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Abstract. Recent theoretical developments now allow for reliable calculation of tunneling matrix
elements in unimolecular biological electron transfer reactions that have been tested experimentally.
Most biological ET processes, however, are bimolecular, or involve large-scale protein domain mo-
tions. In this paper, initial advances in this direction by studying the inter-protein electron transfer
between cytochrome c2 and the photosynthetic reaction center. Utilizing an approach that integ-
rates molecular dynamics and the Pathways method, we have observed that the ensemble dominant
tunneling pathways in this reaction go though the tyrosine 162 or are water mediated.
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1. Introduction

Oxidative phosphorylation, drug metabolism, DNA damage, photosynthesis, and
much of enzymatic catalysis occur via electron-transport (ET) processes. The last
decade has seen tremendous growth in the development of reliable molecular-
level theories and models for unimolecular biological electron transfer (ET) reac-
tions [1–4]. These theories now allow the computation of donor-acceptor interac-
tions (tunneling matrix elements) via empirical (Pathways [5, 6] and protein pack-
ing density analysis [7]), semi-empirical electronic structure methods (extended-
Hückel [8–13], neglect of differential overlap methods [14, 15]), and ab initio
divide-and-conquer methods [16–18]. Many unimolecular ET rates in proteins can
be computed reliably, structure-function relations are emerging, and many useful
predictions concerning coupling pathway structure and function can now be made
a priori. Many examples exist where theoretical analysis has led to specific testable
predictions [19], has led to the design of key mutagenesis experiments, or has
helped to explain otherwise puzzling experimental results [20–23].

Most biological ET processes, however, are bimolecular, or involve large-scale
protein domain motion. The combined problem of protein geometric fluctuation
and ET is poorly treated with conventional unimolecular approaches. In this pa-
per, we start to move in this direction by exploring a well-known inter-protein ET
reaction. The membrane-bound photosynthetic reaction center (PC) and the water-
soluble cytochrome c2 (cyt c2) proteins in the photosynthetic bacterium Rbodobac-
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ter sphaeroides are key components of the photosynthetic apparatus used to convert
light energy into chemical energy in the form of ATP [24–26]. In Rb. Sphaeroides,
reduced cyt c2 (cyt c2+

2 ) is the primary electron donor to the photo-oxidized primary
donor, a specialized bacteriochlorophyll dimer (BChl)2, on the RC. In vivo and in
vitro, cyt c2 and RC form a transient electron transfer complex. Electron trans-
fer within the bound complex is rapid, occurring at a rate of 106 s−1 [27, 28].
This ET reaction has been extensively investigated by site-directed mutagenesis
[29], computational-based docking [30, 31], chemical modification [32], and linear
dichroism [33]. The goal of these investigations have been to further our under-
standing of the ET reaction between cyt c2 and RC at the molecular level. A primary
point of interest is the influence of the protein environment at the binding interface
on the electron transfer rate.

Recently Axelrod et al. have obtained the X-ray structure on a co-crystal of the
RC and cyt c2 [34, 35, 57]. The three-dimensional structure shows that a tyrosine
residue, TYR L162, on the L subunit of the RC, is located in a small pocket pro-
truding from the periplasmic surface, and in van der Waals contact of both the heme
on cyt c2 and the (BChl)2 on the RC. A homologous tyrosine residue is located in
the structure of the RC from Rhodopseudomonas viridis in which a permanently-
bound tetraheme cytochrome is the electron donor to the photo-oxidized (BChl)2

[36, 37]. Several investigators have thus proposed that tyrosine L162 might play an
important role, possibly by facilitating electron transfer between the cytochrome
and RC. Do all the important tunneling pathways in this reaction have to go through
this tyrosine? By integrating molecular dynamics techniques with the Pathways
methods, we can now start to answer this question.

2. Methods

2.1. MOLECULAR DYNAMICS SIMULATION

We have carried out a molecular dynamics simulation of the cyt c2: RC from
Rhodobacter sphaeroides. For the simulations, refined coordinates of the cyt c2:
RC complex without modeled water molecules were obtained from X-ray studies
by Axelrod et al. [34, 35, 57]. Additional water molecules were placed to fill a
sphere of 30 Å radius centered on the iron of the heme. Since the X-ray structure
of the complex shows that cyt c2 interacts with only the L and M subunits, the H
unit of RC was excluded in order to reduce the size of the system to be simulated.
Figure 1 shows the structure of the complex prior to simulations. The total number
of explicit water molecules included in this system is 1730. We used partial charges
published previously for the reduced heme group [38]. For the oxidized heme
group, we used the charge reported in a previous study on cytochrome c [39, 40],
which was prepared by using a charge distribution of reduced and oxidized por-
phines [41]. The partial charges of the reduced and oxidized bacteriochlorophyll,
bacteriopheophytin, and ubiquinone RC cofactors were prepared by restricted and
unrestricted Hartree Fock calculations with the PM3 basis set using the GAMESS
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Figure 1. A schematic representation of the prepared structure for the ‘solvated’ complex of
cytochrome c2 and the photosynthetic reaction center utilized in our calculations. H unit is not
included in the simulation.

