distance of 240-250 Buglend or 170-  Instead, we demonstrate that all scattering peaks can be ex-
190 A (spinach), and thylakoid membrane thickness of 50 Aplained by employing a model of stacked thylakoid lamellae
[32, 33). These values are comparable with the current (cryofrom Jakubauskast al. (Manuscript 1), which is a more phys-
)electron microscopy measurement®,[11]. Overall, the ically satisfactory explanation. If the experimentally observed
main outcomes of early scattering investigations were: proteir{Fig. 5, circles) scattering peak positions from Libertn
lipid and pigment arrangement in the thylakoid membraneal. [78] are plotted together with peak predictions calculated
[73, 32], thylakoid membrane thickness [74] were suggestedtom the Bragg's equation (Fig. 5, diamonds) with the lowest
and the understanding that both the inter-thylakoid space angivalue taken as the rst order peak and treating the cyanobac-
thylakoid lumen are hydrophilic compartments was coinederial membrane system as a stack of thylakoid lamellae, data
[33]. points t this explanation. Thus, correlations of Liberten

al. and Liet al.[78, 54], where the individual peaks are inter-

Small-angle scattering and modelling work on thylakoid preted to originate from speci ¢ distances in the membrane
membranes has been continued from 1998, when Javoisystem are challenged, as all scattering peaks originate from
et al. observed light-induced thylakoid membrane thick-the single fundamental repeat distance of the lamellar stack.
ness changes$, 75]. Holm et al. applied a hydrated lipid
bilayer model of Wieneket al. [76, 77] and created mathe-  Our explanation also applies for other photosynthetic or-
matical models of granal and stromal thylakoid unit cellsganisms (Table 4). If the scattering curves from different
tted the experimental data with the mathematical modelphotosynthetic organisms are looked in entirety (Fig. 5), a
and calculated thylakoid repeat distances in granal and stramellar scattering pattern is observed peak position of Fig.
mal one-dimensional unit cells from scattering patteB@.[ 5 is depicted as a big a5 positions as smaller diamonds,
Although structurally acceptable, these models yield a differthey correspond tq values of experimentally observed peaks.
ent lumen thickness for stromal and granal thylakoRB},[ Table 4 summarizesy o5 values from the published data
what is currently challenged by cryo-EM resuli?]. The - nearly equidistant peak ratio is observed for all organisms,
most important results on thylakoid scattering, osmolarity andton rming our interpretation. Accounting for a low numbér
illumination-induced thylakoid changes are discussed in detaibf thylakoids in a stack (fo€Ehlamydomonasl =3 [79]) and
below. inherent thylakoid polydispersity, a low intensity of scattering

- . peaks (Fig. 5 a) is expected.
3.2 The origin of scattering peaks

3.3 Scattering experiments on thylakoids

Scattering peaks are not observed in etiolated leaf samples
with otherwise unaffected cellular componer2§,[26, 41], RD values from TEM and SANS of the same sample shall
what suggests that ordered scattering occurs from thylakoidot be comparedRepeat distance values obtained from SANS
membranes. Although the scattering was previously ascribeexperiments are higher than obtained from TEM measure-
to stromal thylakoid membrane3§], the current understand- ments of the same sample (Fig. @] 55]. As discussed
ing is that theg value of the rst scattering peaky) originates  in Unnepet al, to improve neutron scattering signal leaves
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need to beD,O-in Itrated, what changes thylakoid organiza- leaves were stacked perpendicularly to the X-ray beam to
tion in the leaf. Slightly expanded thylakoid membranes withsuppress cell wall scattering. Thylakoid repeat distance of
D»0-in Itrated lumen produce a higher contrast and thus can250 A was elucidated?, 26]. Measuring scattering of both
outdominate in scattering, what yields to a larger average R@reen and variegated snapdragon leaf p&3kdllowed sub-
of the scattering peal6P]. On the other hand, TEM sample tracting background scattering and obtaining scattering solely
preparation involves xation and dehydration, what invokesfrom thylakoid membrane stack®9]. Scattering ing0.06-0.1
sample shrinkage. Therefore RD valilesivocan be larger A 1 (60-100 A) region correspond to form factor peaks of
than in TEM micrographs. a single thylakoid membran9]. SANS measurements of
o . . the yellow part ofShef era arboricolaleaf or red bracts of
Isolation |mpact§ thylakoid ultra§tructuresolat|on upcon- Euphorbia pulcherrimawhere thylakoid stacking is either
centratgs thylakoid membranes in the sample and reduc%ﬁsent or disordered, also did not exhibit scattering pez§s [
scattering from other plant cell components (cell wall, I;RBy extending the methodology of Kreutz and Menke to SANS
mempranes), what mal'<es the samplg more pure and the 'm,%;('periment orD,0-in Itrated leaves with high grana, we ob-
pretation of the scattering curve easier. However, an 0Smotig;; o a thylakoid scattering curirevivo (Fig. 7, dark green).
environment of an isolated sample differs from the thylakoidy improved scattering with up to ve orders of lamellar peaks
environmenin vivo. Therefore measurements on isolated anq/isible (Fig. 7, green diamonds) is obtained (Manuscript 2),

in vivothylakoids are not equivalent - thylakoids swell in hypo'compared to 1-3 orders if the background subtraction is not
tonic [80, 81], and shrink in hypertonic solution82, 71, 41]. performed [41].

