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I. ELECTRON TRANSFER RATES

We have found that the distribution of the reaction
coordinate in each of the electron transfer states is well
approximated by a Gaussian function. This observation
applies to both the entire length of the simulation tra-
jectory and to the shorter time-scale of the charge shift
(HA− to QA) reaction. The Gaussian statistics of the
energy-gap fluctuations allows us to define the free en-
ergy surface along X as a parabolic function

F1(X) =
(X1(k)−X)2

4λ(k)
. (S1)

The free energy surface is fully defined by the average en-
ergy gap X1(k) and its curvature, given in terms of the
nonergodic reorganization λ(k) in the denominator. Both
parameters are functions of the rate constant, thus stress-
ing their nonergodic character and contrasting them with
their equilibrium counterparts, λ and 〈X〉1.
The average energy gap is the sum of the gas-phase

component X0 and the solvent-induced shift Xs. It is
the latter part that carries the dependence on the obser-
vation window τreac = k−1 dictated by the reaction rate.
The component affected by this dynamical restriction is
the Coulomb part XC

i of Xs. If this latter part is sep-
arated out from the average energy gap, the position of
the nonergodic minimum of the parabola becomes1

Xi(k) = 〈X〉i − (1− f(k))XC
i , (S2)

where 〈X〉i is the equilibrium energy gap (〈X〉1 is given
as 〈X〉 in the main text). Here, f(k) is the nonergod-
icity parameter determining the fraction of the fluctua-
tion spectrum accessible to the system on the reaction
time-scale τreac.

2–6 This factor reduces the equilibrium
reorganization energy λ to produce the nonergodic reor-
ganization energy

λ(k) = f(k)λ =

∫

∞

k

χ′′

X(ω)dω/(πω). (S3)

a)Electronic mail: dmitrym@asu.edu

The equilibrium λ is never exactly known, but can be
approximated by a value obtained from the variance of
the energy gap measured on a sufficiently long observa-
tion time,7,8 λ = β〈(δX)2〉/2, where β = 1/(kBT ) is the
inverse temperature. In our case, this long time is the
length of the simulation trajectory, ∼ 100 ns. Our obser-
vation that the value of λ mostly converges after first 20
ns of the trajectory suggests that this assignment does
not introduce a significant error.
The standard procedure used in our calculations is to

fit the time correlation function of the energy gap fluc-
tuations CX(t) = 〈δX(t)δX(0)〉 to a multi-exponential
decay characterized by a set of relaxation times τi

CX(t) = CX(0)
∑

i

Aie
−t/τi , (S4)

where Ai are the relative weights of exponential relax-
ation components with the relaxation times τi. The
Fourier-Laplace transform9 of this function is

C̃(z) = CX(0)
∑

i

Ai
τi

1− izτi
. (S5)

This function is directly related to the linear response
function χX(z) such that9

χX(z) = β
[

CX(0) + izC̃(z)
]

. (S6)

From this equation,

χ′′

X(ω) = 2λ
∑

i

Ai
ωτi

1 + (ωτi)2
. (S7)

Substituting this relation into eq (S3) we arrive at the
algebraic form of the nonergodicity factor as follows

f(k) = (2/π)
∑

i

Aiarccot(kτi). (S8)

The free energy from Eq. (S1) is sufficient to obtain the
activation barrier for the forward, HA− to QA, electron
transfer, which is given by the condition of the resonance
between the donor and acceptor energy levels, X = 0,

Ea(k) =
(X1(k))

2

4λ(k)
. (S9)
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Since the activation barrier depends, in nonergodic kinet-
ics, on the rate itself, the latter needs to be calculated by
solving the self-consistent equation for the reaction rate
constant k2,6

k =
V 2

h̄

(

πβ

λ(k)

)1/2

exp [−βEa(k)] . (S10)

Here, we use the standard form for the rate constant
of non-adiabatic ET in which V is the electron-transfer
overlap.10–12 The neglect of the vibronic transitions in
Eq. (S10) assumes electron transfer in the normal Marcus
region,13 which is the case for the energetic parameters
of HA− to QA electron transfer.
We now use the standard relations between the

parabolic energy surfaces of the Marcus theory8 to de-
fine the free energy surface of the final electron transfer
state, HA–QA−

F2(X) =
(X1(k)− 2λ(k)−X)2

4λ(k)
+X1(k)− λ(k) (S11)

The free energy surfaces Fi(X) at the experimental
charge shift rate k = kexp are shown in Figure 3A in
the main text.
Given the nonergodic character of the free energy sur-

faces in Eqs. (S1) and (S11), the vertical separation be-
tween their minima is distinct from the equilibrium reac-
tion Gibbs energy ∆G. We can contrast the nonergodic
free energy surfaces with equilibrium surfaces

