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Abstract: High-resolution structures of photosynthetic pigment—protein complexes are often
determined using crystallography or cryo-electron microscopy (cryo-EM), which are restricted to
the use of protein crystals or to low temperatures, respectively. However, functional studies and
biotechnological applications of photosystems necessitate the use of proteins isolated in aqueous
solution, so that the relevance of high-resolution structures has to be independently verified. In this
regard, small-angle neutron and X-ray scattering (SANS and SAXS, respectively) can serve as the
missing link because of their capability to provide structural information for proteins in aqueous
solution at physiological temperatures. In the present review, we discuss the principles and
prototypical applications of SANS and SAXS using the photosynthetic pigment—protein complexes
phycocyanin (PC) and Photosystem I (PSI) as model systems for a water-soluble and for a membrane
protein, respectively. For example, the solution structure of PSI was studied using SAXS and SANS
with contrast matching. A Guinier analysis reveals that PSI in solution is virtually free of
aggregation and characterized by a radius of gyration of about 75 A. The latter value is about 10%
larger than expected from the crystal structure. This is corroborated by an ab initio structure
reconstitution, which also shows a slight expansion of Photosystem I in buffer solution at room
temperature. In part, this may be due to conformational states accessible by thermally activated
protein dynamics in solution at physiological temperatures. The size of the detergent belt is derived
by comparison with SANS measurements without detergent match, revealing a monolayer of
detergent molecules under proper solubilization conditions.

Keywords: small-angle neutron scattering; Photosystem I; solution structure; detergent belt

1. Introduction

A proper understanding of protein function requires detailed knowledge about the
three-dimensional static protein structure. One prototypical example is photosynthesis, a
vital physiological process converting solar radiation into storable chemical energy [1],
which takes place mainly in membrane-bound pigment-protein complexes
(photosystems) found in higher plants, algae, and cyanobacteria. Photosystem II (PSII)
acts as a light-triggered water: plastoquinone oxidoreductase splitting water into
dioxygen, protons, and electrons, which are eventually transferred to plastocyanin [2—4].
Photosystem I (PSI) is a large pigment—protein complex catalyzing electron transfer from
reduced plastocyanin or cytochrome c6 to ferredoxin, resulting in the production of
energy-rich stands for nicotinamide adenine dinucleotide phosphate hydrogen (NADPH)
[1,5]. PSl is also an attractive system for biotechnological applications [6-9].

For a long time, high-resolution structures of PSI have been obtained using electron
crystallography at cryogenic temperatures, e.g., for PSI of Thermosynechococcus elongatus
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(T. elongatus) [10] and for plant PSI [11]. More recently, the emergence of femtosecond
serial crystallography using X-ray free electron laser (XFEL) opened up the opportunity
to determine the crystal structures of PSI [12] and PSII core complexes [13] at room
temperature. In the case of PSII, an expansion of the protein in the order of about ~0.5 A
in all directions was reported at physiological temperatures [13]. In addition, the
structures of PSII in all four metastable intermediate S-states of the Kok cycle were
determined using XFEL crystallography under physiological conditions [14]. More
recently, a high-resolution structure of PSI became available from cryo-electron
microscopy (cryo-EM) experiments [15], which also revealed deviations from crystal
structures in the form of an expansion of PSI in solution. This means that the low-
temperature crystal structure of a photosystem may differ from physiological conditions
at room temperature (as demonstrated by XFEL crystallography) but also from those in
solution state (as demonstrated by cryo-EM).

While the high-resolution methods for protein structure determination discussed
above are restricted either to low temperatures or to the use of protein crystals, functional
studies and biotechnological applications of photosystems require proper isolation of the
protein in aqueous solution. As a transmembrane protein, however, PSI can only be
extracted by solubilization using amphipathic detergent molecules. As a result, the
isolated protein is surrounded by a detergent belt in buffer solution, which is not
discernible in crystal structures because of its significant structural heterogeneity.
Therefore, the general relevance of the high-resolution structures for solubilized PSI has
to be independently verified, because the protein structure may generally deviate from its
crystal structure in buffer solution at physiological temperatures [16-19].