As shown by scattering experimen8; 3, 24, 25, 41, 71, 44],
different sample treatments yield different thylakoid repeat dis3.5 lllumination-induced thylakoid dynamics
tances and increased thylakoid disorc&] [due to osmolarity

and ionic force-related changes. RD change due to osmotic |jjymination-induced thylakoid ultrastructure changes are
effects is also observed for diatdffieodactylum tricornutum  versatile: both shrinkage and expansion of thylakoid repeat
andChlamydomonasellsin vivo[48, 71, 56, 52]. distance has been observed in different ionic environments

Scattering can improve the biochemical knowledge of athyLsO]' Numerous TEM experiments suggest that thylakoid

lakoid systemDue to relatively easy and fast measurementsr,ner’nbranes botin vivo andin vitro contract in response

scattering method can be used to improve thylakoid or chlorot—o illumination, this shrinkage is dark-reversible, its degree

plast isolation procedures - with the aim to nd buffers where depends on light intensity [84, 85, 86, 87, 88, 89, 90, 91, 92].
thylakoi losel le situatiowi .
ylakoid membranes ¢ 0sely rese”.‘b €sl uatmm!vo[52] Scattering can also follow thylakoid stacking repeat dis-
For example, from scattering experiments NaCl is suggestetd h . i isolated thylakoids show that
to be a better osmoticum than sorbitol for thylakoid isolation ance changes - experiments on Isolated thylakolds show tha

h thylakoid repeat distance decreases in a matter of minutes
[41, 52]. It was also shown that the nature of buffering com- S ) NI .
- ) > when illuminated with white light intensities up to 100&nol
pound (tricine, MES, potassium phosphated)] [or addition hot 2g 1andi tored. when the light is t d off
of 200-250 mM monovalent saltd4] has no effect on re- p3;2857T- t; h_ar;] s rfhs ore i_Wd ?nht _et|g 'tls tlrjlmle N
peat distanced2], but the increase dT/Ingr concentration [38, 40, 71]; the higher is the applied light intensity, the larger

or decrease of pH of the isolation mediug2[71, 43] low- anq q:uf[:kgir:s Ithke %D_d(_ecreast{)}a ltf |II2L;r8‘|)ne|1tl?1n:nten3|t2y
ers RD. Scattering can be used to investigate the action i jso'ated thylakolas IS Increased to ofphotons m

1 ’ ) .
thylakoid membrane proteins (ion channels, transporters) angwr')r;krytljzorlg E)im;g:bggfugs aréi::”;gi?d;?;?;ﬁ?haﬁer
their effect to the overall thylakoid ultrastructure in different Inkage | 9 vedi]. 9 ! Y

osmotica and ionic environments [44]. lakoids with uncguplers are_not obse_rved, what suggests _that
proton transport is involved in thylakoid membrane dynamics
3.4 Scattering experiments on plant leaves of higher plants [40].

To avoid thylakoid ultrastructure change due to isolation, Compared to isolated systems, light-induced thylakoid dy-
scattering experiments on intact plant leaves have been peramicsin vivo is more versatile and organism dependent.
formed. In the rst SAXS experimenfllium porrum(leek)  Several structural outcomes have been observed in plant
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leaves: thylakoid expansiori], 93, 91], thylakoid shrink- interplay these factors will yield a much more comprehensive
age B1, 92, 93,90, 87, 45], simultaneous thylakoid shrinkage picture.

and expansion94, 91]. Thylakoid shrinkage was observed
in algalPorphyraandUIva cellsin vivo[85]. Light-induced
increase of thylakoid repeat distance was been observed
Chlamydomonaf95], diatoms §48] and cyanobacterial phyco-
billisome mutant cells78], but no RD change was observed
in Synechocystisp. PCC 6803 cells7B, 39]. We also show
that thylakoid repeat distance does not change in leaves wi

As scattering enables registering A-order changes and re-

ires no xation, it shall be routinely used to evaluate the
thylakoid ultrastructure changes in order to investigate the
biochemical processes and actors, which drive thylakoid dy-
namics. Despite the experimental limitations of the large scale
t%cattering facilities, we actively invite scattering community
large grana stacks (Fig. 8 ). This suggests that thylakiaids and biologists to investigate thylakoid ultrastructures from

vivo are much more adaptive and sensitive to light spectraﬁj'ﬁe,rent plant species and funct_|onal phqtgsynthems m“taf‘ ts,
. B . in different temperatures and light qualities, such as daily-
quality and intensity. . : )
uctuating natural light or prolonged dark adaptation etc.).

