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ABSTRACT: The stromal domain (PsaC, D, and E) of photosystem I (PSI) in cyanobacteria accepts
electrons from PsaA and PsaB of photosystem I (PSI). These electrons are then used in the reduction of
transiently bound ferredoxin (Fd) or flavodoxin. Experimental X-ray and NMR structures are known for
all of these protein partners separately, yet to date, there is no known experimental structure of the PSI/
Fd complexes in the published literature. Computational models of Fd docked with the stromal domain
of cyanobacterial PSI were assembled here starting from X-ray and NMR structures of PSI and Fd.
Predicted models of specific regions of protein−protein interactions were built on the basis of energetic
frustration, residue conservation and evolutionary importance, as well as from experimental site-directed mutagenesis and cross-
linking studies. Microsecond time-scale molecular dynamics simulations of the PSI/Fd complexes suggest, rather than a single
complex structure, the possible existence of multiple transient complexes of Fd bound to PSI.

■ INTRODUCTION

The process of photosynthesis converts light energy into
chemical energy through two large, multisubunit, pigment−
protein integral membrane complexes in the thylakoid
membranes of the chloroplasts of cyanobacteria, algae, and
plants. These complexes are referred to as Photosystem II
(PSII) and photosystem I (PSI). Upon photoexcitation, PSII
extracts electrons from water, and transfers them to the
cytochrome b6/f (cyt b6/f) complex and then reduces the PSI
special pair using a soluble, one-electron-transfer protein, such
as cytochrome c6 (cyt c6) or plastocyanin (PC). PSI then
undergoes a second photoexcitation, which induces a cascade of
electron transfer steps through several redox cofactors within
the protein, ending up on the stromal surface after either of the
two terminal electron receptors present in the PsaC chain of
the stromal domain, FA and FB, undergoes reduction. Following
this reduction, an electron is then transferred to a second
mobile carrier, either ferredoxin (Fd) or flavodoxin. This
transfer allows electrons to move from the membrane bound
4Fe−4S centers to ferredoxin’s (Fd) 2Fe−2S center1,2 or
flavodoxin’s flavin mononucleotide (FMN) cofactor under iron-
deficient conditions.3,4 The reduced Fd transfers two electrons
to the ferredoxin-NADP oxidoreductase (FNR) to produce
NADPH, which functions as a reducing agent in Calvin cycle
reactions as well as several other metabolic processes.5

However, due to the transient and relatively weak interaction
between Fd/cyt c6 and PSI, the molecular details of binding are
not well characterized. It is crucial to elucidate the binding
mechanisms and affinity of Fd and cyt c6 with PSI to further our
knowledge and understanding of the structural and functional

relationships involved in the electron transfer mechanisms of
photosynthesis.
The purpose of this study is to examine the atomic-level

intermolecular interactions at the PSI/Fd interface from
cyanobacteria using advanced computational methods inte-
grated with experimental results. Molecular models of Fd
interacting with the cyanobacterial PSI stromal domain (chains
PsaC, PsaD, and PsaE) were assembled using the NMR
structures of cyanobacterial Fd6,7 and X-ray crystal structures of
cyanobacterial PSI.8 Due to the transient nature of the Fd
interaction with PSI, an understanding of the large-scale
domain fluctuations and movements of the protein complex is
essential. In an effort to further elucidate this, docking models
of PSI/Fd recently proposed by Cashman et al.9 were subjected
to microsecond time-scale molecular dynamics simulations, as
well as newly generated models obtained using the ClusPro
approach guided by experimental predictions of amino acid
residues involved in protein−protein interactions determined
by experimental site-directed mutagenesis10,11 and cross-
linking12,13 studies. Energetically favorable models of the PSI/
Fd complex are compared and ranked on the basis of the
prediction of surface residues of the proteins that display a high
degree of energetic “frustration” as in our previous study9 in
conjunction with predictions of the coevolving residues
between the interacting partners.
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The protein energy landscape describes the numerous
different conformations that proteins may adopt during the
process of folding, interaction with other proteins or nucleic
acids, or binding with small molecules. This energy landscape
may be described computationally using a statistical mechanical
representation of the potential energy surface.14 During the
process of folding or binding, a protein adopts the state
exhibiting the least amount of energetic “frustration”, so there is
a free energy decrease as conformations become more stable.15

As the global conformation of folded proteins approaches this
minimally frustrated state, specific regions of the protein may
exhibit locally increased energetic frustration. These “frus-
trated” residues do not exhibit their lowest energy con-
formation, and it is possible that this “frustration” could be
alleviated via the binding of another protein or small molecule,
in the same sense that wearing a hat might alleviate the
“frustration” of hairs standing straight out on a “bad hair day”.
The “protein frustratometer” application of energy landscape
theory15 is a computational algorithm that is capable of
identifying these regions of high localized energetic frustration
in protein structures.
This energy landscape based model of protein−protein

interactions can be further enhanced with the addition of a
complementary method of ranking amino acid residues in a
protein sequence based on their evolutionary importance. The
evolutionary trace method was used to determine the
evolutionary importance of residues in PSI and Fd by
performing a multiple sequence alignment of the proteins,
and determining an importance score for highly conserved
residues within the phylogenetic tree.16,17 The residues
identified with high evolutionary importance can be correlated
with important functional sites in the protein, such as catalytic
residues or sites of potential protein−protein interactions. The
coevolutionary information obtained from evolutionary trace
can be combined with the energy landscape data to yield an
improved model useful in identifying sites of protein−protein
interactions for further study.18