In this regard, small-angle neutron and X-ray scattering (SANS and SAXS,
respectively) become the missing link by providing structural information on proteins in
aqueous solution at physiological temperatures [20-22], including membrane proteins
solubilized using detergent molecules [21]. In turn, conformational dynamics [23,24] as
well as vibrational properties of biomolecules [25,26] may be studied by neutron
spectroscopy. SANS and SAXS have already been applied in photosynthesis research (see
[27,28] for reviews). SANS can be used, e.g., to investigate lateral spacings of membrane
stacks [29-32]. In addition, SANS is also employed to determine low-resolution solution
structures of photosynthetic pigment-protein complexes [19,33-39].

In the present contribution, we review selected prototypical applications of SAXS
and SANS to photosynthetic pigment—protein complexes using PSI as the major example.
We first provide a concise overview about the most necessary theory of SAXS and SANS.
The following main part of this short review is divided into three subsections: (i) SAXS
data of the water-soluble complex phycocyanin (PC) are used to determine the
oligomerization state and the solution structure of a protein, (ii) SAXS data of PSI
demonstrate the additional complexity encountered in the case of a the membrane
protein, and (iii) SANS data of PSI illustrate the principle of contrast variation in
investigations of the solution structure of a membrane protein and of its detergent belt.

2. Basic SANS/SAXS Theory

Theoretical background: SANS and SAXS are complementary experimental
techniques allowing to measure the form factor P(Q) representing size and shape of a
biomolecule in aqueous solution at physiological temperatures as a function of the
scattering vector Q [20,22]. The latter is related to the scattering angle 26 and to the
wavelength of the incident quasi-monochromatic radiation 4o by the relation

iy
Q = A—SIH(Q) ) 1)
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Then, the intensity measured in a SANS experiment as a function of the scattering
vector Q is related to the form factor P(Q) by the master equation [20,22]

1(Q)=nAp V> P(Q)S(Q), @)

where n is the particle number density, Ag is the difference in scattering length density
(SLD) between the particles and the solvent defining the contrast, and V is the volume of
the particles. The effective structure factor S(Q) is assumed to be equal to unity in the case
of a diluted solution of monodisperse particles.

A model-independent analysis of small-angle scattering data can be performed
according to the classical Guinier approximation valid for diluted solutions of
monodisperse particles and at small Q values satisfying the condition QRg < 1.3 [40]. This
approximation leads to a relatively simple relation between the measured intensity and
the radius of gyration according to

2

R
1(Q) =1(0)exp —QzTg , ©)

where Q is the scalar value of the scattering vector, Rg is the radius of gyration, and I(0) is
the forward scattering, which is a shape independent function of the total scattering
power of the sample.

The scattered intensity can also be related to a function P(R) describing the
distribution of pair distances of all atoms in a biomolecule. In the case of monodisperse
macromolecular solutions, the scattering intensity is proportional to the scattering of a
single particle averaged over all orientations, given by a Fourier transformation following

max

1Q)=4x [ Py o R o

where P(R) is the pair distance distribution function and Dmax corresponds to the
maximum distance in the particle. The P(R) function and the particle maximum dimension
Drmax can be determined using the inverse Fourier transform (IFT) method employing the
software routine Gnom [41].

Further data analysis can be carried out using dedicated software packages
developed by the group of Dr. Dmitri Svergun [42-44]. The overall shape of a molecule
could be reconstructed from its P(R) function using the Dammif program, which is based
on a reverse Monte Carlo minimization approach [42,43]. Furthermore, an application of
the Cryson/Crysol programs [45,46] allows calculation of theoretical SANS/SAXS curves
based on a pdb structure for comparison with the experimental SANS/SAXS data. One
can use Pymol program [47] to visualize and compare the results of the Dammif analysis
with the known pdb structure of a given protein complex.

While both SANS and SAXS techniques provide information about the size and
shape of biomolecules, their nature of interaction with a sample is different. Neutrons
interact with the nuclei of a biomolecule, while X-rays get scattered by electrons. Due to
the sensitivity of neutrons for different isotopes of the same atom, SANS has the special
advantage of contrast variation by isotope exchange, e.g., the replacement of hydrogens
by deuterium. Therefore, SANS is a useful tool to study multicomponent protein
complexes with selective deuterium labeling of individual components. Moreover, SANS
is a powerful technique to probe systems containing components with different scattering
length densities, e.g., lipid (or detergent)-protein systems. The structural information of
each individual component can be probed by varying the D20 ratio in the solvent referred
to as contrast variation or scattering length density matching. For example, the match
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points for lipids/detergents, proteins, and nucleic acids are 5-25%, 40-45%, and 65-70%
of D20, respectively [48].