package [42]. Additional parameters for these compounds are taken from standard
AMBER parameter set [43]. The AMBER94 force field [43] was used for the
protein atoms, and the TIP3P model was used for water molecules [44].

We used AMBER6 program package [45] to carry out the molecular dynamics
simulation. A dielectric constant of ε = 4 was used. A CAP boundary potential
was used to constrain the position of watermolecules near the protein. Long-range
interactions were treated with a 20 Å cutoff. Weak constraints were imposed on the
main chain atoms to keep the shape of RC and to prevent dissociation of the cyt c2

from the RC. The energetic contribution from the constraints is less than 1% of the
total energy; thus it is enough weak to provide some flexibility to the main chain.
The positions of the sidechain atoms were not constrained. Energy minimization
was performed for the initial X-ray coordinates with a suitable combination of
the steepest descent and the conjugate gradient techniques. Following the energy
minimization, a 100psec molecular dynamics simulation was carried out to equi-
librate the system at 300 K. Finally a one nsec simulation run was used to generate
the ensemble of structures used in this study. The coordinates for structures in
this trajectory were stored at every one psec. The minimization and the molecular
dynamics simulation were performed with the heme on cyt c2 in the reduced state
(cyt c2+

2 ) and the (BChl)2 on the RC in the photo-oxidized radical cation state
(BChl)+2 . Thus, the reaction investigated is cyt c2+

2 : RC+ → cyt c3+
2 : RC.
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2.2. THE PATHWAYS MODEL AND TUNNELING MATRIX ELEMENT

CALCULATIONS

In long distance electron transfer reactions, the electronic coupling between donor
and acceptor is sufficiently weak that most reaction occur in the non-adiabatic
regime. The rate for non-adiabatic electron transfer can be written utilizing Fermi’s
Golden Rule [3, 46, 47] by,

kET = 2π

h̄
|TDA|2 (F.C.) (1)

where (F.C.) is the Franck-Condon factor associated with the nuclear motion along
the reaction coordinate, and TDA is the electronic tunneling matrix element for the
electron donor (D)-acceptor (A) pair.

The tunneling pathways model assumes that a few pathways or tubes control
this electronic coupling between donor and acceptor, and as such seeks these dom-
inant paths. The numerical implementation of this method assigns a ‘decay’ factor
for the different kind of contacts in a protein. An electron tunneling pathway is
defined as a product of these decays via covalent (C), hydrogen bonded (H), or
through-space (S) connections. For a single pathway, the coupling is approximated
as [48–50]

TDA ∝
∏

i

εC
i

∏

j

εS
j

∏

k

εH
k . (2)

As a simple implementation of the pathway model, we chose the following para-
meters [5, 51].

εC = 0.6 (3)

εH = (0.6)2 exp[−1.7(R − 2.8)] (4)

εS = 0.6 exp[−1.7(R − 1.4)]. (5)

The distances between heavy atoms, R, are in angstroms and the decay factors, ε,
are unitless. These relationships have been used to predict the electronic coupling
decay along specific pathways in some electron transfer proteins such as azurin and
cytochrome c [5, 51].

For each transient structure stored during molecular dynamics simulation, we
carried out calculations to determine the specific pathway that maximizes the heme-
(BChl)2 electronic coupling. A program incorporating the algorithm of Betts et al.
[52] was coded in JAVA language and used for our pathway calculations. In these
pathway calculations, water molecules included in the molecular dynamics were
considered to be functional components for electron tunneling.

For our pathway calculations hydrogen-bond couplings are distance-scaled as
in a standard model [5, 51]. An alternative model [20, 53] that treats the hydrogen
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bonds as covalent bonds, i.e., εH = ε2
c , but we have not used it here since the

hydrogen bonds at the interface between the proteins are likely to exhibit a larger
range of distances than hydrogen bonds in the core of the protein. In this interface,
hydrogen bonds are made and broken between water molecules and the protein sur-
faces and therefore much less constrained than inside the protein. These hydrogen
bonds versus those between protein atoms, whose positions are more constrained.

