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Abstract 

Trimeric photosystem I from the cyanobacterium Thermosynechococcus elongatus (TePSI) is 

an intrinsic membrane protein, which converts solar energy into electrical energy by oxidizing 

the soluble redox mediator cytochrome c6 (Cyt c6) and reducing ferredoxin. Here, we use cryo-

electron microscopy and small angle neutron scattering (SANS) to characterize the transient 

binding of Cyt c6 to TePSI. The structure of TePSI cross-linked to Cyt c6 was solved at a 

resolution of 2.9 Å and shows additional cofactors as well as side chain density for 84% of the 

peptide chain of subunit PsaK, revealing a hydrophobic, membrane intrinsic loop that enables 

binding of associated proteins. Due to the poor binding specificity, Cyt c6 could not be 

localized with certainty in our cryo-EM analysis. SANS measurements confirm that Cyt c6 does 

not bind to TePSI at protein concentrations comparable to those for cross-linking. However, 

SANS data indicate a complex formation between TePSI and the non-native mitochondrial 

cytochrome from horse heart (Cyt cHH). Our study pinpoints the difficulty of identifying very 

small binding partners (less than 5% of the overall size) in EM structures when binding 

affinities are poor. We relate our results to well resolved co-structures with known binding 

affinities and recommend confirmatory methods for complexes with KM values higher than 20 

µM. 
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Introduction 

Thylakoid membranes of the thermophilic cyanobacterium Thermosynechococcus elongatus 

harbor four major protein complexes: photosystem II (PSII), the cytochrome b6f complex (Cyt 

b6f), photosystem I (PSI) and the ATP synthase. PSII performs the light driven oxidation of 

water to oxygen, and the reduction of plastoquinone. The Cyt b6f-complex transfers one 

electron from plastoquinol to cytochrome c6 (Cyt c6), which delivers it to the primary electron 

donor of PSI, P700. P700 performs its charge separation after light induction and transfers the 

electron via an electron transport chain to the terminal iron sulfur cluster (FB) from where it is 

taken to Ferredoxin (Fd). Fd then transfers the electron to Ferredoxin-NADP+-Reductase 

(FNR) to generate NADPH. Unlike in higher plants, the electron transfer between Cyt b6f and 

PSI in T. elongatus is only mediated by Cyt c6, which needs to exhibit sufficient promiscuity to 

have functional interactions with PSI as well as Cyt b6f. On the other hand, promiscuity can 

lead to low binding affinities. Indeed, the binding affinity between PSI and Cyt c6 is 

characterized by KM values of 30 µM to 300 µM [1], most likely translating into a very transient 

interaction when the electron is offloaded to PSI. 

PSI is of great biotechnological interest, as it can be incorporated into an electrochemical 

system to yield a stand-alone biohybrid photoelectrochemical cell that converts light energy 

into electrical energy [2–5]. Besides its high quantum yield PSI is also remarkably stable and 

thus, can show long term operation in such systems. However, the performance of such 

devices is limited by several factors – an important one is the electron transport between the 

electrode and PSI by mediator molecules. Here even small redox proteins can be used. In 

order to design electrode surfaces that efficiently interact with PSI, a structural 

characterization of the protein-protein binding interface between Cyt c6 and PSI is needed. 

The high-resolution structure of TePSI was solved to 2.5 Å in 2001 by cryo-X-ray diffraction 

(XRD) [6]. PSI forms a trimer with a total mass of more than 1 MDa. The crystal structure 

reveals 12 subunits per monomer; three subunits are located on the cytoplasmic side and nine 

subunits are membrane intrinsic. PsaA and PsaB are the two largest subunits, which contain 



most of the cofactors. In total, TePSI contains 96 chlorophylls, two phylloquinones, three 

4Fe4S clusters, 22 carotenoids, four lipids and one Ca2+ ion per monomer. The electron 

transport chain, consisting of P700 and the acceptors A0, A1, as well as the three 4Fe4S 

clusters FX, FA, and FB, is located in PsaA, PsaB and PsaC. The membrane-extrinsic subunits 

PsaC, PsaD and PsaE form the Fd binding site [7]. Recently, the location of the cytoplasmic 

binding site of Fd was solved at 4.2 Å resolution by co-crystallization of Fd with TePSI [8]. The 

affinity of Fd to PSI ranges from 50 to 500 nM at physiological pH values [9]. Multiple attempts 

have been undertaken to characterize the transient interaction between PSI and Cyt c6 on the 

luminal side of the complex. Co-crystallization of PSI with Cyt c6 has remained unsuccessful 

[1]. The binding affinity between Cyt c6 and PSI has been determined to 30 µM in Tricine 

buffer and 200 mM MgSO4, pH 8. Rigid body docking combined with electrostatic calculations 

resulted in a model of the likely active binding site [1]. Yet, rigid body docking also suggests 

that there is more than one Cyt c6 binding site located close to P700. Intriguingly, a cryo-EM 

analysis of PSI from Chlamydomonas reinhardtii unintendingly resolved residual bound Pc as 

a weak, low-resolution density connected to a patch of lysines near PsaF [10]. This binding 

site does not fully agree with the model obtained from electrostatic calculations and rigid body 

docking of Cyt c6 to TePSI. 