As discussed above, current SANS data analysis, which i§|°_W' that th? mathematical model to t_axplain t_hylakoid sc_at—
based on peak position readings, cannot infer lumen height JFind is available, systematic scattering studies are of high
thylakoid membrane thickness or their iIIuminated—inducecpece_ss't_y in order to l_Jnderstand the physiological effects of
changes. Therefore, elucidations of dark-light-dark thylakoid"“m'"m'On to thylakoid ultrastructure.
dynamics based on scattering daté][are so far speculative.

Suitable mathematical models, similar to the ones suggeste,
in Manuscripts 1 and 2, which investigate the entire scatteg OUTLOOK

ing curve behaviouen masserather than the behaviour of e advent of new experimental facilities (Max 1V, European
individual peaks, are _of high importance to investigate '“merSpallation Source or European XFEL) opens new horizons
changes and thylakoid dynamics in general. for biological scienti c community. Scattering technique will
: . ) _ultimately enable to investigate, follow and model near-atomic
Furthermore, inelastic neutron scattering (INS) techniquyagtryctural changes of complex biological systems in their
can be used to study dynamics of individual membranes. INQ;tive environment in near-second range. In complement to
investigation of dark—adapted_ and illuminated cyanobacterialy i microscopy techniques and together with the fact that
thylakoid membrane dynamics show that the dark-adapteglymnrehensive mathematical models explaining scattering
thylakoid membrane is softer before its illumination with 4. tom complex systems are underway, an advent of new

‘_Nhite_ Iigh_t (NB: OD_750”’“ of cyanobacterial cells used in this discoveries using scattering methods on complex biological
illumination experiment was 36.5-41.693. From SANS, system dynamics is expected

thylakoids inChlamydomonasells are suggested to exhibit
the same behaviouB§]. However, experiment with a uo- From hosting predominantly hard-matter physicists and
rescence probe suggests the that spinach thylakoid membraneystallography-oriented users, the number of users having
uidity is lower in dark-adapted than in low-light-illuminated purely experimental biological background (participating in X-
state [90], what calls for a more detailed investigation. ray and neutron beamtimes mainly as proposal co-applicants)
is increasing. Though biologists, or other soft matter scientists,
To conclude, the observation of thylakoid (lumen) shrinkageare actively involved in sample preparation before the experi-
or expansion is only the single facet of thylakoid dynamicsment or in the user laboratories, they, due to a largely different
in vivo and shall not be the sole experimental purpose, as iducational background, restrain from actively taking part in
depends and is probably governed by numerous environmentphysical measurements, leaving it ‘to the physicists'. Primary
factors. It has been extensively demonstrated, that thylakoid uirterest of physicists, however, is the functionality of the in-
trastructure and degree of thylakoid dynamiicgivodepends  strument, data interpretation and related matt&@4,[102.
on the organismd9, 52, 96, 78], its ‘previous-growth-history’  This approach leaves many grey areas in experimental design
[97, 96], illumination spectral quality98, 97, 56, 99, 54, 100 and is not an optimal. Many biologically important parameters
and illumination intensity 71, 40, 94, 90]. Understanding the and conditions, which are of key importance to the biological
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relevance and success of the experimiest,a spectral compo- requirement of a quali ed biologically-trained personnel in

sition of the ambient illumination and its intensity, evaluating the large-scale scattering facility, which is potent to handle

plant tness or dark-adaptation conditions, are not considerediological material, if precise instructions are given, is of high

during the actual measurement. necessity. If these issues are considered, an advent of new
discoveries using scattering methods on complex biological

To increase a synergistic interaction between physicists angystems is expected.

plant scientists, this review provides a theoretical minimum of

scattering knowledge for experimental biologists, and invites

them to participate in the experimental design, to consideACKNOWLEDGMENTS
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Figure 6: Comparison of repeat distances obtained by SANS
and TEM for isolated thylakoids and plant leaves.

(@)

(b)

Figure 5: a)in vivo g positions of scattering peaks (my own
data from BILBY); b) peak positions of cyanobacteria from
Libertonet al.[78]. Circles are data values as reported, dia-
monds are the values, calculated using the Bragg equation
(Eq. 1) with the lowesty value as ¥ order peak, in some

ses moved-byafewpercent:
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(@)

Figure 8: Scattering of dark-adapted and illuminated leaf,
inset: Kratky plot.

Figure 7: White leaf (yellow curve) scattering subtraction
from the green leaf part (green curve) yields thylakoid system
scattering (dark green curve). position is indicated as a big
diamond,qp s positions as smaller diamonds. Inset: TEM
pictures of corresponding leaf parts.
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Table 1. Differences and practicalities of SAXS and SANS experimental techniques Adapted from [59].