■ METHODS
Structure Preparation. Protein structures of the thermo-

philic cyanobacterium Thermosynechococcus elongatus were used
to model potential interaction sites between the X-ray crystal
structure of PSI and the NMR structures of Fd and PSI.6−8 The
structural files were downloaded from the PDB19 (PDB code:
1JB0) for PSI and Fd (PDB code: 2CJN). Since the iron−sulfur
center (FeS) of Fd was absent from the 2CJN NMR structure,
these atoms were transferred from the 1ROE Fd NMR
structure.7 Insertion of the iron−sulfur center into 2CJN was
accomplished by superimposing residues 37 through 48 of the
1ROE structure with the same residues of 2CJN, and copying
the iron−sulfur center present in 1ROE to 2CJN using MOE
2015. To “smooth over” any rough contacts, conjugate gradient
energy minimization was applied for 500 cycles using the
AMBER99 force field in MOE 2015 to the newly modeled Fd
protein. This force field was slightly modified to accommodate
the calculation of atomic charges20 and angle bending
parameters for the FeS bonds,9 which were determined from
the angles observed in the 1ROE NMR structure of Fd. The
protonation state of this Fd model was accomplished using
estimated pKa calculations via the Protonate3D module of
MOE 2015.
Identification of Protein Surface Characteristics of PSI

and Fd. The predicted possible protein−protein interaction

sites between PSI’s stromal domain (PsaC, D, and E) and Fd
were identified using MOE 2015. Multiple residues were
identified using a combination of data from site-directed
mutagenesis, chemical cross-linking, and other experiments that
were thought to be involved in interactions between PSI and
Fd.10,11,21,22 The relative positions of the cysteine residues
surrounding Fd’s iron−sulfur center6 as well as the PsaC iron−
sulfur centers, FA and FB, were identified in conjunction with
previously published experimental residue predictions for
binding sites. Clusters of amino acid residues in PSI and Fd
calculated to exhibit a frustration density greater than 20% were
identified using the “protein frustratometer” algorithm
(EMBNet, http://www.embnet.qb.fcen.uba.ar/embnet). The
evolutionary trace method (Lichtarge Computational Biology
Lab, http://mammoth.bcm.tmc.edu/ETserver.html) was used
to identify the residues in PSI and Fd with the highest (top
25%) importance score, and these residues were mapped out in
conjunction with the frustration and biological data in MOE
2015. The residues of PSI that were used as attractive residues
for subsequent ClusPro docking studies include Ile11, Thr14,
Gln15, Lys34, Gly36, Val48, Lys51, and Arg52 from PsaC;
His95, Asp98, Glu103, Lys104, Lys107, and Arg109 from PsaD;
and Arg39 from PsaE. Two sets of docking runs were
performed for comparison and to further validate the results.
The first set of docking, in which the aforementioned
constraints and attractive residues were used to guide the
proteins toward their targets, is termed “nonagnostic” in our
results. The second set of docking is termed “agnostic” in our
results. The agnostic docking runs were performed without
using any constraints/attractive residues in the docking
protocol for comparison and validation.

Rigid-Body Docking. The fast-Fourier transform (FFT)
based rigid-body docking program, ClusPro (Boston Univer-
sity, http://cluspro.bu.edu/),23,24 was used for generating
docking models between PSI and Fd. Two separate docking
runs were carried out: first using the attractive residue
constraints and the second agnostically, as discussed above.
ClusPro designates one of the proteins as the “receptor” (PSI)
and the other as the “ligand” (Fd). The translation and rotation
of the “ligand” with respect to the “receptor” is carried out on a
grid, sampling approximately 1 × 109 positions of the ligand
relative to the receptor. A pairwise interaction potential scoring
function is then used to score each of the translations/rotations
of the ligand with respect to the receptor. Of all the generated
structures, 1000 models that have the best or lowest score are
clustered using pairwise Cα RMSD of “ligand” residues
between different models. The goal of clustering in ClusPro
is to isolate low energy minimas in the energy landscape of the
complex, as these minimas are expected to be highly populated
and therefore close to the native conformation sampled by the
complex. After clustering, any potential adverse side chain
interactions in the ranked complexes were processed by
molecular mechanics energy minimization with the
CHARMM25 force field. ClusPro then outputs the centers
(structures with the most neighbors) of the largest clusters.