In this work, we set out to structurally characterize the interaction between PSI and Cyt c6 

using single particle cryo-EM. A strength of this method is that a dataset can be sorted into 

dominant and auxiliary populations, thereby enabling low affinity binding partners or less 

populated conformations of a protein complex to be visualized. This approach is routinely 

applied in 2- dimensional and 3-dimentionsal image processing procedures [11–14] using 

focused refinements or classifications. However, large size differences between the binding 

partners and very small ligand sizes can render sorting procedures impossible, because the 

signal strength is too low to be distinguished from background signal. Partial signal subtraction 

from experimental images is designed to overcome this problem and enables signal 

separation at secondary structure level [15]. So far, distinct orientations of a 30 kDa domain 

within a complex of up to 1 MDa could successfully be differentiated [15,16]. Undeniably, 



structural and conformational heterogeneity of a protein complex depends on the binding 

affinities between transient binding partners. Several studies and databases aim at correlating 

structural features with affinity data [17] (https://www.bindingdb.org/, http://bindingmoad.org/, 

http://www.pdbbind.org.cn/). Despite this comprehensive data pool predictions on whether a 

binding event can structurally be trapped remain difficult. Often, a high resolution cryo-EM 

map has to be obtained in order to determine whether a small (less than 5% of the overall 

weight) binding partner or ligand is bound productively to the complex. 

Here, we present the cryo-EM analysis of 1MDa TePSI crosslinked with 10 kDa Cyt c6, its only 

native electron donor. Despite 3D reconstructions being solved to 3.2 Å for the trimeric 

complex without applied symmetry, 3.0 Å for the complex with applied trimeric symmetry and 

2.9 Å for the symmetry expanded and masked out monomer, Cyt c6 could not be localized 

unequivocally in our cryo-EM structures. We compare the obtained structures with the TePSI 

crystal structure and describe the density distribution in 3D classifications. In addition, we use 

SANS measurements to characterize the complex formation of PSI with Cyt c6 and cHH under 

similar condition as the cross-linking experiments. Finally, we relate these results to binding 

affinities of protein-protein complexes with known structures and deduce a general guidance 

for structural analysis of transiently formed protein complexes. 

Results 

Cryo-EM structure of the PSI Cyt c6 protein complex 

Cyt c6 has a molecular weight of 10 kDa and binds to PSI with low affinity (KM=30 µM), as 

described in [1]. High concentrations of free Cyt c6, which are necessary for high saturation of 

the PSI binding site, lead to a crowding of the small proteins on the EM grid. Consequently, for 

structural analysis, Cyt c6 was covalently crosslinked to PSI and only crosslinked PSI 

complexes were included to the dataset. Crosslinking of the charged side chains was done 

using the carboxylic acid activator EDC (a carbodiimide). Subsequently, proteins were purified 

via the 6x His-tag on Cyt c6 and Ni-NTA chromatography. PSI, which was not crosslinked to 



Cyt c6, eluted in the flow through, while crosslinked PSI eluted 0.5 column volumes prior to Cyt 

c6 (Figure S1a). Free Cyt c6 remaining in the solution was separated from crosslinked particles 

in a centrifugal concentrator (100000 MWCO). When the protein complex was subjected to 

cryo-EM, the crosslinked particles appear as trimeric PSI complexes in the 2D class averages 

(Figure S1 b, c). The trimeric PSI was solved to 3.2 Å without applied symmetry (in the 

following, referred to as C1 map) and 3.0 Å with applied C3 symmetry (C3 map, Figure 1 and 

Figure S1). 

All 12 subunits are resolved to a local resolution of at least 3.6 Å in both maps (Figure S1 f), 

and in the C1 map the three monomers are highly symmetric. When comparing the three 

monomers in the C1 map, only loops at the surface show differences in the backbone with 

more than 1 Å Angstrom displacement. The root mean square deviation between the three 

monomers is 0.26 Å (Figure S2). Although the local resolution at the luminal side of PSI is 2.9-

3.2 Å, no density corresponding to the crosslinked Cyt c6 could be identified in either of the 

two maps. 

Since the stoichiometry of the crosslinked cytochrome to the trimeric TePSI is unknown, 

symmetry expansion, partial signal subtraction, and 3D classification were used to identify 

monomer particle subsets with extra density that could correspond to Cyt c6 [11,18] (Figure 

S1d). The symmetry expanded data set, which consists of images of each monomer of every 

PSI trimer, yielded a map of 2.9 Å resolution. This map was subjected to 3D classifications 

with various masks encompassing potential Cyt c6 binding sites on TePSI (Figure 2). In 

focused 3D classifications with a mask encompassing either the entire stromal or luminal side, 

no classes with extra density were observed (data not shown). 3D classifications using 

differently positioned masks revealed numerous classes with extra density on the luminal as 

well as cytoplasmic side. The by far most populated classes (>88% of the data) in all 3D 

classifications show only TePSI density. Thus, despite crosslinking no discernable Cyt c6 

density was found in the reconstructions. 



However, many low occupancy classes (3-6% of the dataset) display extra density at various 

contact points with the photosystem. Some of the classes appear on the stromal side of PSI, 

which would not get in contact with Cyt c6 in the cell. The most populated classes appear 

above the interface between PsaA and PsaB luminal to P700, near a patch of charged 

residues in PsaF (Figure 2A and B). 3D refinement of these classes did not yield 

reconstructions resolved to a higher resolution than seen in the focussed 3D classifications. 