SAXS SANS
Interacting eld Electrons Nuclei
Incident beam wavelength, A 1.0-1.6 2.0-25.0
Flux of the source (particles/s/nfn Medium to high (18 °-10) Very low to low (1-1C8 9)
Coherent scattering length density, 2§ cm H:0.28,D:0.28 H:-0.374,D: 0.667
Sample volumes required in 1-2 mm pathlength cell  20-BO 150-500 L

Radiation damage to the sample

Structural information extracted for an individual
moieties in multicomponent systems

Contrast variation use

Resolution

Experimental facilities

Rare
Low-Medium
Laboratory and synchrotron radiation sources

Low for laboratory sources, high for synchrotron sources  Low
No (electron density average of the entire sample)

Yes (lipid, nucleic acid, protein
can be investigated separately)
Common

Low-Medium
Large facilities only

Table 2. Scattering length densities of thylakoid components. Taken from the PhD thesis of D. Jakubauskas

Neutron SLD, A 2 X-ray SLD,A 2

Lipid headgroups. Plants 1730 © 8.98 10 ©
Lipid tailgroups. Plants 1.3610 © 112 10
Lipid headgroups. Cyanobacteria 1780 © 1.32 10 °
Lipid tailgroups. Cyanobacteria 1.290 © 1.10 10 °
Thylakoid proteins (10 % H-D exchange) 2.480 6 121 10 °
Chloroplast average 5.330 © 9.98 10 6
Stroma average 6.3610 © 945 10 6

D,0 6.393 10 © 9.455 10 ©
Ho0 -5.610 10 © 9.469 10 ©

Table 3. Comparison of scattering and microscopy techniques [69].

Feature Scattering Electron microscopy

Space Reciprocal (inverse) Real (direct)

Resolution Small sample details not visible Small sample details visible

Local structure details Cannot be extracted Can be extracted

Results Representative of the entire sample average Unique, but may not represent the entire sample

Preparation/Experimental artifacts

Result interpretation is ambiguous Average structures are hard to obtain
Scarcaniritro experiments Artifacts inherent with chemical xation
Sample shall not degrade/change during measurement  Artifacts scarce for cryo- xation methods
Overall cryoEM contrast is lower

Table 4. Measured repeat distances for various organisms.

Organism aAhtA @A'® g, AR @A TA 95,A (A g6, A 1 (A) Reference
Synechocystisp. PCC 6803 WT ~ 0.01 (627)  0.021 (300) 0.0374 (168) 0.0452 (139) 0.055 (144) [78]
0.036 (175)  0.043(146)  0.059 (106)  0.11 (57) [53]
Halomicronema hongdechloris  0.0097 (647) 0.021 (299) 0.042 (150)  0.056 (112) [54]
Pheodactylum tricornutum 0.037 (170)  0.052 (121) 0.065 (97) [48]
Spinacia oleracea 0.0258 (244) 0.0508 (123.6) 0.078 (80.5) [41]
Chlamydomonas reinhardtii 0.033(190)  0.055 (114) [56]
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Appendices

Appendix 1. WillltFit? code

Model information le

E:\DoubleBilayerStackLumenAndRepeatDistancePolydisperse2\ModelInfo.h

R e
*

* Model name: DoubleBilayerstackLumenAndRepeatDistancePolydisperse

* Author : D. Jakubauskas and J.J.K. Kirkensgaard.

* Email : jjkk@nbi.dk

* Structure factor follows Nallet et al, 1993 J. de Physique II 3, 487-502
*

Rk kR R Rk R KRR Rk ok R R kR K

// List of headers to be included on compilation

#include "Constraints2.h" //Empty file, since everything is defined in Model.h file
#include "Model.h"
#include "OutputData.h"

Model code le



F:\WillltFit3\Models\DoubleBilayerStackLumenAndRepeatDistancePolydisperse2\Model.h




F:\WillltFit3\Models\DoubleBilayerStackLumenAndRepeatDistancePolydisperse2\Model.h




F:\WillltFit3\Models\DoubleBilayerStackLumenAndRepeatDistancePolydisperse2\Model.h




F:\WillltFit3\Models\DoubleBilayerStackLumenAndRepeatDistancePolydisperse2\Model.h
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Model output le



E:\DoubleBilayerStackLumenAndRepeatDistancePolydisperse2\OutputData.h
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Appendix 2. PLB isolation protocol

Bu ers
Adjust pH carefully with 2 M KOH; only 2-3 drops are enough!
Isolation bu er; pH=8.0 (KOH). 3 L needed

0.5 M sucrose (171.2 g/L)

20 mM Tricine (3.85 g/L)

10 mM HEPES (2.38 g/L)

50 mM KCI (3.73 g/L)

0.66 g/L Cysteine added just before use

0.42 g/L NaF can be added - if preserving phosphorylated state is important (not
for PLB isolation)