F eq
1 (X) =

(〈X〉1 −X)2

4λ̄
,

F eq
2 (X) =

(〈X〉2 −X)2

4λ̄
+∆F,

(S12)

where λ̄ = (λ1+λ2)/2 and the reaction Helmholtz energy
is connected to the average gaps by the relation

∆F =
∆XX̄

2λ̄
≃ ∆G (S13)

where ∆X = 〈X〉1 − 〈X〉2 and X̄ = (〈X〉1 + 〈X〉2)/2.
For all practical purposes, the reaction Helmholtz en-
ergy ∆F is equal to the Gibbs reaction energy ∆G used
in the main text for the comparison with experimental
constant-pressure data.
The equilibrium free energies F eq

i (X) are also shown
in Figure 3A in the main text. If the statistical aver-
ages attained on the length of the simulation trajectory
are close to the equilibrium ensemble averages, the ver-
tical shift between the two free energy surfaces should
correspond to the equilibrium free energy of the reaction
accessible from the redox potentials.
The free energy surfaces used in the analysis do not dis-

tinguish between the curvature of the parabola for the
forward vs. backward reaction, and the mean between
the two is used in the numerical analysis. We, however,
observe a consistent difference of reorganization energies

-4
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-2

WT
M214LG(L)

E, eV

HA QA

FIG. S1. Diagram of the site energies for HA and QA cofac-
tors in the wild type (WT) and mutated (with the phytyl tail
flipped) sates of the RC. Shown are the Gaussian distribu-
tions of the site energies, with the distribution peaks corre-
sponding to average energies. The calculated energies include
Coulomb and induction interaction potentials of the cofactors
with the protein, water, bilipid membrane, and electrolyte.
The energy of the QA site is shifted by the vacuum energy
gap ∆E0 = 0.38 eV obtained from fitting the experimental
rate of HA–QA electron transfer.

TABLE S1. Reorganization energy of HA− to QA (λ1) and
QA− to HA (λ2) electron transfer and its splitting into the
protein (p) and water (w) components. All reorganization
energy values are in eV. WT(R) refers to the native confor-
mation of RC, whereas WT(L) refers to the phytyl tail of the
BA site flipped into the left (L) orientation.

System λ1 λ
p
1 λ

w
1 λ2 λ

p
2 λ

w
2

WT(R) 1.57 1.54 1.09 2.06 2.82 5.38

WT(L) 1.29 1.12 1.39 2.01 1.51 2.26

M214LG(R) 1.33 1.02 0.97 1.95 1.55 1.69

M214LG(L) 1.55 1.18 1.43 2.36 1.34 3.55

λi = β〈(δX)2〉i/2 for the electron residing on HA (i = 1)
and QA (i = 2), see Table S1. The difference between the
two reorganization energies, resulting in λ2 > λ1, is con-
sistently observed in all simulations of WT and mutant
RCs. It is related to a stronger electrostatic fluctuations
at the QA site produced by the interfacial water. This
phenomenon is real and is consistently observed in many
simulations as soon as the electron transfer cofactor gets
closer to the protein-water interface, as is the case for the
QA site and for the primary charge separation.14

As described in the main text, the point M214LG(R)
mutation makes virtually no effect on the kinetics of elec-
tron transfer since the energetics of neither HA− or QA
sites is substantially affected. On the contrary, flipping
the phytyl tail of BA (M214LG(L) mutant) shifts the av-
erage energy gap of the forward electron transfer. Simi-
larly to the M214LG(R) mutant, the energy of the HA−
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electronic state remains unaltered. However, the energy
of the QA state shifts down by ∼ 0.54 eV due to altered
Coulomb interactions of this cofactor with the protein.
Figure S1 shows the diagram of the energy levels of the
HA and QA sites in the initial electron-transfer state cor-
responding to electron localized at HA. The distributions
of site energies in the diagram indicate both the average
energies (peaks of the distributions) and energy variances
(spreads of the distributions). The energy of the HA site
includes the Coulomb and induction components of the
interaction of HA with the surrounding medium (protein,
water, bilipid membrane, and electrolyte). The energy of
the QA site includes the same interaction energies, but
also a vacuum shift of X0 = 0.38 eV determined below
from the reaction rate calculations. Consistent with the
broader distribution of the energy of the QA site, the re-
organization energy λ2 for the backward electron transfer
exceeds the reorganization energy of the forward electron
transfer (Table S1).