Calculation of Fe−Fe Distances. The models generated
using ClusPro were subjected to a further energy minimization
of side chains (fixed backbone) to a 0.01 RMS kcal/mol/Å2

gradient in MOE 2015, using the CHARMM27 force field.25

For each PSI-Fd model, the original PSI structure (1JB0) was
superimposed on these models to obtain the Fe4S4 center in
PsaC. The distances were calculated between the iron atoms in
corresponding Fe−S centers in PsaC and Fd.
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Molecular Dynamics Simulation of PSI/Fd Complexes.
The structural dynamics of several docked complexes of PSI
with Fd were investigated using all-atom molecular dynamics
(MD) simulations. The starting structures for these simulations
were the top three docked structural complexes of PSI/Fd
previously published (model #2, #3, and #9).9 Each protein
complex was solvated using periodic boundary conditions and
approximately 17,000 TIP3P water molecules.33,34 Molecular
dynamics simulation was accomplished using NAMD2 version
2.9 and the AMBER99 all-atom force field, as implemented in
MOE 2015, at a simulation temperature of 300 K. The
AMBER99 force field was modified to include the angle
bending and torsional parameters for the FeS bonds present in
PSI and Fd as previously described (Supporting Information,
Table S1). The integration step used was 2 fs, and all of the
hydrogen atomic distances in the system were set to
equilibrium values. Each of the systems that were simulated
underwent initial conjugate gradient energy minimization for
2000 steps. Next, each system was progressively heated
incrementally using an equilibration procedure from 100 to
300 K. Each increment was 50 K for 100 ps, until equilibrium
temperature was reached at 300 K. The production run for each
system was 1 μs. Since the stromal domain of PSI is membrane-
bound, the backbone atoms of the residues observed to be in
contact with PsaA, PsaB, and PsaF of PSI were fixed, while the
side chains were allowed full range of movement during the
simulations (Supporting Information, Figure S1). The simu-
lations were completed on the Hopper supercomputing cluster
at Lawrence Berkeley National Laboratory through a grant
received through the NERSC program (U.S. Department of
Energy Office of Science Contract No. DE-AC02-
05CH11231).

■ RESULTS
Identification of Protein Surface Characteristics of PSI

and Fd. The energetic frustration and evolutionary trace data
together suggest a good model for possible docking sites of Fd
with PSI (Figure 1, Figure 2, Figure 3). As a general

observation, regions of favorable evolutionary importance do
not appear to be highly energetically frustrated. Furthermore, as
expected, all of the cysteine residues that are directly linked to
one of the iron−sulfur centers in both PSI and Fd were
calculated by evolutionary trace to be of critical importance
with a favorable evolutionary trace score, indicating a high
degree of conservation and biological importance.16,17 Of
particular interest are several residues in PsaE, centered around
Arg-39. Previously published backscattering interferometry data
suggests that Arg-39 might be important to binding Fd.10 The
evolutionary trace and energetic frustration data suggests some
additional residues in the stromal domain that may contribute
to the binding between PSI and Fd. These residues are

Figure 1. Primary structure of PSI-Fd (chains C, D, E, with Fd). The primary structure of PSI chains C, D, E and Fd is shown. Residues highlighted
in green exhibit greater than 20% energetic frustration. Residues highlighted in magenta indicate that they have an evolutionary trace importance
(rho) score in the top 25% of all residues. Residues highlighted in dark green exhibit both high (greater than 20%) evolutionary trace as well as the
top 25% of importance (evolutionary trace) scores.

Figure 2. PSI stromal domain model indicating residues of interest.
The key residues that may play a role in Fd binding are highlighted in
this view of the stromal domain of PSI. Residues highlighted with
green ribbons exhibit greater than 20% energetic frustration. Residues
highlighted with red ribbons indicate that they have an evolutionary
trace importance (rho) score in the top 25% of all residues. Residues
highlighted with dark blue ribbons exhibit both high (greater than
20%) evolutionary trace as well as the top 25% of importance
(evolutionary trace) scores.
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concentrated around two discrete regions of PsaEbetween
Arg-11 and Glu-19 and Gln-28 and Tyr-45.
PSI-Fd Modeling. PSI-Fd models generated using attractive

residue constraints in ClusPro consisted of a total of 12
separate clusters represented by their cluster centers. Each of
these cluster centers from ClusPro is labeled “CC1” through
“CC12” in the data. For comparison, the previously published
docking data from Cashman et al.9 is labeled “1” through “12”.
Table 1 shows these 12 clusters, the number of members
belonging to each cluster, and the weighted energy scores.
Figure 4A shows the Cα RMSD between these 12 clusters
calculated in MOE 2015. These 12 structures are separated by
large RMSD distances, with the closest centers (CC7 and
CC10) showing a RMSD deviation of 3.71 Å. These 12
structures can be considered as separate PSI-Fd states that are
possibly sampled, weighted against the cluster population
represented by each cluster center; i.e., cluster 1 center (CC1)
represents the structure most sampled and hence closest to the
native state of the complex.
Table 2 shows the number of inter-residue protein contacts