Sucrose-free (0 %) bu er; pH=7.6 (KOH). 1 L needed

20 mM Tricine (3.85 g/L)

10 mM HEPES (2.38 g/L)

50 mM KCI (3.73 g/L)

1 mM MgCl, 6H,0 (0.203 g/L)

1 mM EDTA disodium salt hydrate (0.372 g/L)

50 % Sucrose (50 %) bu er; pH=7.6 (KOH). 1 L needed

1.47 M sucrose (503.2 g/L)

20 mM Tricine (3.85 g/L)

10 mM HEPES (2.38 g/L)

50 mM KCI (3.73 g/L)

1 mM MgCl, 6H,0 (0.203 g/L)

1 mM EDTA disodium salt hydrate (0.372 g/L)

60 % Sucrose (60 %) bu er; pH=7.6 (KOH). 200 mL needed

1.7 M sucrose (116.3 g/200 mL)

20 mM Tricine (0.717 g/200 mL)

10 mM HEPES (0.477 g/200 mL)

50 mM KCI (0.746 g/200 mL)

1 mM MgCl, 6H,0 (0.040 g/200 mL)

1 mM EDTA disodium salt hydrate (0.0744 g/200 mL)
+ 0.3 mM NADPH (1.75 mg/7 mL). | omit this step.

Storing bu er; pH=7.6 (KOH). 50 mL needed

50 % sucrose (25.15 g/50 mL)
20 mM Tricine (0.179 g/50 mL)
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10 mM HEPES (0.119 g/50 mL)

50 mM KCI (0.1865 g/50 mL)

+ 0.3 mM NADPH (1.75 mg/7 mL). | omit this step.
1 tablet of cOmplete protease inhibitor cocktail

0.3 mM NADPH stock = 1.25 mg/5 mL or 1.75 mg/7 mL As detailed below, | did
not use additional NADPH in my isolations.

For sucrose gradients:

Use 50 % bu er with 0.3 mM NADPH and 0 % bu er to make 42 % and 46 % solutions.
Use 50 % bu er without 0.3 mM NADPH and 0 % bu er to make 37 % solution. For a
single isolation, make 90 mL of 50 % bu er with 22.5 mg NADPH.

Make solutions (enough for 6 gradient tubes):

32 mL of 46 % solution from 29.5 mL 50 % with NADPH and 2.5 mL 0 %
62 mL of 42 % solution from 52.1 mL 50 % with NADPH and 10 mL 0 %
62 mL of 37 % solution from 45.9 mL 50 % without NADPH and 16.1 mL 0 %

Bu er yield for one isolation:

3 L of isolation bu er
150-200 mL of 0 % bu er
150 mL of 50 % bu er
2x7 mL of 60 % bu er
5-10 mL of storing bu er

Materials

Everything needs to be ice-cold and performed in the darkness. Light exposure
destroys paracrystalline PLB structure.

Grinding

I used ice-cold pestle and mortar with addition of some sea-sand and manual work.
Polytron or Turax grinders can be also used if probes are available.

For grinding - use 295 mL of isolation bu er (be precise) and 50 g of leaves at a time.
Total slurry volume is 8 x 295 mL = 2360 mL (around that).

If using Polytron/Turax, do two rounds of grinding in a max speed, 4 seconds long.
If your probe is small or not sharp, it will immediately get clogged. Buy a suitable one
or proceed with a mortar/pestle option. | have contacted KINEMATICA in 2016 and
they suggested using 20 mm diameter dispersing aggregate PT-DA 20/2WMEC-F193 or
PT-DA 20/2WEC-F193 (suitable for Polytron PT 10/35 GT laboratory homogenizer)
for this leaf-grinding purpose, it costs around 1500 DKK.
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Warring blender is not an option in PLB isolation, because it is very ine cient.

I have used mortar/pestle with a belief that PLBs will be more intact due to less
intense grinding. However, such manual isolation is way longer. Then the proteases start
working - to avoid it, | made sure everything was ice cold all the time. Rather than to
grind for a longer time you can Iter of the isolation medium after the short time of
grinding and then continue to grind with a new medium added.

Rotors
All centrifugation done with acceleration/decelleration of 5.

Cold Sorvall RC-6 centrifuge F10 35/SLC-3000 rotor. Amount of holes - 6. Tube
type 3141-0500. Tube volume 500 mL. Max speed 17700 g/15000 rpm

SLA-1500 rotor. Amount of holes - 6. Tube type 3141-0250. Tube volume 250 mL.
Max speed 134155 g/15000 rpm

F13-14x50cy rotor (Sorwall RC-6+). Amount of holes - 14. Tube type 430829 Corning.
Tube volume 50 mL. Max speed 15500 ¢

Cold Beckmann Optima XPN-80 ultracentrifuge

SW28 rotor (Sorwall RC-6+). Amount of hangers - 6. Tube type 344058. Tube
volume 38.5 mL. Max speed 141000 g/28000 rpm