II. EXPERIMENTAL STUDY OF

ELECTRON TRANSFER KINETICS

Reaction center mutants. In previously published
work, four mutants were grown in the laboratory in which
the leucine residue at M214 in wild type reaction centers
of Rodobacter sphaerodes was replaced with amino acids
of decreasing volume (methionine, cysteine, alanine, and
glycine).15 M214 is located near the cofactor HA, in a
critical region of the protein structure that should di-
rectly affect the rate and yield of both the initial and
secondary electron transfer reactions. In principle, a
smaller amino acid in this region could provide increased
possibilities for protein motion. The ground-state ab-
sorbance spectra of the M214LM, M214LC, M214LA,
and M214LG mutant reaction centers are very similar
to wild type.16 The characteristic QX and QY transition
bands of the primary electron donor (P), the monomer
bacteriocholophylls (BA and BB) and the bacteriopheo-
phytins (HA and HB) indicate that all cofactors in the
M214 mutant reaction centers are preserved.
Electron transfer kinetics. Transient absorbance

changes induced by electron transfer following the exci-
tation of the primary electron donor, P, were recorded
in both the QX and QY spectral regions between 500
and 980 nm, over a 6 ns time delay.17 All measurements
were performed at room temperature, and data was
analyzed using a sequential, irreversible kinetic model
(A→B→C→D. . . ). as a means of providing a consistent
time dependent representation.
Here, some of the data from Pan et al16 is plotted

to facilitate comparison with the computational results
presented in this work. Figure S2 compares the time-
dependent population change of P+ (kinetics at 837 nm)
and HA− (kinetics at 675 nm) in all four mutants to that
in the wild type reaction centers. All the kinetic traces
show very similar profiles in the first 12 ps after laser

excitation (insets); indicating that the primary charge
separation reaction (P* → P+HA−) in mutant reaction
centers is essentially undisturbed. However, the kinet-
ics of electron transfer from HA− → QA become both
slower and substantially heterogeneous in mutants. In
wild type reaction centers, the HA− signal at 675 nm de-
cays to zero within several hundreds of picoseconds (black
curves, Figure S2, lower panel), while no signal recovery
is observed in the ground-state bleaching kinetics of P
at 837 nm (black curves, Figure S2, upper panel). The
combined kinetic behavior at those two wavelengths is
the result of a nearly 100 % yield of the forward electron
transfer (P+HA− → P+QA−).18–20 In contrast, with the
exception of M214LM, HA− decays more slowly in the
M214 mutants than in the wild type. Together with the
observation of the P ground state band recovery, it is
evident that there is competition between slow forward
electron transfer from HA− to QA and P+HA− recombi-
nation (return of the electron from HA− to P+, reforming
the ground state). In addition, the amplitude of the re-
covery of the P ground state signal at 837 nm in M214LC
and M214LA reaction centers are similar to each other
but less than that in M214LG (i.e., more recombination
occurs in M214LG), while the decay kinetics of M214LA
associated with the HA− signal at 675 nm is similar to
that of the M214LG mutant. As described in more detail
in Pan et al.,16 this can be interpreted in terms of ei-
ther static or dynamic heterogeneity differences between
the different mutants and between the mutants and wild
type, which correlate with the change in volume of the
substituted amino acid. In this regard, it is striking that
the yield of electron transfer from HA− to QA in the pur-
ple bacterial reaction center can be dramatically affected
by protein dynamics change induced from the modifica-
tion of a single amino acid in the immediate vicinity of
HA that has little or no apparent effect on HAs ground
state properties or its redox properties on the few pi-
coscond timescale.

III. QUANTUM CALCULATIONS OF THE

CHARGE DISTRIBUTION IN QA−

Quantum mechanical (QM) calculations at the
DFT level were performed with the Gaussian09 soft-
ware package22 using the B3LYP exchange-correlation
functional.23,24 In the reduced form of QA, the negative
charge was assumed to be distributed only over the ben-
zoic ring, therefore only the ring atoms of the quinone
were included in the calculations of QA−. This sim-
plification can be justified by the observation that the
aromatic π-system of the benzoic ring is separated by
more than one single bond from the phytyl tail, meaning
that the conjugation of the the ring and the tail is very
unlikely. Such an approximation reduced the QM calcu-
lations from 114 atoms (the entire QA molecule) to 39
atoms (benzoic ring plus addition hydrogens to fill the
empty valence), and has allowed for QM calculations to
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FIG. S2. Normalized kinetic traces recorded for reaction cen-
ter samples from wild type (black), and the M214LM (light
magenta), M214LC (red), M214LA (green), and M214LG
(blue) mutant reaction centers at probe wavelengths of 837
nm (top panel) and 675 nm (bottom panel) upon excitation
at 865 nm. The solid lines represent the fitting results using
global analysis. Inset in each panel plots kinetics of the same
data set on an expanded time scale from -1 to 12 ps. Data
were adapted from Ref. 21 and plotted on a linear time scale.

be performed at a higher level than what could be af-
forded otherwise.