and the Fe−Fe distances between the FeS centers in PsaC and
Fd in each of these 12 cluster centers. The top three models
(cluster centers with largest populations) identified more inter-
residue contacts compared to previously published rigid body
directed docking models of PSI-Fd.9 The Fe−Fe distances on
average are also closer than the previously published models,
with the lowest distance shown by the third model (8.5 Å). The
average Fe−Fe distances were 8.9−13.1 Å between each of the
two FeS centers (FA and FB) of PsaC. Distances similar to these
were previously observed in six PSI crystal structures: T.
elongatus, Pisum sativum, and Arabidopsis thaliana.8,26−29 The
fact that the generated models yield similar Fe−Fe distances to
that observed in the crystal structures between FA and FB
suggests that these docked models would be close enough to
permit rapid electron transfer.30 Superposition of these 12
cluster centers shows Fd sampling multiple rotational modes
around the same binding site near the PSI FeS center, shown in
Figure 5A.

The “agnostic docking” protocol in ClusPro generated a total
of 18 cluster centers, shown in Table 3. Superposition of these
18 cluster centers with the 12 models generated with the
nonagnostic approach is shown in Figure 5B. Twelve of the 18
models generated using the agnostic approach bind to the same
binding surface formed between the three subunits of PSI
sampled by the 12 models generated by the nonagnostic
approach. In the remaining six models, showing relatively low
cluster populations, Fd binds to the opposite side of PSI. This
lumenal surface of PSI revealed PSI residues on PsaA, PsaB,
and PsaF of PSI that could provide favorable binding of Fd in a
detergent solubilized solution form of PSI, yet due to the
topology of PSI in the membrane, this interaction would be
prohibited in vivo. As expected, this binding region is not
sampled in the nonagnostic approach due to the constraints
placed on the system.
Figure 5C shows the superposition of the two top models

generated using the nonagnostic and agnostic docking
protocols, respectively. These two models are similar to each
other with a Cα RMSD of 1.70 Å between the structures. The
small RMSD is present likely due to the differences generated
in the energy minimization step carried out after the model
generation in ClusPro. The models show direct interactions
between Arg-41, Ser-63, Glu-23, and Glu-93 in Fd and the
residues in PsaC, PsaD, and PsaE that have been shown to be
important for binding Fd through mutagenesis studies (Gln-15
in PsaC, Lys-34 in PsaC, Lys-104 in PsaD, and Arg-39 in PsaE,
respectively), given in Table 4. This complex structure, the
distance between the FeS centers, and two salt bridges between
Arg-39 in PsaE and Lys-104 in PsaD and Glu-93 and Glu-23 in
Fd, respectively, are shown in Figure 5D. Lys-34 of PsaC is
positioned near the interface between PsaC and PsaE. Previous

Figure 3. Ferredoxin model indicating residues of interest. The key
residues of Fd that may play a role in binding with PSI are highlighted
in this view. Residues highlighted with green ribbons exhibit greater
than 20% energetic frustration. Residues highlighted with red ribbons
indicate that they have an evolutionary trace importance (rho) score in
the top 25% of all residues. Residues highlighted with dark blue
ribbons exhibit both high (greater than 20%) evolutionary trace as well
as the top 25% of importance (evolutionary trace) scores.

Table 1. PSI-Fd Models Generated Using ClusProa

cluster members representative weighted score

CC1 247 center −744
CC1 247 lowest energy −852
CC2 163 center −712.6
CC2 163 lowest energy −850.2
CC3 140 center −714.4
CC3 140 lowest energy −815.2
CC4 119 center −723.2
CC4 119 lowest energy −882.8
CC5 106 center −712.4
CC5 106 lowest energy −870.7
CC6 53 center −729.7
CC6 53 lowest energy −784.2
CC7 44 center −740.2
CC7 44 lowest energy −808.2
CC8 38 center −723
CC8 38 lowest energy −769.5
CC9 22 center −747.9
CC9 22 lowest energy −805.5
CC10 18 center −720.5
CC10 18 lowest energy −758
CC11 13 center −754.3
CC11 13 lowest energy −754.3
CC12 6 center −706.3
CC12 6 lowest energy −753.4

aThe 12 cluster centers, labeled CC1 through CC12, showing the
number of members belonging to each cluster, and the weighted
energy scores.
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experimental mutations of the analogous Lys-35 residue in C.
reinhardtii by Fischer and co-workers indicate that this residue
is critically important for binding of Fd to PsaD and PsaE as
well as electron transfer reactions.31 In our model, the Lys-34
residue is involved with a strong salt bridge interaction with
Asp-27 of PsaE and is involved, along with the Lys-33 residue
of PsaE, in forming salt bridge interactions at the PsaC/PsaE

interface holding the entire protein together. Disruption of any
of these interactions will contribute to instability in the stromal
domain trimer, resulting in loss of electron transfer capabilities.
The previously published models of PSI-Fd consisted of a set

of 12 models (9) represented by only three clusters shown in
Figure 4B: cluster I represented by structures 2, 4, 5, and 7;
cluster II represented by structures 1, 3, 6, 10, 11, and 12;