Due to the low resolution, no structural details on the binding partners and interface can be 

deduced. In a recent structure of PSI and light harvestings complex I from the green algae, 

Chlamydomonas reinhardtii, Pc density was found at the corresponding location on PsaF, 

despite no effort to crosslink or even purify Pc with the complex [10]. A contact point above 

PsaA and PsaB was predicted by docking [1]. 

Model of the PsaK subunit 

In the TePSI crystal structure, all subunits except PsaK were well resolved. Also, in the 

recently published Cryo-EM PSI structure from Fischerella thermalis PCC 7521 resolved at 

3.19 Å resolution, all 11 subunits could be identified except for the PsaK subunit [19]. PsaK is 

a small, transmembrane subunit, which is located radially outwards of the PSI trimer, in the 

interface between two monomers. It participates in state transition and binding of additional 

chlorophyll containing proteins, such as the light harvesting complex II (LHCII) in eukarya and 

the iron stress-induced protein A (IsiA) in cyanobacteria [20,21]. Aside from the first four N-

terminal residues, PsaK was resolved at 3.2 Å resolution in our monomeric EM structure. In 

contrast to the TePSI crystal structure [6], in which two truncated transmembrane helices 

could be modeled as a poly-alanine backbone, the EM structure shows side chain density for 

84 % of the residues of PsaK. Loop 32-55 of PsaK is highly flexible and no side chains are 

visible for residues 44 to 50. The latter residues are highly hydrophobic (sequence: PIALPAL, 

further referred to as PIALPAL-patch) and extend into the membrane volume (Figure 3A). The 

first residue after the PIALPAL-patch that is outside the membrane plane is Glu52. Glu52 

stabilizes the patch by forming a salt bridge with Arg31. 



Differences in Cofactor occupancy of PSI 

Comparing the cofactors of the electron transfer chain of the monomeric crystal structure and 

the EM derived models, no difference in localization or spacing is present (Figure S3A). In the 

symmetry expanded monomer, 97 chlorophylls, two phylloquinones, three 4Fe4S clusters, 24 

carotenoids, six lipids and one Ca2+ ion were assigned to the EM map. Five of these cofactors 

are not present in the crystal structure model of T. elongatus (Figure S3B). Out of the five 

cofactors, two lipids (Dipalmitoyl-Phosphatidyl-Glycerol, LHG) and two -carotenes are also 

present in the crystal structure of the cyanobacterium Synechocystis sp. (pdb code 5oy0, 

[22]). The last cofactor is a chlorophyll, which is bound to PsaF by �-stacking with the 

conserved Tyr 72 at 4 Å distance (Figure S3C, D). 

Small-angle neutron scattering measurements with TePSI 

In order to investigate the binding of Cyt c6 to TePSI under similar conditions as the cross-

linking experiments, we recorded SANS data of the complex in a water-based solution at 

physiological temperature (Figure 4A,B). We started the analysis with a check of aggregation 

in the PSI sample solution. All measured curves have a classical Guinier behavior at small q 

values and are thus free of aggregation (not shown). So far, the findings resemble our earlier 

results concerning the solution structure of TePSI [23]. However, the distance distribution 

function (Figure 4C) calculated from the SANS data reveals that TePSI is slightly expanded in 

solution at physiological temperature. The radius of gyration (Rg) is 75.2 Å, which is larger 

than the Rg of 68.2 Å and 68.3 Å calculated from the crystal structure [6] and the cryo-EM 

structure, respectively. 

In the next step we added Cyt c6 to the sample. Previous experiments have shown that Cyt c 

from horse heart (Cyt cHH) can also deliver an electron to TePSI. Therefore, we probed Cyt cHH 

as well as endogenous Cyt c6 in our SANS experiments. We performed the measurements 

under conditions at which maximum affinity could be achieved, namely a KM of 10 µM for the 

binding between TePSI and Cyt cHH and a KM of 30 µM for TePSI and Cyt c6 [1,6,23]. The shift 



of the SANS curve towards lower scattering vectors q upon addition of Cyt cHH as well as the 

concomitant change in the P(r) function (Figure 4B, C) suggest binding under the conditions 

tested. This finding is similar to the results for another photosynthetic complex by Tiede and 

colleagues [24], who reported the binding of Cyt c2 to the bacterial reaction center (bRC) 

(Table S1). A structure reconstitution of the TePSI-Cyt cHH complex based on the SANS data 

and a simulated structure of the TePSI-Cyt cHH complex as modelled in [1] is shown in Figure 

4E. The fit function corresponding to the reconstituted structure of the TePSI-Cyt cHH complex 

is shown in Figure 4B (lower full line) and compared to a fit of the TePSI data only (upper full 

line). Both fits reproduce the experimental data reasonably well. In contrast, there is no shift of 

the SANS curve towards lower scattering vectors q in the case of endogenous Cyt c6 (Figure 

4D). Therefore, we conclude, that the transient interaction between PSI and Cyt c6 was not 

retained during the SANS experiment. 