3. Results and Discussion

Although there are several pathways with sufficiently large coupling to influence
electron tunneling in this interface, in this paper we restrict ourselves to show the
results only for the most dominant path for each sampled structure. This dominant
path is sufficient to identify the best tube between the donor and acceptor and to
provide a reasonable quantification of this coupling. As it becomes apparent in the
results that follow, this dominant tube fluctuates between the ones that go through a
direct contact between the two proteins via the tyrosine L162 and the ones that are
mediated by water. This result strongly supports that structural fluctuations cannot
be ignored when investigating inter-protein ET and that the dominant tube obtained
for the static crystal structure provides an incomplete description of the tunneling
mechanism.

3.1. THE DOMINANT PATHWAY IN THE X-RAY STRUCTURE

The primary goal of our investigation is to determine how conformational fluc-
tuation of protein atoms in the complex affects the tunneling matrix elements.
Before we do that, as a reference for comparison, we calculate the Pathways de-
cay for the crystal structure of the cyt c2:RC complex. The calculations show a
maximum pathways decay of approximately 6 × 10−5 along a pathway of atoms
from the heme to a ring on the RC donor, (BChl)2 that includes HEME:CBC →
L162TYR:CE1 → L162TYR:CZ → L162TYR:CE2 → (BChl)2:CBC. There are
two through space jumps along this pathway; 1) 3.3 Å jump from HEME:CBC
to L162TYR:CE1 and 2) a 4.0 Å through-space jump from L162TYR:CE2 to the
special pair group DA:CBC. Gray and collaborators [20] have proposed that the
rate for electron transfer in proteins, when they have their Franck-Condon factor
optimized, can be written as kET ∼ 1014 or 1013 s−1 × (Pathways decay)2. If we
choose the larger prefactor, this decay would provide an ET rate of approximately
0.4 × 106 s−1, which is in reasonable agreement with the experimentally observed
rate of 106 s−1.

3.2. STRUCTURAL VARIATION OF THE TUNNELING MATRIX ELEMENT

Figure 2 shows the variation in the electronic coupling, TDA, observed during the
one nsec trajectory of the molecular dynamics simulation. During this one nsec
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Figure 2. The values for the dominant Pathways decays for structure sampled during 1 nsec
molecular dynamics run. Structures were recorded every 1 psec. For those structures that have
a dominant pathway that include one water molecule, open circles instead of dots were used
to plot their decays.

course of the simulations, 1000 structures were sampled at one psec intervals, and
the dominant pathway of each structure was determined. Each point in this figure
represents to the Pathways decay of the dominant parthway of each structure. A
circle denotes those 54 structures whose pathways include water molecules.

Figure 3 shows how the magnitude of the Pathways decay is distributed over
each of the 1000 structures. The average value of this decay is, over the time course
of the simulation, 2.083 × 10−5. We have calculated a decay of 5.70 × 10−5 for
the X-ray structure, which is 2.7 times larger than average value from the simula-
tion. We should note that those structures that include water molecules in their ET
pathway show similar decays to the typical ones that go directly between the two
proteins.

3.3. STRUCTURES WITH TYPICAL PATHWAYS

Figure 4(a) shows the most dominant pathway observed during the one nsec run.
This pathway is superimposed on the X-ray structure to facilitate visualization.
Most of the dominant pathways for the different structures go through L162TYR,
which is suggested as the bridge for ET between the cyt c2 and the RC [54]. The
through space jump between the L162TYR:CD1 and the HEME:CBC group ap-
pears in most of these pathways, i.e., it can be found in the dominant path of 681
structures of the 1000 that we have sampled. Thus, the through space distance
between these two atoms is an important factor in determining the strength of
TDA. The HEME:CBC also has an important role. 936 dominant pathways include
a through space jump between the HEME:CBC group and one of the atoms in
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Figure 3. Distribution the Pathways decays for the 1000 sample structures. Width of the bins
is 1 × 10−6. Black colored regions of histogram indicate the occurrence dominant pathways
that include water molecules. The three largest Pathway decays are 1.07×10−4, 9.90×10−5,
and 7.91 × 10−5. The three smallest ones are 4.07 × 10−6, 4.62 × 10−6, and 4.94 × 10−6.
The largest decays for dominant pathways that include one water molecule are 3.96 × 10−5,
3.86 × 10−5, and 3.42 × 10−5. The three smallest ones are 4.62 × 10−6, 6.26 × 10−6, and
6.42 × 10−6.