Plants

Early vigour maize seeds (I used var. ’Ambition’ from Limagrain). Treat seeds with
fungicide if not done beforehand - otherwise the seedlings will get mouldy. | used either
mesurol pre-coated seeds or used anti-fungal powder Thuram (a teaspoon of fungicide for
300 mL of seeds). Spread the seeds on vermiculite, add some vermiculite on top. Soak
with water extensively. Seeds shall be covered in vermiculite, but shall be in max 0.5
cm depth. Maize seeds are grown 2 days at 20 C followed by 7 days at 27 C in high
humidity (75-80 %) dark chambers. | used 600 mL seeds grown in 4 plastic trays (56 26 4
cm), this gives 5-8 50 g leaf material. The start of growth in 20 C improves germination
(Eva Selstam), but I omitted this; grew constantly in 27 C. Watering once after 4 days
is required.

Protocol
Leaf harvesting and grinding

Only the rst and second true leaves are harvested (plucked one by one) leaving long
stalks behind. It is important to keep the same type of growth regime, since the unit cell
length changes a bit with age. The age/structure of the etioplast and PLB also change
from the tip of the leaf to the bottom. In a grass and barley leaf, the tip is mature and
the bottom of the leaf is still developing. Maize PLBs are a bit more uniform inside the
entire leaf length - me. Thus it is not good to harvest the bottom of the leaves. You have
to discard the lower third of the rst and second leaves to get out a uniform set of PLB.
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A package of 50 g leaves is wrapped in aluminium foil and stored on ice until all
leaves are harvested. 8 packages was an optimistic option for me, | usually obtained 6.
This is enough.

For grinding - use 295 mL of isolation bu er (be precise, use measuring cylinder)
and 50 g of leaves at a time. Cut the leaves with scissors in small bits and use 2 spoons
of clean sea sand. If doing so, always use 2 layers of Miracloth for Itration, this will
capture sand. Add ice cold isolation bu er to some leaves (bit by bit) and grind manually.
Be quick. Use a big mortar and a pestle with a big handle as well as cryo-gloves from
resin. Pour isolation bu er for Itration, add more leaves and a bit more bu er. Cool the
mortar with LN, between grindings if needed. You will get a total slurry volume of 8x295
mL = 2360 mL (around that). 3 L of isolation bu er shall be enough for 1 isolation.

PLB isolation

Filter the obtained leaf slurry through 5 layers of cheesecloth/nylon membrane mesh
and 2 layers of Miracloth. Centrifuge 3300g for 10 min in a large rotor and save the
pellet in 40 mL isolation bu er. Stir a bit to resuspend the pellet. Repeat centrifugation
with other part of leaf slurry if needed.

Centrifuge both lots divided into two tubes (I use 50 mL Corning orange-caps) in
a small rotor at 4340 g for 10 min. Remove supernatant. Stir the pellets with 0.5 mL
isolation bu er and dilute with 5 mL of 0 % bu er in each tube to osmotically break
intact etioplasts. Carefully stir for 2 min and add 3 mL 50 % bu er in each tube to
restore sucrose concentration.

Dilute with isolation bu er up to 20 mL and centrifuge 20 min in 6000 g.

This is how | nish the protocol. | discard supernatant, wash the pellet with small
amount of storage bu er, load them into SAXS capillary, put it inside a closed ice box
and immediately go to measure SAXS. For SANS, use D,O-based storage bu er, wash the
pellet 2 times, discard bu er. Then resuspend thoroughly in D,O-based storage bu er
and ash-freeze in LN;. Use black Eppendorfs and wrap them in 2 layers of aluminium
foil each.

If not applicable, then standard protocol is continued here. After 6000 g centrifugation
for 20 min, supernatant is discarded. Each pellet is stirred with 4-5 mL of 60 % bu er.
The membrane slurry is sucked into a 10 mL disposable plastic syringe through a thin
(0.6 mm diameter 2 cm long) needle. Membrane slurry is squeezed in and out 4 times.
This breaks a connection between PLBs and PTs.

After squeezing, load membrane slurry UNDER the sucrose gradient. Avoid bubbles!
The sugar concentration must be higher than 46 % to make membranes stay on the
bottom of sucrose gradient tubes. Therefore: make a total volume of a membrane slurry
equal to 12-14 mL by adding 60 % bu er BEFORE LOADING. Centrifuge in SW 28 in
110000 g/25000 rpm for 1 h.

6 sucrose gradients are premade from 10 mL 37 %, 10 mL 42 % and 5 mL 46 %
bu ers (see below how).
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After ultracentrifugation, PLB membranes will be found in the interface between
42 % and 37 % sucrose layers. Suck o this PLB band with a thin-end glass Pasteur
pipette. Dilute this PLB solution with equal amount of 0 % sucrose bu er and centrifuge
at 8100 g for 10 min. Obtained pellet is the best PLB fraction. The supernatant can be
centrifuged again at 7000 g for 20 and used as a less-good PLB fraction.