Discussion 

Differences between EM and crystal structure 

Five cofactors were identified in the EM map, which are not present in the TePSI crystal 

structures. These cofactors are located at the outer edges of the monomers, which are more 

flexible than the rigid core regions. The lipids and carotenoids are also present in the crystal 

structure of Synechocystis sp. with only slight re-orientations. One planar density was 

assigned as chlorophyll CLA1304 and is not present in any known crystallographic or EM 

structure of PSI. Due to the low local resolution in the corresponding volume, the identity of 

this cofactor cannot be solved with certainty. The putative cofactor is parallel to Tyr72 in 4 Å 

distance indicating a �-stacking. The tyrosine arene is located central to the porphyrin ring, 

comparable to the interaction of Phe70 with CLA1229 from PsaB. Tyr72 is highly conserved 

with the sidechain orientation being identical in all known PSI models (from cyanobacteria to 

plant). As this is the only binding surface for the porphyrin ring, the chlorophyll can only be 

weakly bound, which is reflected in its weak density. Functionally, CLA1304 may be 

advantageous for excitation transfer from neighboring proteins to PSI. In Synechocystis sp. it 



was found, that the excitation energy transfer from the antenna protein IsiA to PSI occurs via 

one of three chlorophylls (CLA 8,14 and 17) [21]. CLA1304 from T. elongatus is in a 

hypothetical Mg-Mg distance of 12.8 Å from one of these three chlorophylls (CLA 8), enabling 

an additional excitation energy transfer path from IsiA to PSI (Fig S4). This additional path 

from IsiA to PsaF may be necessary as T. elongatus lacks the chlorophyll CLA1302 in PsaF, 

which participates in the excitation energy transfer in Synechocystis sp. 

Several PsaK structures from eukaryotic algae, cyanobacteria and from plant are already 

known [22,25,26]. We solved the structure of PsaK from T. elongatus using cryo-EM. The 

cytoplasmic loop, which connects the two transmembrane helices of PsaK, strongly diverges 

between different species. The loop structures of two different PsaK subunits from 

cyanobacterium Synechocystis sp. have been solved by crystallography and cryo-EM [21,22]. 

Although they vary in sequence, they adopt similar conformations. In contrast to 

Synechocystis sp., T. elongatus contains only one psaK gene and the PsaK PIALPAL-patch 

contains only hydrophobic residues. Interestingly, it adopts a different conformation to the 

corresponding sections in Synechocystis sp., which also contain hydrophilic residues. The 

conformation of T. elongatus PsaK is stabilized by a salt bridge between Glu52 and Arg31. 

The same salt bridge is formed in PsaK and PsaG of eukaryotic PSI [20,26], while the 

corresponding charged residues are not present in any of the psaK genes of Synechocystis 

(psaK1, see [26] or psaK2, see [21]). In Synechocystis sp., this patch binds to the poorly 

conserved C-terminus of IsiA [21]. IsiA forms a ring around PSI, consisting of 18 subunits and 

306 chlorophylls. The protein-backbone structure of isiA is highly conserved between 

cyanobacterial species [21,27], and given an identical orientation of the IsiA-protein in T. 

elongatus, the PIALPAL-patch of T. elongatus could bind to IsiA as well. 

More likely, the PIALPAL-patch can stabilize PSI-PSI interactions. Atomic force microscopy 

(AFM) analysis of thylakoid membranes from T. elongatus revealed that PSI-trimers are in 

hexagonal packing, while the membrane from Synechocystis is less ordered [28]. One of the 

interaction sites in native thylakoid membranes is found between PsaK of one PSI trimer and 

PsaJ and PsaF of the neighboring PSI trimer (Figure 4B). Here, the PIALPAL-patch can bind 



beneath the cytoplasmic helices of PsaF and PsaJ. Lys108 from PsaF does not form a salt 

bridge with neighboring residues and could interact with Glu52 from PsaK to further 

strengthen the binding. Therefore, PsaK from T. elongatus might have adapted to promote the 

binding of both, IsiA as well as neighboring PSI proteins. 

Cyt c6 binding to TePSI 

Electron transfer from Cyt c6 to PSI presumably occurs at a hydrophobic site close to P700. The 

localization and orientation of Cyt c6 in the PSI binding site was postulated based on rigid 

body docking analysis combined with electrostatic calculations [1]. However, the 

computational analysis showed additional Cyt c6-docking sites with similar binding energy at 

the center of the luminal surface of PSI. In most cyanobacteria, Cyt c6 can be interchanged 

against Pc. The reaction with multiple partners often prevents the optimization of the binding 

site [29], and indeed, the interaction between cyanobacterial PSI and its electron donor does 

not show a high specificity [30]. It rather follows a collisional mechanism [31], while a transient 

complex is formed by eukaryotic PSI. In eukarya, Pc is first bound to PsaF as determined by 

flash absorption spectroscopy [32], then relocates to interact with the hydrophobic surface 

close to P700 after illumination [33]. Recently, density originating from Pc could be identified at 

PsaF in the EM map of PSI from Chlamydomonas reinhardtii [10]. Although Pc is located at its 

rather high affinity PsaF binding site, the additional density does not show secondary structure 

elements and its size is merely ~1/10th of the Pc volume. Focused 3D classification of Pc did 

not improve the local resolution, likely due to its flexibility. 