Although SAXS (almost) does not permit contrast variation, because isotopes like
hydrogen and deuterium have the same X-ray scattering length, SAXS has considerable
advantages in other respects. SAXS instruments are more widely available for practical
use, and their photon flux is several orders of magnitude higher than that of SANS instru-
ments. Despite the risk of radiation damage occurring in SAXS experiments, the small
amount of sample required and short measurement time in comparison to SANS experi-
ments make this technique quite attractive to study biological systems. According to the
statistics of the Small Angle Biological Data Bank (SASBDB), 93% of deposited SAS entries
were measured on synchrotron radiation facilities, and only 2% were obtained using neu-
trons [49]. Table 1 compares some basic features of SANS and SAXS from a practical point
of view.

Table 1. Practical comparison of small-angle neutron and X-ray scattering (SANS and SAXS, re-
spectively) methods (information is taken from [36]). For ease of inspection, the SANS entries are
shown with light grey background.

SANS SAXS
Incident beam source Neutrons Photons (X-ray)
Interacting field Nuclei Electrons
Incident beam wavelength (A) 4-25 1-1.5
Incident beam flux 108-10° neutrons/cm?/s 10" photons/cm?/s
Typical sample counting time Minutes to hours Seconds to minutes
Contrast variation Yes No
Radiation damage No High (synchrotron radia-
tion)
Sample amount required High Medium
Availability Large facility only Laboratory and synchro-

tron radiation sources

SANS experiments: In order to achieve an appropriate comparison of SAXS and
SANS data of PSI, i.e., for one and the same membrane protein, we include unpublished
SANS data for PSI in 100% D20O. The corresponding SANS experiments on PSI were per-
formed at the KWS-1 small-angle diffractometer (JCNS at MLZ, Garching, Germany)
[50,51]. The neutron wavelength used in this experiment was 5 A with 10% wavelength
spread. The accessible range of the scattering vector Q was extended from 0.006 to 0.45
A-1 by measuring at two sample-detector distances of 8 and 20 m, respectively. The puri-
fication of PSI from T. elongatus was performed as described earlier [15,52,53] so that the
results are directly comparable to [15].
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2.1. SANS/SAXS DATA of Photosynthetic Protein Complexes
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Figure 1. Panel A: SAXS data of phycocyanin (PC) from T. elongatus obtained on Nanostar (green
circles) at room temperature. The full black and red lines are fits based on the structures trimeric
(black line) and hexameric PC (red line) using the program package CRYSOL. Panel B: Crystal
structure of PC from T. elongatus in hexameric form based on PDB code 4ZIZ [54]. Panel C: Crystal
structure of PC from T. elongatus in trimeric form based on PDB code 4Z8K [55]. The grey spheres
in Panel C show the low-resolution structure of PC obtained using the program ATSAS from the
SAXS data shown in Panel A. Graphics taken from Golub et al. BBA 2017 [56] with permission.

2.2. PC as Example for a Water-Soluble Protein Studied by SAXS

A prototypical application for SANS/SAXS is the study of oligomerization states of
proteins in aqueous solutions. As an example, we briefly discuss the case of the light-
harvesting complex phycocyanin (PC) from T. elongatus, which may occur in trimeric or
hexameric form —see crystal structures with PDB codes 4Z1Z [54] and 4Z8K [55], respec-
tively. PC is a pigment-protein complex binding nine bilin chromophores per trimer and
an important constituent of various cyanobacterial antenna [57,58]. It is thus involved in
efficient light-harvesting and excitation energy transfer to reaction center complexes in
cyanobacteria [59-61]. SAXS data of PC from T. elongatus in solution are shown in Panel A
of Figure 1 (data taken from Golub et al. 2017 [56]). The software package CRYSOL allows
computing SAXS curves directly from the PDB codes of the trimeric and hexameric PC
structures represented by the full black and red lines in Panel A, respectively. It is appar-
ent that the data can be very well described by the trimeric form of PC. In contrast, the
SAXS curve generated for the hexameric structure is shifted toward lower values of the
scattering vector q and, thus, appears to be too large to fit the data of the sample under
study. Furthermore, an ab initio shape reconstitution of PC was performed based on the
SAXS data using the reverse Monte Carlo approach available using the ATSAS software
routine. The corresponding low-resolution model of PC is depicted by grey spheres in
Figure 1 and compared to the high-resolution crystal structure of PC. A comparison re-
veals that the low-resolution structure also compares well to the trimeric form of PC and
yields a disk-shaped structure with a height and a diameter of roughly 28 A and 100 A,
respectively.