Figure 4. (A) PSI-Fd models generated using ClusPro. RMSD deviation between 12 cluster center from the nonagnostic (attractive residue
constrain) approach. RMSD deviation from each cluster center is labeled with “CC1” through “CC12”. The color of each square indicates the
average RMSD of each compex: dark green, RMSD = 0; yellow/bright green, RMSD < 3; orange, RMSD 3−5; red, RMSD > 5. (B) Comparison
with previously published PSI-Fd models. RMSD deviation between previously published 12 models of PSI-Fd represented by three clusters. This
data from the previously published models (Cashman et al.9) is labeled 1 through 12. The color of each square indicates the average RMSD of each
compex: dark green, RMSD = 0; yellow/bright green, RMSD < 3; orange, RMSD 3−5; red, RMSD > 5. (C) Comparison with previously published
PSI-Fd models. Comparison of RMSD of the newly generated models to the previous models. RMSD deviation from each cluster center of the
ClusPro models is labeled with “CC1” through “CC12”. RMSD deviation from the previously published models (Cashman et al.9) is labeled 1
through 12. The color of each square indicates the average RMSD of each compex: dark green, RMSD = 0; yellow/bright green, RMSD < 3; orange,
RMSD 3−5; red, RMSD > 5.

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.7b08307
J. Phys. Chem. B 2018, 122, 1026−1036

1030

http://dx.doi.org/10.1021/acs.jpcb.7b08307
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcb.7b08307&iName=master.img-004.jpg&w=502&h=489


cluster III represented by structures 8 and 9. These 12
structures are separated by relatively short RMSD distances.
Figure 4C shows the comparison of the RMSD of the newly
generated models to the previous models. Structures in cluster I
are found to be similar to the CC12 model; cluster II structures
are similar to the CC8 model; and cluster III structures are
similar to the CC6 model, with the orientation exhibiting the
most favorable potential interaction energy (3 in Figure 4B)
from the previous models predicted to be structurally close to
the eighth model (CC8 in Figure 4A) predicted by ClusPro.
The previous three clusters (consisting of 12 models) likely
represent a subset of the conformational ensemble sampled by
PSI-Fd, as seen from the much larger ensemble of structures
generated by ClusPro, both by nonagnostic and agnostic
approaches.

Molecular Dynamics Simulation of PSI/Fd Complexes.
Extended molecular dynamics simulations of 1 μs in duration
were run using NAMD on the three most favorable complexes
from each major cluster generated by the Cashman et al. study.9

Figure 6 shows the root-mean-square deviation (RMSD) versus
time for the full 1 μs molecular dynamics trajectory of each of
the three simulated PSI-Fd complexes. Two of the simulations
exhibited equilibration of the molecular dynamics trajectory at
approximately 4 Å (model 3) and 6 Å (model 9), respectively.
The simulation for the model 2 trajectory initially showed a
rough equilibration at approximately 5 Å, followed by a major
conformational change after approximately 700 ns, followed by
a subsequent equilibration and repositioning with a distance of
∼8 Å. This was due to a complete reorientation of Fd in the
stromal domain. Although the significance of this rearrange-
ment is not known, it is still close enough to enable electron
transfer.
A comparison of the average RMSD calculated for each

respective subunit of PSI and Fd provides some information
regarding the movement of the individual residues of the

Table 2. PSI-Fd Model Contacts and Fe−Fe Distancesa

models inter-residue protein contacts Fe−Fe distance (Å)

CC1 29 11.7
CC2 24 9.9
CC3 25 8.5
CC4 26 9.7
CC5 23 13.5
CC6 27 9.95
CC7 27 12.4
CC8 22 10.8
CC9 33 15.7
CC10 25 12.6
CC11 25 21.6
CC12 29 12.4

aThe number of inter-residue protein contacts and the Fe−Fe
distances between the FeS centers in PsaC and Fd in each of the 12
cluster centers.

Figure 5. PSI-Fd models generated using ClusPro. (A) Superposition
of these 12 cluster centers. (B) Superposition of 12 cluster centers
(orange) from the nonagnostic approach and 18 models (cyan) from
the agnostic approach. (C) Superposition of two top models using the
nonagnostic, Fd in green, and agnostic docking protocols, Fd in
purple. (D) Distance between FeS centers and salt bridges between
PSI and Fd in the top model from the nonagnostic approach.