Despite crosslinking Cyt c6 to TePSI and purifying the complex via the 6x-his tag on Cyt c6, 

putative Cyt c6 density was only found in a small portion of the dataset. Ultimately, putative Cyt 

c6 density was only uncovered through masked classification of a focused refinement of 

symmetry expanded particles. The resolution and definition of the putative Cyt c6 density is 

poor and does not even allow for rigid body docking of the Cyt c6 NMR structure. We conclude 

that the effect of Cyt c6 being crosslinked to TePSI in a rather unspecific manner outweighs a 

potential structural flexibility during binding. Obviously, electron transfer from Cyt c6 to TePSI 

occurs with low specificity and low binding affinity. We already determined that Cyt c6 binds 



TePSI with a Km of 30 µM to 300 µM depending on ionic strength and pH, but that it does not 

co-crystallize with PSI [1]. The SANS measurements in this study do not detect complex 

formation either. Apparently, the interaction is too transient to capture it with cross-linking and 

cryo-EM, SANS or X-ray crystallography under all conditions tested. 

PSI and Cyt cHH on the other hand bind with a KM of 5 µM to 45 µM. The higher binding affinity 

between the proteins is reflected by complex formation during our SANS measurements and 

their ability to co-crystallize [1], albeit Cyt cHH is not visible in the electron density of the crystal. 

Despite the slightly better binding parameters, a complex between TePSI and its artificial 

binding partner Cyt cHH has not been resolved to high resolution yet. A detailed description of 

the interaction is still missing. It has to be mentioned that Cyt cHH enables electron transfer to 

TePSI, but much less efficient as the native Cyt c6, which has a more than 5 times higher kcat 

for this reaction [1]. 

Structural data on transient interactions 

Protein structure analysis of transient protein-protein interactions adds important information 

about the character of interacting residues and the shape of the interaction surface. However, 

it is not trivial to trap these interactions structurally. We have analyzed the transient interaction 

between different cytochromes and PSI from cyanobacterium T. elongatus with SANS, cryo- 

X-ray crystallography [1] as well as cryo-EM. Weak densities at different positions of the PSI

EM structure indicate some binding of Cyt c6, the only electron donor of TePSI in vitro. The 

SANS experiments only show binding of an artificial electron donor, Cyt cHH, to PSI at low 

resolution. Albeit EM image processing procedures allow for sophisticated sorting of different 

populations in the dataset, they reach a limit where binding affinities are too low to support 

stable complex formation. Given that we crosslinked Cyt c6 to PSI before investigating the 

cryo-EM structure, it is unlikely that crosslinking coupled to mass spectrometry (XLMS) would 

lead to a more precise description of the binding interface. 

A database search of 2594 successfully solved structures of protein-protein complexes 

deposited to pdbbind showed that only 8% of the data display KD values greater than 20 µM. 

Only 6 structures in the dataset derive from EM experiments with KD ranging from 2.9 nM to 



13.4 µM. Despite a wealth of binding databases for small molecules, it is challenging to match 

EM structures of protein-protein complexes with the appropriate affinity values. Table 1 shows 

a manual compilation of affinity data for some protein-protein structures. However, it remains 

difficult to predict whether a small, low affinity binding partner can be visualized in EM 

reconstructions. While crystallographic approaches can use high ligand concentrations in 

soaking experiments, small proteins at high concentrations add to background noise in EM 

experiments. Both, EM and crystallization conditions can thus differ significantly from the 

conditions used for affinity measurements. Further problems when correlating binding data 

with the chance of success of structure determination are the relatively small sample size of 

structures with recorded binding data, a lack of standardization of affinity measurements, and 

the error prone manual annotation of the data. The three protein-protein complexes deposited 

with the worst KD of 48 mM to 212 mM in the dataset were reported with very different KD 

values of 48 nM to 1.6 µM in the publications cited. Lastly, depending on the method used for 

assessing the binding affinity drastically diverging KD values for the same interaction can be 

obtained. Deriving the kinetic data from reduction of P700
+ in vitro leads to higher KD values 

than measuring the interaction directly, for instance by using isothermal titration calorimetry 

[32](Table S1). Overall, none of the databases at our disposal allow to extract information that 

is reliable enough to predict the likelihood of trapping a low affinity interaction structurally by 

just knowing the kinetic details of the complex. We recommend to approach the structural 

elucidation of a small (<5% of the molecular weight) binding partner of a protein complex by 

implementing the following check list: 

1. Optimisation of binding parameters: find optimal pH, temperature, buffer. Chances of

success increase with KM values of 20 µM or lower. 

2. Survey binding specificity using cross-linking and mass spectrometry approaches.

3. Structure determination using cryo-EM, X-ray crystallography or NMR.

Conclusions 



Our results show that Cyt c6 bound PSI has been resistant to structural elucidation with the 

methods available. Conclusions on the cyanobacterial Cyt c6 binding site on PSI might be 

obtained by comparison with binding of Cyt cHH, by investigating mutant complexes, or by 

switching to a system from another organism that shows better KM values. All of these 

approaches require a thorough optimization of the binding parameters, including solution 

conditions of the particular structural experiment. A broader systematic study that correlates 

binding affinities of small proteins to protein complexes of interest would be highly desirable in 

order to gauge chances of success to structurally resolve the interaction. Unfortunately, only 

very few successfully solved structures report reliable binding affinities, so that gathering 

these data is cumbersome and error prone. 