Save these PLB pellets and stir them with a storing bu er containing NADPH. E.
Selstam obtained 2 4-5 mL of a total PLB pellet, aliquoted them by 500 L in dark
Eppendorf tubes and ash-froze them in LN,. For protein and pigment determination in
PLB sample, see below.

Making sucrose gradients

Pipette 10 mL of 37 % sucrose bu er to each tube. Then use a 10 mL syringe equipped
with a 8 cm long needle with a 0.8 mm wide hole and apply the following 42 and 46 %
sucrose bu ers below each other - in the order 37 %, 42 %, 46 %. Do it slowly and be
Careful not to mix the layers, as by accidentally doing so you waste a lot of money on
NADPH! For applying the membrane slurry under the gradient use the needle of the
same width, not the small one used for squeezing. Avoid bubbles at all times!!!

Protein quanti cation

Protein is analysed with BCA method Pierce. BSA is used as a standard protein.
E. Selstam has treated the PLB membranes with 0.1 M KOH in order to saponify the
membrane lipids (1 h in 80 C). It is also possible to solubilize the lipids with SDS. You
have to treat the BSA standard the same way as the PLB sample.

Pigment analysis

Pigment analysis: The pigment analyses is made in 80 % acetone, however the storing
bu er has too high sucrose concentration to make a uniform clear solution. Thus the
sucrose bu er needs to be exchanged.

Dilute 200 L of PLB membranes to 1 mL with 0 % bu er or water. Then centrifuge
full speed in Ependorf tabletop centrifuge for 10 min. Remove supernatant. Stir up the
pellet in 200 L 0 % bu er and add 800 L of 80 % acetone. Use quartz cuvette. E
PChlide = 31.1 mL  mol PChlide cm 1. Measure Absorption at 626 nm (signal) and
730 nm (background).

General comments from Eva Selstam and me

All handling of plants and membranes is done in a faint green safe light. Use black
boxes to transform plants if necessary. | recommend locking the door when doing the
isolation.

Isolation of PLBs with preserved cubic structure is not easy. | failed with approx. 25



BIBLIOGRAPHY 267

% of the isolations. | tried to nd out the why, but still I do not now. You need to work
quickly and with cold solutions. If you use pestle and mortar, be mentally prepared for a
lot of manual work in the cold and darkness. Also - act quickly to avoid the PLB damage
by proteases. Make 6 tubes with sucrose gradients during the 20 min centrifugation step.

It is critical to keep higher pH high during the leaf grinding, since a pH lower than 7
will irreversibly destroy PLBs. | can recommend to raise the pH in the grinding bu er
from 7.6 to 8.

In PLB isolations we use NADPH for stabilisation of the POR-protochlorophyllide-
NADPH complex (POR-PChlide-NADPH). In some work from the 1980s Ryberg-
Sundqvist postulated that PLB was preserved in the presence of NADPH. So we use
NADPH to make the best possible for a preserved PLB. However, | am not 100 %
convinced that it is nessisary to add, but do not want to risk the PLB or start to try out
without NADPH. | did not add extra NADPH in my bu ers and PLBs were ne - added
by me.

The reason why | am not 100 % convinced is:

1. The NADPH is binding to the complex, it can not be removed by washing in
NADPH-free media. You can remove it by adding salt to the media, then NADPH leaves
the site on the POR-Complex. (This means, NADPH already in POR in your leaves will
stay there during your isolation);

2. It is possible to destroy the PLB structure by salt treatment - and then get the
structure back if salt is removed without adding NADPH. Thus, as long as the oligomer
complex of POR is intact, PLB is formed. The destruction of PLB by moderately high
salt concentrations is due to shielding membrane surface charges and not by the release
of NADPH from the POR.

PT on PLB: In the isolation process, there is a step where | squeeze the membrane
slurry through a ne needle, to remove/detach the PT from the PLB. In order not to
destroy the paracrystalline PLB structure we gradually weakened this step. For the
X-ray/neutron di raction | think it does not matter if there are some short PTs left on
PLBs. The PTs will be part of the scattering. Some PLB isolating research groups use
sonication to get rid of the PTs, we avoided that.

Normally | stored the PLB membrane (in 50 % sucrose bu er) preparations in -20
C. During transportation they were on dry ice. | have always stored them in -80 C and
shipped them to Australia in 10 kg of dry ice - added by me.

It is not fun to make 60 % bu ers. It is also very di cult to pipette such a viscous
solution in the dark. To make things easier in the dark, | always had the 10 ml 60 %
bu er (the amount I needed for each isolation) ready in a tube, in the -20 C storage.
When planing an isolation | just took one tube, added NADPH and let the NADPH
dissolve by itself. Do not shake, then NADPH forms lumps. In the dark it was then
easy to have control of the amount of 60 % bu er that | was using. If there was some
left-overs after the resuspension for the sucrose gradient centrifugation, it was used as
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storing bu er, to save NADPH.