Table 3. PSI-Fd Models Generated Using ClusPro Using
Agnostic Dockinga

cluster members representative weighted score

1 248 center −615.7
1 248 lowest energy −698.8
2 99 center −597.5
2 99 lowest energy −667.4
3 85 center −590.8
3 85 lowest energy −685.6
4 79 center −592.9
4 79 lowest energy −648.6
5 77 center −590.6
5 77 lowest energy −728.1
6 64 center −595.3
6 64 lowest energy −711.5
7 57 center −607.1
7 57 lowest energy −690.5
8 51 center −622
8 51 lowest energy −650.9
9 43 center −685.4
9 43 lowest energy −685.4
10 39 center −589
10 39 lowest energy −646
11 32 center −626.9
11 32 lowest energy −676.7
12 28 center −603.9
12 28 lowest energy −636
13 17 center −583.1
13 17 lowest energy −632.8
14 16 center −585.1
14 16 lowest energy −647.8
15 14 center −592.6
15 14 lowest energy −614.9
16 14 center −595.4
16 14 lowest energy −684.1
17 4 center −585.8
17 4 lowest energy −628.2
18 4 center −596.8
18 4 lowest energy −604.7

aThe 18 clusters, the number of members belonging to each cluster,
and the weighted energy scores.
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various subunits relative to other atoms in each subunit. For
example, in the model 3 trajectory, the average RMSD of PsaC
is 3.3 Å, the average RMSD of PsaD is 2.4 Å, the average
RMSD of PsaE is 2.2 Å, and the average RMSD of Fd is 3.2 Å.
For the model 9 trajectory, the average RMSD of PsaC is 2.8 Å,
the average RMSD of PsaD is 1.9 Å, the average RMSD of PsaE
is 1.0 Å, and the average RMSD of Fd is 2.6 Å. This data clearly
indicates that there are more fluctuations among residues of
PsaC and Fd than among residues of PsaD and PsaE.
The root-mean-square fluctuations (RMSF) also provides

evidence of substantial movement among residues in PsaC and
ferredoxin (Figure 7). The specific residues in Fd that show the
greatest fluctuations are the aspartate and glutamate residues at
the ends of the protein, on either side of the Fe2−S2 site. The
cysteine residues immediately adjacent to this site also exhibit
high RMSF activity as well. In PsaC, there is also significant
fluctuation in the residue chain surrounding the two Fe4−S4
sites as well. These surface residues in PsaC correlate closely
with previous electron microscopy and image analysis of the
flavodoxin binding site presented by Muhlenhoff and
colleagues.3 The increased fluctuations in surface residues at
the interface regions of both PsaC and Fd correlate well with
previous laser flash absorption spectroscopy observations by
Setif and co-workers, indicating that there are two distinct first
order interactions involved in the interaction of Fd with PSI.32

The two electron transfer rates previously observed most likely
represent different binding conformations between the two
species, which would likely be caused by different fluctuations
in the surface residues at the binding site.32

Of particular interest in the interactions between PSI and Fd
is the question of whether the iron−sulfur clusters of these
proteins reach electron transfer capable distances. A seminal
paper by Moser and colleagues suggests that most biological
electron transfer in or between proteins occurs when electron
transfer distances are 14 Å or less.33 To determine if our
models comply with this rule, we tracked the closest distance
between atoms between the two Fe4−S4 complexes, FA/FB,
present in PsaC (Figure 8), and the closest distance between
atoms of the Fe4−S4 iron sulfur complex, FB, and the Fe2−S2
complex of Fd (Figure 9). This data shows that electron
transfer is clearly possible between both FA/FB iron−sulfur
complexes present in PsaC, as well as two of the docked
conformations (model 3 and model 2) between FFd/FB, the FB
iron−sulfur complex of Fd, and the iron−sulfur of PSI. Overall,
these electron transfer distances between the FFd/FB iron−
sulfur complexes compare very favorably to the electron
transfer distances done by ClusPro docking. We also observe a
major molecular movement in the model 2 simulation that
reveals a significant conformational repositioning of Fd on the
stromal domain of PSI after ∼700 ns; this movement reduces
the FFd/FB iron−sulfur distances from a high of 17 Å to a low of
about 13 Å.

■ DISCUSSION AND CONCLUSION

The ClusPro rigid body docking calculations in conjunction
with extended microsecond molecular dynamics provide some
key insights into the transient nature of the PSI/Fd interaction.
While the ClusPro data illustrates a comprehensive look into