Materials and Methods 

Isolation of proteins 

TePSI and Cyt c6 were isolated as described previously [1]. PSI originated from T. elongatus 

BP-1 and was stored in form of crystals at 4 °C until use [1]. Cyt c6 was expressed 

heterologously in Escherichia coli, containing a C-terminal 6xHis-tag. The concentration of Cyt 

c6 was measured in the presence of 5 mM ascorbic acid at 553 nm with ε553=25 mM-1*cm-1

[33] and the concentration of TePSI reaction centers was measured with ε680=5.5 µM-1cm-1

[34]. 

Crosslinking 

10 µM P700 was crosslinked with 100 µM Cyt c6 at 20 °C for two hours in the dark. The buffer 

contained 5 mM sodium ascorbate, 5 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC), 10 mM N-hydroxysuccinimide (NHS), 100 mM NaCl, 0.02% β-dodecyl-maltoside 

(DDM), 25 mM Tricine pH 8.0. The reaction was quenched by addition of 100 mM ammonium 

acetate. The sample was diluted tenfold with binding buffer (500 mM NaCl, 0.02% DDM, 20 

mM imidazole, 20 mM KH2PO4, adjusted to pH 7.5 with NaOH) and applied to a 1 ml Ni-NTA 



column (HisTrapTM HP, GE healthcare). TePSI and Cyt c6 were eluted by a gradient of 

imidazole to 250 mM. An exemplary run is shown in Figure S1A. No significant loss of binding 

capacity due to the ascorbic acid was observed. The green fractions were pooled and the 

buffer was exchanged against 25 mM Tricine, pH 8.0, 25 mM NaCl, 0.02% DDM in a 

centrifugal concentrator (Vivaspin 2, Sartorius, 100000 MWCO). The large pore size was 

selected so that free Cyt c6 (11 kDa) was washed out together with the buffer. 

EM data collection 

A 3.5 μL sample of 150 µg/ml TePSI crosslinked with Cyt c6 was applied to a glow discharged 

Quantifoil 3/3 300 mesh grid and incubated for 45 seconds before being blotted and plunged 

into liquid ethane using a Vitrobot plunge-freezing device. Cryo-EM images were acquired at 

300 kV on a Tecnai G2 Polara equipped with a Gatan K2 summit direct electron detector. A 

total of 5176 micrographs were collected at a nominal magnification of 31000 with a defocus 

ranging from -0.69 to -2.6 μm and sampled at 0.628 Å per pixel. 25 frames were recorded 

over 5 seconds, giving an accumulated dose of 32 e-/Å2. 

EM image processing 

All image processing was performed in RELION-3.0 [35], Contrast transfer functions were 

determined by CTFFIND4 [36] and movie frame alignment and dose-weighting of 25 frames 

was performed using MotionCor2 [37]. Micrographs with strong astigmatism, at overfocus or 

very low defocus, or with strong ice contamination were discarded, yielding 3929 images for 

further processing. 514 manually selected particles were subjected to 2D classification and 

one class average was used as a template for automated particle selection, resulting in an 

initial dataset of 511,337 particles. The dataset was cleaned using two successive rounds of 

2D classification within RELION, resulting in a dataset of 196,882 particles (Figure S1D). An 

initial model was generated in RELION before conducting a 3D refinement using the cleaned 

dataset. The resulting 3D model was used as a reference for 3D classification into five 

classes. The only reasonable class of 175999 particles was subjected to 3D refinement 



yielding reconstructions at 3.26 Å and 3.06 Å without symmetry and with C3 symmetry 

applied, respectively. The resolution of the maps was improved to 3.17 Å (without symmetry) 

and 2.98 Å (with symmetry) by both Bayesian polishing or per-particle CTF refinement, 

however no further improvement occurred when both were performed subsequently. 

Since Cyt c6 could not be identified in either the reconstruction with or without applied 

symmetry, symmetry expansion and partial signal subtraction were combined, so that Cyt c6 

could be searched for within each individual protomer [11,35,38–40]. The particles were first 

expanded according to C3 symmetry. Using Chimera [41], a map of two protomers was 

generated and used to perform signal subtraction on the symmetry expanded particle dataset 

using the symmetrized map as a reference. Subsequently, the stack of subtracted images was 

used for 3D structure refinement to 2.88 Å (map3D). Bayesian polishing did not improve the 

resolution of map3D. 

Map3D was then subjected to numerous masked 3D classifications into four classes without 

alignment, with T values ranging from 4-40. Parameter T is related to the relative weight of the 

experimental data; it is documented that masked 3D classifications can benefit from higher T- 

values, such as 10-40 [11]. Soft masks of different shapes and sizes were focused on various 

areas on both the cytoplasmic and luminal sides of the PS core. All 3D classifications were run 

until less than 0.41% of the images in the dataset changed assignment of optimal classes 

between iterations (rlnChangesOptimalClasses  0.41). 

EM model refinement 

The 2.5 Å resolution crystal structure of T. elongatus (pdb code 1jb0) was aligned with the 

monomeric EM reconstruction in UCSF chimera [41]. Manual adjustment was performed with 

COOT [42] followed by real_space_refine from the phenix program suite version 1.15 [43]. 