2.3. PSI as Example for a Membrane Protein Studied by SAXS

Above, we have mainly discussed applications of SANS/SAXS in studies of water-
soluble (photosynthetic) proteins. In such cases, SANS and SAXS can be used almost anal-
ogously. The situation is much more complex when considering membrane proteins that
have to be solubilized in detergents to achieve aqueous solutions.



Crystals 2021, 11, 203

6 of 17

As an example, SAXS data of monomeric and trimeric photosystem I (PSI) of T. elon-
gatus are shown in Figure 2 (data taken from Golub et al. [62]). The data obtained in the
region of small scattering vectors q are depicted in the upper panel of Figure 2 in the form
of a Guinier plot. Both forms of PSI reveal a linear behavior as expected in the absence of
aggregation but exhibit different slopes corresponding to radii of gyration of 58 and 78 A
in the cases of monomeric and trimeric PSI, respectively. That is, similar to the case of PC
discussed above, the oligomerization state of PSI can be investigated by SAXS.
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Figure 2. Photosystem I (PSI) SAXS data in comparison to the crystal structure: Upper Panel:
SAXS curves of solubilized PSI in monomeric (black) and trimeric form (red) shown as Guinier
plots at small q values. Lower Left Panel: Experimental SAXS curves (black dots) with fits based
on the crystal structure of monomeric PSI only (green) and assuming a detergent belt around PSI
(red). Lower Right Panel: Normalized pair distance distribution (P(r)) functions derived from the
experimental SAXS data (red) and from the PSI crystal structures (green) by inverse Fourier trans-
form. Graphics taken from Golub et al. 2017 [62] with permission.

The lower Panel of Figure 2 compares SAXS data of monomeric PSI with a curve
simulated based on the crystal structure of monomeric PSI (pdb code 1JB0, Jordan et al.
2001), see green line. In contrast to the case of PC presented above, the SAXS curve calcu-
lated from the crystal structure using the routine CRYSOL does not fit the data but is
shifted toward larger scattering vectors g, indicating that the crystal structure is too small.
This is also reflected in the pair distribution functions P(r) shown in the right panel of
Figure 2. The P(r) function obtained from the experimental data extends to much higher
distances than the P(r) function simulated based on the crystal structure. The reason for
the apparent mismatch lies in the presence of a detergent belt around the PSI monomer.
If the SAXS curve is calculated for PSI and a surrounding detergent belt (see red line in
Figure 2), the data are well fitted except for a distinct peak at a q value of about 0.2 A+,
which is due to free micelles of detergent molecules. The latter finding reveals that in the
case of a membrane protein like PSI, the detergent belt has to be considered when inves-
tigating its solution structure by SAXS. However, SAXS does not provide a possibility to
investigate the solution structures of a membrane protein and of its detergent belt sepa-
rately, so that SANS has to be employed in the next step.
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2.4. PSI as Example for A Membrane Protein Studied by SANS

As pointed out above, SANS is a method largely equivalent to SAXS. However, one
of the major advantages of SANS is the possibility of contrast matching. That is, the effec-
tive SLD of the solvent can be tuned by varying its D20 content so that it matches, for
example, either the SLD of the protein or of the detergent part of a protein—detergent com-
plex. As a result, either the protein or the detergent is expected to become “invisible” in a
SANS experiment, thus highlighting the remaining component of a protein—detergent
complex selectively. The same approach can be used for any component of a protein com-
plex, provided that it can be selectively deuterated. Making use of the different SLDs, a
D20 content of 5% matches the longer detergent tails only so that resulting SANS data
largely reflect to the protein contribution only (see, e.g., [63]).
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Figure 3. Upper panel: SANS data of the PSI-3DM complex at a contrast of 5%. Data are taken
from Kolsch et al. 2020 [15]. Lower left panel: Pair distance distribution function P(R) of the PSI-
BDM complex in 5% D20 (red line) and 100% D20 (blue line). For comparison, the P(R) function
corresponding to the crystal structure of PSI (pdb code 1jb0 [10]) is also shown. Lower right panel:
Guinier plots of the PSI-BDM complex. Color code is the same as in the left panel.