Appendix 3. Cyanobacterial RD statistics



Raw data

> shapiro.test(datacyano$RD[datacyano$Category=='6803"' & datacyano$Replica==
Shapiro - Wilk normality test

data: datacyano$RD[datacyano$Category == "6803" & datacyano$Replica == "1"]

W =0.9935,p -value =0.8767

data: datacyano$RD[datacyano$Category == "6803" & datacyano$Replica == "2"]

W=0.9577,p -value=1.249e -05

data: datacyano$RD[d atacyano$Category == "6803" & datacyano$Replica== "3"]

W =0.9237,p -value=2.269e -08

> shapiro.test(datacyano$RD[datacyano$Category=='7942' & datacyano$Replica=="1")
Shapiro - Wilk normality test

data: datacyano$RD[datacyano$Category == "7942" & datacyano$Replica ==

W=0.9298,p -value =1.516e -05

data: datacyano$RD[datacyano$Category == "7942" & datacyano$Replica ==
W =0.8932,p -value =5.636e -11

data: datacyano$RD[datacyano$Category == "7942" & datacyano$Replica == "3"]

W=0.9914,p -value=0. 2695

> shapiro.test(datacyano$RD[datacyano$Category=="7002"' & datacyano$Replica=="1"7)
Shapiro - Wilk normality test

data: datacyano$RD[datacyano$Category == "7002" & datacyano$Replica == "1"]

W =0.8654,p -value =9.573e -14

data: datacyano$RD[datacyano$Category == "7002" & datacyano$Replica == "2"]
W =0.9236,p -value=7.778¢ -09

data: datacyano$RD[datacyano$Category == "7002" & datacyano$Replica ==  "3"]
W=0.9321,p -value=3904e -08

Ismeansutput

> mod.Ismeans < - Ismeans::lsmeans(modl, specs = c("Category”,"Replica"))
> mod.Ilsmeans
Category Replica Ismean SE df lower.CL upper.CL

6803 1 574.1123 10.914563 1668 552.7046 595.5200

7942 1 612.8377 10.914563 1668 591.4300 634.2454

7002 1 615.7887 7.491195 1668 601.0955 630.4818

6803 2 632.5374 8.281828 1668 616.2936 648.7813

7942 2 565.6762 8.0997 87 1668 549.7894 581.5631
7002 2 621.9866 8.139202 1668 606.0225 637.9507

6803 3 556.9211 8.476721 1668 540.2950 573.5472

7942 3 572.6480 8.159127 1668 556.6448 588.6512

7002 3 556.6844 8.159127 1668 540.6812 572.6876

Confidence level used: 0.95

1]
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Raw dataQ-Q pbts

6803 7942

7002 BoxCox lambda estimation

BoxCox

> lambda < - Cox2[1, "Box.x"]
> |lambda
[1] -0.6666667



Model

Ime.cyanosBC < - Ime(RD_box ~ Category - 1, random =~1|Replica,data=datacyano)

> Ime.cyanosBC

Linear mixed - effects model fit by REML
Data: datacyano
Log- restricted - likelihood: 7528.633
Fixed: RD_box ~ Category -1
Category6803 Category7942 Category7002
1.478410 1.478018 1.478340

Random effects:
Formula: ~1 | Replica
(Intercept) Residual
StdDev: 0.0005802694 0.002674601

Number of Observations: 1677
Number of Groups: 3

> summary(Ime.cyanosBC) ##p values

Linear mixed - effects model fit by REML
Data: datacyano
AIC BIC logLik
-15047.27 -15020.15 7528.633

Random effects:
Formula: ~1 | Replica
(Intercept) Residual
StdDev: 0.0005802694 0.002674601

Fixed effects: RD_box ~ Category -1
Value Std.Error DF t -valuep -value
Category6803 1.478410 0.0003560206 1672 4152.597 0
Category7942 1.478017 0.0003551683 1672 4161.457 0
Category7002 1.478340 0.0003510794 1672 4210.842 0
Correlation:
Ct6803 Ct7942
Category7942 0.890
Category7002 0.897 0.899

Standardized Within - Group Residuals:
Min Q1 Med Q3 Max
- 3.690522575 - 0.630468594 0.001438863 0.644311590 3.148658336

Number of Observations: 1677
Number of Groups: 3

Model GLHT

> (sumBClme < - glht(Ime.cyanosBC, linfct = mcp(Category ="Tukey" )))
s between groups

General Linear Hypotheses

Multiple Comparisons of Means: Tukey Contrasts

Linear Hypotheses:

Estimate
7942 - 6803 == - 3.926e - 04
7002 - 6803 == -7.014e -05

7002 - 7942 ==0 3.224e -04

##RD difference



Model plots

Residualsv s. model - fitted residuals

Model Q - Q plot
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