COOT and real_space_refine were repeated three times. The refined monomer model was 

aligned with the trimeric C3- and C1-maps and adjusted with three rounds of COOT followed 

by phenix.real_space_refine. The data collection and model statistics are summarized in 

Table S2. Images were generated in UCSF chimera or PyMOL [44]. 



Sample preparation for small angle scattering 

SANS measurements of TePSI with Cyt c6 were performed in 25 mM Tricine pH 8, 200 mM 

MgSO4 and 0.02 % DDM. Interaction of TePSI with Cyt cHH was measured in 25 mM Tricin 

pH 8, 25 mM NaCl and 0.02 % DDM. Buffers were prepared in both, 99.9 % D2O (Sigma 

Aldrich) and in H2O and were mixed to achieve 5 % D2O, the match point of the hydrophobic 

chains of the detergent molecules, so that the SANS data reflect the protein contribution only. 

For 99.9 % D2O, the pD was adjusted from a measured, apparent pH with the correction factor 

of 0.4. Buffer exchange for TePSI was achieved by washing crystals 3 times with 0.02 % DDM 

and 5 % D2O and dissolving the crystals in the final buffer solution. For Cyt c6, buffer was 

exchanged by washing the protein 3 times in a centrifugal concentrator (Vivaspin 6, 5000 

MWCO, Sartorius). Cyt cHH-powder (Sigma Aldrich, 99 % purity) was dissolved in the final 

buffer solution. The proteins were adjusted to final concentrations of 3 mM Chlorophyll 

(TePSI), 130 µM (Cyt cHH) and 300 µM (Cyt c6). 

SANS data collection 

The SANS experiments were carried out at the KWS-1 small-angle diffractometer (JCNS at 

MLZ Garching, Germany) [45]. The neutron wavelength used in the present experiment was 5 

Å. The Q-range probed was 0.006 to 0.45 Å-1 by using two sample-to-detector distances of 8 

and 20 m, respectively. The samples were dissolved in buffer solutions containing 5% D2O, 

i.e. the match point of the hydrophobic chains of the detergent molecules, so that the SANS

data reflect the protein contribution only. All samples were kept in standard 1 mm Hellma cells 

at a constant temperature of 15 °C. The data reduction procedure includes the correction 

according to detector sensitivity mask. The data treatment was carried out using the QtiKWS 

program (Pipich, V. Qtikws. www.qtikws.de; accessed Oct 3, 2017). 

SANS data treatment 



The scattering intensity of an ideally diluted solution of monodisperse particles is given by the 

master equation [46]: 

)()()( 22 qSqPVnqI ρ∆= , (1) 

where q is the scattering vector, n is the number particles, ∆ρ is the difference in scattering 

length density (SLD) between the particles and the solvent, and V is the volume of the 

particles. P(q) is the form factor, which is a function of the averaged shape and the averaged 

size of the scattering particles. The effective structure factor is given in the formula as S(q). 

The SANS data of a solution of monodisperse particles are directly related to the distance 

distribution function P(r) by Inverse Fourier transform (IFT) [47]. Using the software package 

GNOM [47], the P(r) function and the particle maximum dimension Dmax can be determined 

from the SANS data based on the IFT method. For the IFT analysis, we used the limited q-

range up to 0.1 Å 1. 

The software routine CRYSON [48] are used to calculate theoretical SANS curves based on 

pdb structures of proteins and compare them with the experimental data. In turn, the overall 

shape of a protein complex is obtained from the SANS data using the ATSAS reconstitution 

tool based on a reverse Monte Carlo minimization approach developed by the group of D. 

Svergun [49]. All reconstituted structures were averaged over 20 iterations. For each iteration 

it was taken into account that trimeric TePSI possess an oblate form and a P3 symmetry. We 

also used the Pymol program [44] to compare the result of the ATSAS analysis with the known 

pdb structure of the PSII core complex. 

Accession numbers 

The EM maps of the TePSI Monomer, TePSI C3 symmetry trimer and TePSI C1 symmetry 

trimer are deposited under accession codes EMD-10557, EMD-10558 and EMD-10559, 

respectively. Atomic coordinates of TePSI Monomer, TePSI C3 symmetry trimer and TePSI 



C1 symmetry trimer have been deposited in the Protein Data Bank under accession codes 

6TRA, 6TRC and 6TRD, respectively. Other data are available from the corresponding author 

upon reasonable request. 
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         Tables 

         Table 1 | Binding affinities of protein-protein complexes with associated structural data. 

large Protein  small protein organism affinity (method) structure 

PSI Flavodoxin 
Synechococcus 
elongatus PCC 
7942 

0.02 µM (SPR) [27] EM, 6KIF 3.3 Å [27]* 

PSI Ferredoxin 
Thermosynechococ
cus 
elongatus BP-1 

0.8 µM (FAS) [8]** XRD, 5ZF0 4.2 Å 
[8]** 

PSI Plastocyanin Chlamydomonas 
reinhardtii 

83 µM (enzymatic, FAS) 
[50]  

EM, EMDB-9853, not 
resolved [10] 