We now consider the structural information that can be derived for trimeric PSI from
the SANS data with detergent match. SANS data of PSI in a fDM-containing buffer are
shown in Figure 3 for a contrast of 5% D20, the data are taken from Kolsch et al. 2020 [15].
The data exhibit a typical (linear) Guinier behavior at small Q values (see right panel in
Figure 3) and are thus virtually free of aggregation, which may affect the spectroscopic
properties of a photosystem [64-66]. A radius of gyration Rg of 75.2 + 3 can be determined
from the slope of the Guinier plot. The latter value is about 4 A smaller than those reported
earlier by Le et al. [37] (see Table 2 for a comparison of Rg values of the present and other
studies). For comparison, the right panel of Figure 3 also shows data obtained from the
PSI crystal structure (black dots) corresponding to Rg of 68.2 A. The latter value is roughly
10% smaller than the experimental ones reported here and suggests that PSI in solution at
physiological temperature is slightly expanded compared with the crystal structure. A
similar expansion in the order of 10% of the Rg value was reported by Midtgaard et al.
[67] for plant PSI using fully deuterated “invisible” detergent. SANS data of PSI in 100%
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D:0 (see blue dots in Figure 3) yield an Rg of 79 A + 3, which corresponds to the whole
PSI-detergent complex.

The pair distance distribution function, P(R), calculated from the SANS data meas-
ured at a contrast of 5% D20 via IFT using Gnom is shown in the left panel of Figure 3 and
compared with the curve determined from the crystal structure (pdb code 1jb0 [10]). As
indicated by the larger radius of gyration Rg above, the experimental P(R) function of PSI
in buffer solution appears to be broader and shifted to larger distances than that of the PSI
crystal. Finally, the P(R) function of PSI in 100% D20 extends to much higher distances,
because it corresponds to the whole PSI-detergent complex, see below.

Table 2. Comparison of parameters Rg and Dmax obtained at different contrasts in this work with
literature values. Values of this study are highlighted in yellow; values obtained from crystal
structures are marked in grey.

Rs (A) f
Guinier s (A) from

PDB Refer : IFT Dumax (A
eference R (A) (A)
(Gnom)
SANS PSI .
5% DyO Figure 3 752+3 75.8+3 230+10
SANS PSI .
100% D20 Figures 3 and 5 79+3 83+3 245 + 10
AXS PSI
SAXSPS [62] 58 +4 54 +2 185+ 10
monomer
AXS PSI
5 . SPS [62] 78 +2 79.8+2 250+ 15
trimer
PSI
T.elongatus
. 1JBO [10] 68.2 68.28 200
(trimer)
crystal structure
SANS PSI
18% D20 [37] 779+286 759+0.1 215+10
O,
SANS PSI100% [37] 949+232 931+1.1 280+10
DO
Plant PSI
(monomer) 5L8R [11] 50.3 50.3 173.8
crystal structure
Plant PSI
d-pDM
100% D20 [67] 55.2+0.2 199 £5
(monomer)
PSI
T.elongatus
(i) 6TRD [15] 68.15 68.51 205
Cryo- EM

The low-resolution structure of PSI in buffer solution was derived from the SANS
data measured at a contrast of 5% D20 using the Dammif routine (see Basic SANS/SAXS
Theory section). The corresponding fit of the SANS data is shown in Figure 3 as a full
black line. The latter fit function describes the SANS data at both contrasts employed. The
result of the ab initio reconstruction of the PSI solution structure is shown by grey spheres
and compared with the crystal structure of trimeric PSI in Figure 4. As already indicated
by the experimental Rg value above, the modeled structure appears to be expanded, es-
pecially in the regions of hydrophobic surfaces and in the region of membrane-extrinsic
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proteins, but more similar to the crystal structure than that of Le et al. [37]. A contraction
of photosystems along the membrane plane upon freezing has been shown by the com-
parison of crystal structures measured at room temperature to crystal structures measured
at cryogenic temperatures [13,68]. However, this contraction observed for crystals leads
to a less pronounced change in the radius than reported here for the solution structure of
PSI. An expansion of PSI in solution is also generally in line with recent cryo-EM studies
[15], although of smaller extent than reported here for physiological temperatures. An-
other factor affecting the size of PSI in solution may be conformational flexibility, which
is enhanced by hydration of PSI [69] and PSII at elevated temperatures [70] but also de-
pends strongly on temperature itself [25,71]. In summary, the latter observations indicate
that temperature and solvent/hydration may affect the structure of PSI in solution under
physiological conditions. This may mean that the close packing of protein residues in a
crystal does not allow a protein to sample all potential conformational substates at phys-
iological temperatures, while cryo-EM may not reflect all possible conformations of the
protein because of the low temperatures employed.