Table 4. PSI-Fd Best Model Interactionsa

type chain position residue/atom chain position residue

HB PsaC 13 CYS13.O Fd 41 ARG41.NE
HB PsaC 15 GLN15.OE1 Fd 41 ARG41.NE
HB PsaC 18 ARG18.NH1 Fd 23 GLU23.OE1
HB PsaC 18 ARG18.NE Fd 30 GLU30.OE2
HB PsaC 18 ARG18.NH2 Fd 31 GLU31.OE1
HB PsaC 34 LYS34.NZ Fd 63 SER63.OG
HB PsaD 73 ARG73.NH1 Fd 31 GLU31.OE1
HB PsaD 76 LYS76.NZ Fd 22 ASP22.OD2
HB PsaD 104 LYS104.NZ Fd 23 GLU23.OE2
HB PsaE 3 ARG3.NH1 Fd 66 ASP66.OD1
HB PsaE 3 ARG3.NH2 Fd 68 ASP68.OD1
HB PsaE 25 SER25.OG Fd 44 ALA44.O
HB PsaE 39 ARG39.NH1 Fd 46 SER46.O
HB PsaE 39 ARG39.NH2 Fd 93 GLU93.OE2
HB PsaE 48 TYR48.N Fd 35 ASP35.OD2
HB PsaE 51 SER51.OG Fd 35 ASP35.OD2
HB PsaE 53 SER53.OG Fd 11 ASP11.OD1
HB PsaE 57 THR57.O Fd 39 SER39.OG
HB PsaE 57 THR57.OG1 Fd 47 THR47.OG1
ION PsaC 18 ARG18.NH1 Fd 23 GLU23.OE1
ION PsaC 18 ARG18.NH1 Fd 27 ASP27.OD2
ION PsaC 18 ARG18.NE Fd 30 GLU30.OE2
ION PsaC 18 ARG18.NH2 Fd 31 GLU31.OE1
ION PsaD 73 ARG73.NH1 Fd 31 GLU31.OE1
ION PsaD 76 LYS76.NZ Fd 22 ASP22.OD2
ION PsaD 104 LYS104.NZ Fd 23 GLU23.OE2
ION PsaE 3 ARG3.NH1 Fd 66 ASP66.OD1
ION PsaE 3 ARG3.NH2 Fd 68 ASP68.OD1
ION PsaE 39 ARG39.NH2 Fd 93 GLU93.OE2

aInteractions between PSI and Fd in the top model (cluster center with largest cluster populations).
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the complete energy landscape of possible docked conforma-
tions, the molecular dynamics simulations identify specific parts
of the catalytic site of each protein exhibiting high fluctuations,
and show how catalytically inactive electron transfer con-

formations can transition to catalytically active electron transfer
conformations.
The ClusPro rigid body docking calculations yield several

observations with regard to possible interactions between the
electron-transport protein, Fd and PSI. Docking calculations
focused on the stromal (PsaC, PsaD, PsaE) domain of PSI
where these electron-transport proteins bind. Previously
published PSI-Fd models9 had used a “top-down” approach
by using the regions of high frustration to direct manual rigid-
body docking calculations using MOE 2015, with distance
constraints applied between the possibly interacting residues/
regions. In the ClusPro docking study, only the residues in PSI
that have been shown to interact with the electron-transport
proteins have been used to influence the docking calculations.
This allows the receptor and the ligand in the rigid-body
docking protocol to adequately sample all six degrees of
freedom, generating ∼109 positions of the ligand relative to the
receptor. These are then filtered to only keep the structures
that are thermodynamically most stable, giving preference to
the complexes that show interactions between the input
residues. This provides a “bottoms-up” approach, where the
best models are predicted from the possible ∼109 generated

Figure 6. RMSD vs time of simulated PSI-Fd complexes. The root-
mean-square deviation of each protein complex over the course of the
1 μs simulation shows the relative fluctuations over time.

Figure 7. Root-mean-square fluctuations (RMSF) of all residues of the
model 3 simulation trajectory. RMSF data for the 1 μs model 3
trajectory shows specific parts of the protein complex that are
undergoing more movements and fluctuations.

Figure 8. Distances in angstroms (Å) throughout the 1000 ns
trajectory between the closest atoms of the FA/FB iron−sulfur
complexes in PsaC. The distance between the two iron−sulfur
complexes in PsaC is shown to indicate how far an electron would
need to travel to be transferred between each complex. The horizontal
black line drawn at 14 Å represents the cutoff in maximum electron
transfer distance in the Moser et al. paper.33
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models, hence decreasing the possibility of sampling only
certain fixed rotational/translational modes of the ligand with
respect to the receptor.
The top cluster center for the PSI-Fd model shows direct

interactions between the residues experimentally predicted to
be important for binding Fd, Gln-15 in PsaC, Lys-34 in PsaC,
Lys-104 in PsaD, and Arg-39 in PsaE, and the Arg-41, Ser-63,
Glu-23, and Glu-93 residues of Fd. There are two salt bridges
present between Arg-39 in PsaE and Glu-93 in Fd, and Lys-104
in PsaD and Glu-23 in Fd. Low RMSD between the top PSI-Fd
models (Figure 4C) generated using the nonagnostic and
agnostic docking protocols highlights the preference for the top
binding mode generated by using two separate approaches.
The previous PSI-Fd rigid body directed docking models can

be represented by a subset of the newly generated models.
Hence, the new results provide a more comprehensive picture
of the possible binding modes. Fd is found to sample multiple
rotational modes around the same binding site near the PSI
Fe4−S4 center. Furthermore, simulation of the top three
previous PSI-Fd rigid body directed docking models indicates
that Fd does indeed sample multiple rotational modes around
the same binding site through the course of a 1 μs trajectory.