PSI Cyt c6 
Chlamydomonas 
reinhardtii 

116 µM (enzymatic, 
FAS) [50] no 

bacterial 
reaction 
center 

Cyt c2 
Rhodobacter 
sphaeroides 1 µM (FAS) [51] XRD, 1L9B 2.4 Å, 

1L9J 3.2 Å [52] 

bacterial 
reaction 
center 

Cyt c2 
Rhodobacter 
sphaeroides 1 µM (FAS) [51] SANS [24] 

Cytochrome c 
Peroxidase Cyt c Yeast 0.01 µM – 1 µM (ITC) 

[53] 
XRD, 2PCC 
2.3 Å [54] 

Cytochrome c 
Peroxidase Cyt c Yeast/Horse 0.1 µM (absorption 

change) [54] 
XRD, 2PCB 
2.8 Å [54] 

NDH-1 Ferredoxin 
Thermosynechococ
cus 
elongatus 

1 µM (SPR) [55] 
EM, 6KHI 3.2 Å [55], 
6L7O 3.2 Å [not yet 
published] 

Japanese 
encephalitis 
virus 

2F2 Fab 
fragment Mus musculus 6.5 nM (SPR) [56] EM, 5YWO 4.7 Å [56] 

Japanese 
encephalitis 
virus 

2H4 Fab 
fragment Mus musculus 2.9 nM (SPR) [56] EM, 5YWP 4.6 Å [56] 

70S 
Ribosome YidC insertase Escherichia coli 0.2 µM (FCS) [57] EM, 5M5H 4.5 Å [57] 

RNA 
polymerase 

Transcription 
termination 
factor  

Escherichia coli 0.31 µM (enzymatic) [58] EM, 6ALG* 3.7 Å [58] 

Rubisco M35 reduced 
Synechococcus 
elongatus PCC 
7942 

0.2 µM (turbidity assay) 
[59] 

EM, 6HBC 2.78 Å 
[59] 

Rubisco Rca (Rubisco 
activase) R. sphaeroides 3.1 µM (enzymatic) [60] 

EM, EMD-3701* not 
resolved 7.56 Å [61] 

* Cross-linked complex; ** affinity measurement with wt Ferredoxin, structure with Gallium Ferredoxin;
SPR: surface plasmon resonance; FAS: flash absorption spectroscopy; ITC: isothermal titration
calorimetry; FCS: fluorescence correlation spectroscopy



Figures 

Figure 1 | Cryo-EM structure of the monomeric TePSI crosslinked to Cyt c6 derived from the 

symmetry expanded dataset shown from the luminal side (left) and from along the membrane 

plane (right). The inset on the far left shows the position of the monomer in the PSI trimer as 

seen from the luminal side. 

Figure 2 | Focused 3D classifications on the PSI monomer map using differently placed and 

sized soft masks. The model in the centre depicts monomeric PSI bound to Cyt c6 with mask 

locations on luminal (A, teal mask and B, magenta mask) and stroma sides (C, gold mask and 

D, light blue mask). The densities derived from 3D classifications of the symmetry expanded 

monomer dataset are shown colour coded by mask used and contoured at 5 sigma (mesh) 

and 20 sigma (surface). The class occupancy for each class of each focussed classification is 

given. 



Figure 3 | The structure of PsaK loop 32-55. A, View onto cytoplasmic side of the model with 

symmetry expanded monomeric EM map displayed as blue mesh (left) and view from 

membrane onto the same section of PsaK with modelled palmitoyloleoyl- 

phosphatidylglycerid- (POPG)-membrane (right). The PIALPAL-patch 44-50 is highlighted in 

green, and the salt bridge forming residues Arg31 and Glu52 are coloured blue and red, 

respectively. POPG membrane was simulated using CHARMM membrane builder [62]. The 

map is plotted at a B-factor of -173 Å 2. B, Model of trimer-trimer interface of T. elongatus 

thylakoid membrane. Hexagonal packing of PSI trimers (left) is based on the AFM images as 

shown in [28]. Close up of the interface between two neighbouring trimers (right). The subunits 

at the interface are PsaF (orange), PsaJ (magenta) and PsaK (yellow). The PIALPAL-patch 

44-50 of PsaK is highlighted in green. PsaK Glu52 [2], Arg31 and PsaF Lys108 (blue) are

shown in stick representation. 



Figure 4 | SANS measurements of TePSI in the presence of Cyt cHH or Cyt c6. A, SANS data 

of trimeric TePSI (black line) and of TePSI-Cyt cHH complexes (red line) obtained at a contrast 

of 5% D2O. B, Magnification of the SANS data shown in Panel A for the q-region, where a 

different signal is observed for trimeric TePSI (black line) and of TePSI-Cyt cHH complexes 

(red line), respectively. C, Pair distance distribution function P(r) obtained from the SANS data 

of trimeric TePSI (red line) and of TePSI-Cyt cHH complexes (green line), respectively. For the 

comparison, we also present the P(r) function calculated from the crystal structure of TePSI 

(pdb code 1jb0). D, SANS data of trimeric TePSI (black line) and of a mixture of TePSI-Cyt c6 

complexes (red line) obtained at a contrast of 5% D2O. E, Comparison of the structure of the 

TePSI-Cyt cHH complex reconstructed from the SANS data using the ATSAS routine (light blue 

spheres) with a crystal structure of the PSI-cytochrome complex taken from [1]. 