Figure 4. Top view (upper panel) and lateral view (lower panel) of the structure of PSI reconstituted based on the 5% D20
contrast matched SANS data shown in Figure 3 using the Dammif software tool (grey spheres). For the comparison, the



Crystals 2021, 11, 203

10 of 17

membrane-intrinsic and membrane-extrinsic subunits of the PSI crystal structure are shown in blue and red, respectively

(pdb code 1jb0 [10]).
2 =
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Figure 5. Fit of the PSI SANS data (blue points) measured at 100% D20: The fit function (black line) is composed of i) the
reconstituted structure of the PSI trimer (gray line) and ii) a contribution of free DM vesicles (dotted gray line).

3. Solution Structure of the PSI-BDM Complex and its Detergent Belt

The solution structure of the whole PSI-BDM complex was investigated by SANS
experiments using a contrast of 100% D20 (see Figure 5). Before we proceed with the so-
lution structure of the PSI-detergent complex determined from the SANS data, we recall
that our earlier SAXS data [62] indicated the presence of free detergent micelles in the
preparation, which were visible as a distinct peak at about 0.17 A corresponding to a
small spherical particle with an average size of only about 3540 A. The latter peak is not
separately visible in the SANS data presented here but had to be considered in a simulta-
neous analysis of PSII SANS and SAXS data [63]. In analogy, we use the shape of free
detergent micelles derived from SAXS data before [62] to fit the SANS data of the PSI-
detergent complex in this study (Figure 5).
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Figure 6. Panel A: Comparison of the ab initio reconstructions of the solution structures of PSI
from SANS data with detergent match at 5% D20 taken from Figure 3 (blue dots) and of the PSI-
detergent complex from SANS data without detergent match at 100% D20 (grey spheres, for easy
of inspection spheres are shown with 80% transparency). Panels B and C: Top view (B) and lateral
view (C) of the crystal structure of PSI (pdb code 1jb0 [10]) and the solution structure (grey
spheres) produced by Dammif based on the SANS data of the PSI-detergent complex at a contrast
of 100% D20. The difference can be accounted for by a monolayer of detergent molecules (see
green structures).

Accordingly, the fit of the SANS data of the PSI-detergent complex shown in Figure
5 is a linear superposition of two components: (1) solution structure of the protein-deter-
gent complex reconstructed using Dammif and (2) a spherical core shell representing the
contribution of free micelles as determined by Golub et al. [62]. The analysis using Dam-
mif was performed only for Q values smaller than 0.07 A1, where the contribution of the
free BDM micelles to the experimental scattering data is weak and structureless (see Fig-
ure 5). The structure of the PSI-detergent complex derived from the SANS data is com-
pared to the PSI structure obtained at 5% D20 above in Panel A of Figure 6. The difference
between the two contrasts allows us to reconstruct the detergent belt surrounding PSI. A
closer inspection of this plot clearly reveals that there is an additional structure surround-
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ing the PSI trimer, which is mainly located at its hydrophobic surfaces, i.e., at those sur-
faces that are surrounded by lipid molecules when PSI is embedded in the thylakoid mem-
brane. The size of this additional structure is in the range of 10-15 A, which is very close
to the length of a single BDM detergent molecule. This finding corroborates the conclusion
that trimeric PSI is surrounded by a monolayer of detergent molecules at its hydrophobic
surface. At this point, we recall that Le et al. [37] reported an Rg value for the PSI-deter-
gent complex, which is about 16 A larger than determined here (see Table 2). This was
most probably the reason to propose detergent layers within the PSI trimer, which are not
necessary within our model.