Figure 4. (a) Dominant pathways sampled during the one nsec run superimposed on the X-ray
structure. Black lines connecting atoms represent covalent bonds; through space jumps; or
hydrogen bonds involved the pathway. Thickness of the black lines is proportional to the
frequency that each connection is included in the dominant pathways. Pathway connections
that occur less than 10 times in the 1000 structures sampled are omitted. (b) A typical dominant
pathway that includes one water molecule. Atoms included in the pathway are represented as
large spheres. L162TYR is shown but it is not part of this dominant pathway.
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L162TYR. Regarding the special pair, 733 dominant pathways are connected to
the group CBC of DA, and of 127 ones are connected to the group CBC of DB.

Of the 1000 structures that have been sampled, the largest observed value for the
Pathways decay is 1.07×10−4. Atoms included in this pathway are HEME:CBC →
L162TYR:CD1 → TYR:CG → TYR:CD2 → DA:CBC. The main reason for this
large coupling is a small conformational rearrangement during thermal fluctuations
that squeezes the through space jumps. No special contact of atoms is needed to
make the matrix element especially large. The distance between the HEME:CBC
group and the TYR162:CD1 is 3.58 Å and the distance between the TYR162:CD2
and the group DA:CBC is 3.39 Å, which are smaller than the typical ones.

The dominant pathway for 54 of these structures includes one water molecule.
Each pathway includes at most one water molecule. These pathways include hydro-
gen bonds from/to water oxygen. The largest Pathways decay observed for these
structures is 3.96 × 10−5. A typical pathway with one water molecule, which has
a decay of 2.90 × 10−5, is shown in Figure 4(b): HEME:CBC → O of a water →
M187ASN:ND2 → M187ASN:CG → M187ASN:ODI → DA:CMC. The inter-
action between the water and the ASN is a hydrogen bond. Most of these pathways
go through M187ASN.

To better understand the effect of the water molecule in these pathways, we
computed the strongest Pathway decay that does not include water for the structure
above. A decay of 1.12×10−5, about one third of the dominant one, was observed.
In this structure, the through space jumps to/from TYR are longer than usual, e.g.,
the distance between the TYR162:CD1 and the HEME:CBC of this structure is of
5.5 Å. The atoms in this pathway contain main chain atoms, i.e., HEME:CBC →
L162TYR:O → L162TYR:C → L162TYR:CA → L162TYR:N → DA:CBC. In
addition, the through space jump between the HEME:CBC and the L162TYR:O
is 3.80 Å and the one between the L162TYR:N and the DA:CBC is of 4.20 Å.
Because of this minor structural disorder, the dominant tunneling tube now prefers
to go through a water instead of L162Tyr.

4. Conclusion

The atoms included in the dominant pathway for the X-ray structure are common
participants in most of the dominant pathways observed during one nsec run. This
result indicates that tunneling matrix elements obtained from calculations utiliz-
ing the crystal structure can provide qualitative information about the tunneling
pathway, but conformational fluctuations have to be incorporated for a more quant-
itative analysis. During our sampling run, the Pathways decay fluctuates about ten
fold, i.e., one hundred fold in the rate. Most of these fluctuations are a consequence
of the conformational rearrangement of L162TYR. The average decay from the
distribution given in Figure 3 is about three times smaller than the decay from
X-ray structure. This indicates that this crystal structure is better packed than the
most of the ones observed in our simulation. Still, thermal fluctuations can lead
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to decays even smaller than the X-ray one. Water molecules are included in the
dominant pathways occasionally, i.e., in about 5% of the sampled structures. Still,
dominant pathways with and without water have very similar coupling (same order
of magnitude) and minor structural modifications makes one or the other slightly
stronger. Tunneling therefore is dominated by this interplay between pathways that
directly connect the two proteins and the water-mediated ones.

For the reasons described above, we expect that mutations on the surface of the
protein would have a small effect on the tunneling matrix element as long as the
overall complex structure is not changed. Water will move into any void at this
interface, if needed, providing alternative pathways. This observation is consistent
with the experimental results by Ortega et al. [54]. They studied electron transfer
between the tetraheme cytochrome c and the special pair of bacteriochlorophylls
in the reaction centers isolated from seven strains of the photosynthetic purple
bacterium Blastochloris viridis. Mutations of the residue L162, located between
the proximal heme c − 559 and the special pair (Y (wild type) by F, W, G, M, T,
or L) show almost no effect on the ET rate. For example, the rate for the muta-
tion Y(L162) → G is only 5% slower than the wild type. Similar analysis for Rb.
Sphaeroids would not be that direct since surface mutations may affect complex
formation and stability [58].
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