Several residue contacts involving salt bridges and hydrogen
bonding also exhibited significant fluctuations through the
course of the simulations. For example, in the simulation of the
PSI-Fd rigid body directed docking model 3, the PsaE Arg-3
and Fd Glu-30 residues started at 6.7 Å, went to a high of
approximately 26.8 Å, and equilibrated at the end at 2.8 Å.
Other residue pairs between the stromal domain and Fd also
exhibited similarly wide fluctuations, always equilibrating at the
end of the simulation within about 3 Å of each other. These
residue pairs include, for the model 3 interaction, PsaC Gln-15
and Fd Asp-66, PsaC Arg-18 and Fd Asp-66, PsaD Lys-104 and
Fd Glu-71, PsaD Lys-107 and Fd Tyr-97, and PsaE Arg-3 and
Fd Glu-30. These models show that the electrostatic
interactions of all three subunits of the stromal domain
PsaC, PsaD, and PsaEare critically important in bonding with
Fd for electron transfer to occur. While the direct contact
between PsaC and Fd is at the physical center of electron
transfer, PsaD and PsaE play a role in the positioning of Fd to
enable the transfer of electrons to take place. The trimeric
complex is analogous to a baseball glove when catching a ball
as a fast-moving ball (protein) makes contact with parts of the
glove (residues of PsaC, PsaD, and PsaE), the ball is positioned
better in the glove. Just as a baseball may have more than one
conformation in the glove, Fd may adopt more than one
electron-capable conformation in the stromal domain of PSI.
Minor changes to one or two of these critical residues of PsaD
and PsaE may be able to be tolerated, but if too many residues
are changed significantly, this would lead to loss in the ability of
the PSI complex to form stable electron transfer interactions.
Both of the ClusPro docking results as well as the

microsecond molecular dynamics simulations suggest that
there is more than one favorable docking conformation capable
of electron transfer of Fd with PSI. This is based on analysis of
the FFd/FB distances between iron−sulfur clusters between
both proteins, as shown in Table 2 for the ClusPro docking
data, the root-mean-square fluctuations (RMSF) in Figure 7,
and Figure 9 for the molecular dynamics simulation trajectories.
The presence of two distinct modes of binding between Fd and
PSI has also been observed experimentally by Setif and
colleagues using laser flash absorption spectroscopy.32 This is
significant biologically due to the extremely short time scale
involved in biological electron transferif more than one
binding mode allows electron transfer, less time is necessary,
ensuring that proteins are docked in their correct position and
reduction can occur at a fast rate. All but two of the cluster
centers from the ClusPro docking calculations suggest an
electron transfer distance below the 14 Å threshold for
biological electron transfer, and two out of the three
simulations performed show electron transfer distances below
14 Å as well.33 Previous Brownian dynamics simulations and
experimental studies of cytochrome c (Fe3+)−cytochrome b5
(Fe2+) suggest that electron transfer in proteins is possible in an
ensemble of multiple docked conformations as opposed to a
single, static structure.34−36

Furthermore, the energetic frustration and evolutionary trace
analysis of the proteins of PSI and Fd are particularly effective
at predicting the residues involved at the interface in both the
previous PSI-Fd rigid body directed docking models, the
ClusPro docking models, as well as residues observed at the
interface in the simulations of the rigid body directed docking
models. While the energetic frustration model alone is sufficient
to serve as a guide for a thorough ClusPro docking study
between two proteins, the addition of the evolutionary trace

Figure 9. Distances in angstroms (Å) throughout the 1000 ns
trajectory between the closest atoms of the FFd/FB iron−sulfur
complexes in PsaC. The distance between the iron−sulfur complexes
in PsaC (FB) and the iron−sulfur complex in Fd (FFd) is shown to
indicate how far an electron would need to travel to be transferred
from PSI to Fd. The horizontal black line drawn at 14 Å represents the
cutoff in maximum electron transfer distance in the Moser et al.
paper.33
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model provides another dimension in this analysis and yields
complementary information about amino acid residues of high
importance at the docking interface.
While this research focuses on trimeric PSI formation, it is

known that a small pool of monomeric PSI subunits is known
to exist, influenced by intracellular Ca2+ levels as well as the
amount of light.37 Trimerization of PSI is mediated by the
transmembrane chains, PsaL, PsaI, and PsaM. In mutant strains
of Synechocystis sp. PCC 6803 that lack PsaL, and hence do not
form trimers, Fd binds and photosynthesis has been shown to
continue.37 An interesting topic of future study might be to
perform docking and molecular dynamics simulations of
monomeric PSI and Fd and observe the possible different
conformations present. Without the addition of the extra two
domains to assist in stabilizing the conformational possibilities,
one might expect to observe an increased number of electron
transfer capable docked conformations of Fd docked with
monomeric PsaC.
Overall, this study illustrates new and detailed insights into

understanding the initial binding mechanisms between PSI and
Fd. These complexes are involved in the electron transfer
reactions of photosynthesis, and a thorough understanding of
their atomic-level interactions and dynamics will help in
suggesting future mutagenesis experiments for validation
purposes. These will also enable in the design more of efficient
mutants of these proteins, to optimize the rate of electron
transfer and hence the rate of energy generation from these
systems, leading to the development of biologically based solar
energy cells for electricity generation.
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