In the two lower panels of Figure 6, the solution structure obtained using Dammif is
compared with a model comprising the crystal structure of trimeric PSI and a simulated
monolayer of detergent molecules. Assuming the closest packing of detergent molecules,
the simulation yields a value of 1530 (170 rows with 9 BDM molecules in a row) DM
molecules bound in the PSI-detergent complex. This finding is in general agreement with
our earlier SAXS data [62] and with previous studies on protein—-detergent interactions,
which typically reveal a ring-like monolayer of detergent molecules bound to membrane
proteins [16,72-74].
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Figure 7. Comparison of SANS data of three different preparations of the PSI-3DM complex
PSI A, B, and C (see text), respectively, in 5% (upper panel) and 100% D20 (lower panel). The data
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fit produced by Dammif is shown for one of the data sets in each panel as a solid orange line. For
ease of inspection, the latter data set is given an artificial offset of one order of magnitude.

4. Comparison of Different PSI Preparations

Our SANS data at 100% D20, as well as our SAXS data, suggest that the detergent
belt contains approximately 1500 molecules of BDM. However, a previous SANS experi-
ment combined with molecular dynamics simulation suggested a belt containing 800 mol-
ecules of D20 [37]. Geometric calculations suggested 1200 molecules of DM [74]. To test
whether there is a variance in the size of the detergent belt with preparation protocol, we
measured three different isolations of PSI. The first one (PSI A, as used above) was meas-
ured in 20 mM MES buffer pH/pD 6.4, 50 mM MgSOx and 0.02% BDM, as was also used
to characterize the detergent belt in [74]. A second isolation (PSI B) was measured in the
presence of 25 mM Tricine pH/pD 8.0, 25 mM NaCl and 0.02% BDM. We could not repro-
duce the buffer conditions used in Le et al. (MES pH 6.5, 0.03% DM without additional
salt) [37], as our PSI preparations crystallize quickly under these conditions [52]. For a
third measurement (PSI C), we wanted to know if the detergent concentration during sol-
ubilization of PSI influences the shape of the protein—detergent complex. Increasing the
detergent concentration during solubilization affects the oligomeric state of PSII [75].
Therefore, we isolated a batch of PSI by the addition of four times as much detergent dur-
ing the thylakoid membrane solubilization (2% PDM) and measured it under the condi-
tions from the first isolation. The SANS data for the three PSI preparations are shown in
Figure 7 for both contrasts of 5% and 100% D20. The fit functions shown in Figures 2 and
5 are also provided in Figure 7 for comparison. The data prove that all preparations of PSI
yield similar solution structures for the protein—detergent complex as well as for PSI itself.
Furthermore, the data show that all samples are monodisperse and virtually free of ag-
gregation. We conclude that neither changes in pH nor the concentration of detergent
during the isolation cause a significant deviation in the structure of the protein—detergent
complex.

5. Conclusions

In this short review, we have presented selected applications for SANS and SAXS as
powerful experimental tool to study protein structures in aqueous solution at physiolog-
ical temperatures using the photosynthetic pigment—protein complexes phycocyanin (PC)
and Photosystem I (PSI) as model systems. We have demonstrated that SANS and SAXS
have a number of useful applications, including: (i) verification of the oligomeric state of
proteins, (ii) check for aggregation, (iii) investigation of deviations of the solution struc-
ture from high-resolution crystal or electron microscopy structures, and (iv) studies of the
structure of the inherently structurally heterogeneous detergent belt around solubilized
membrane proteins.

Especially, we have investigated the solution structure of trimeric PSI of T. elongatus
solubilized in DM using SANS with contrast variation. The low-resolution solution
structure of PSI appears to be similar to the crystal structure, but slightly expanded with
a radius of gyration of about 75 A in solution compared with about 68 A in the crystal
structure. The extent of protein expansion in solution reported here is similar to that found
for plant PSI using “invisible” deuterated detergent by Midtgaard et al. [67]. An expansion
of PSI was also reported for crystals at room temperature [13,68] as well as in solution in
recent cryo-EM studies [15], indicating effects of temperature and solvent/hydration on
the protein structure. A possible explanation is the influence of molecular dynamics al-
lowing the protein to sample further conformational substates depending on hydration
[69,70] and at physiological temperatures [25,71]. SANS experiments with and without
detergent match were used to study the PSI-detergent complex. It can be concluded that
Photosystem I is surrounded by a monolayer of detergent molecules under proper solu-
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bilization conditions. The structural studies of PSI in solution using SANS/SAXS meas-
urements are also of significant importance with respect to other membrane protein—de-
tergent complexes (e.g., PSII).
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