The following protocol was used for the QM calcula-
tions, which has been shown to be applicable to aromatic
molecules of this size,25,26 and closely mimics the proce-
dure used in our previous parameterization of the neg-
atively charged BCl and BPh cofactors.1,27 First, initial
coordinates of QA were taken directly from the QA of
the 1PCR structure and geometry optimization was per-
formed in the gas phase using a 6-31G* basis set. Us-
ing the geometry optimized structure, a second single-
point QM calculation was performed with the larger 6-
31++G** basis set to obtain converged electrostatic po-
tential of the QA− molecule. The final step of the charg-
ing procedure used the electrostatic potential obtained
from the single-point calculation as input to a restrained
electrostatic fitting map (RESP) algorithm28 to obtain
charges that could be used in MD simulations and anal-
ysis.

IV. INITIAL MD SETUP AND CHARMM

FORCE FIELD PARAMETERIZATION

Initial coordinates for the wild type (WT) RC pro-
tein were taken from the 1PCR structure.29 Protona-
tion states of ionizable residues were assigned using
known amino acid pKa’s at pH 7. The long axis of
the protein was aligned with the z-direction, and was
inserted into a pre-equilibrated 1-palmitoyl-2-oleoyl-sn-
glycerol-phosphatidylcholine (POPC) lipid bilayer in the
x-y plane generated with the MEMBRANE plugin of
VMD.30 After protein insertion the membrane-bound
system was solvated with TIP3P water using VMD’s
SOLVATE plugin, and counterions were added in the
aqueous phase to create a charge neutral system. The
M214LG(R) mutant was generated using VMD’s MU-
TATE command on the WT system, while the tail-
flipped mutant was created by forcing the standard mu-
tant’s BCL tail to overlap with the X-ray position15 us-
ing an external bias on the RMSD calculated between
the two structures. In total, the system was comprised
of roughly 148,000 atoms including water, protein, cofac-
tors, and counterions.
The protein was parameterized using the CHARMM22

force field with CMAP torsional corrections.31,32

Force field parameters for the protein cofactors –
bacteriochlorophyll (BCL), bacteriopheophytin (BPh),
ubiquinone (QA), and a bound iron ligated by five protein
residues (Fe2+(HIS)4(GLU)) – have been developed in-
house and are fully compatible with the CHARMM force
field. Bond, angle, and Lennard-Jones (LJ) parameters
for BCL, BPh and QA cofactors were taken from our pre-
vious work and were mapped to the respective CHARMM
potential energy functions; CHARMM torsional param-
eters for the cofactors were obtained from the HIC-Up
database.33 Partial charges were taken from our previ-
ous work for BCL, BPh and charge-neutral QA,27 while
partial charges for QA− were generated for this study
from DFT calculations as described above. Parameters
for the iron(II) center were based on a homologous pro-
tein ligand34 and were mapped to the CHARMM poten-
tial in an analogous manner as the other cofactors. The
CHARMM27 model35 was used for the water and counte-
rions, while the tension-free CHARMM36 parameters36

were used for the POPC bilayer.
The MD runs were performed using NAMD37 in the

NPT ensemble, with 100 ns of the typical length of the
simulation trajectory. The long-range electrostatic inter-
actions were handled using a smooth particle mesh Ewald
summation with a 12 Å cutoff in the direct space sum.

V. FLIPPING THE PHYTYL TAIL OF BA

USING METADYNAMICS

In order to flip the native configuration of the BA
tail to the configuration given in the the X-ray crystal
structure,15 one must employ a scheme to overcome the
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large energetic barrier separating these two states. One
method, known generally as “metadynamics”,38,39 is a
computational technique whereby an external biasing po-
tential (Ubias) is applied to a set of NCV collective vari-
ables (s = (s1, s2, ..., sNCV

)) to promote the crossing of
large free energy barriers, and could be used to flip the
BA tail. The metadynamics reaction coordinate is given
by the chosen collective variables, and the applied exter-
nal potential is written as:

Ubias(s) =

t′<t
∑

t′=δt,2δt,...

W (t′)

NCV
∏

i=1

exp

(

−
(si − si(t

′))2

2σ2
i

)

(S14)
The potential in Eq. (S14) is history-dependent and
acts by producing a set of repulsive Gaussian “hills”
with height W (t′) that are centered about the
previously explored collective variable configurations
(s(δt), s(2δt), ...), which spread roughly 2σi in the direc-
tion of the ith collective variable.
These Gaussian hills stack upon one another to fill the

basins of the free energy surface; this iterative biasing
process facilitates large barrier crossings. In other words,
the system evolves with respect to the potential of mean
force of the chosen collective variables (A(s)), and will,
over time, accumulate the biasing potential to become
A′(s) = A(s) + Ubias(s). Therefore, the probability of
finding a state with some configuration s

′ is proportional
to its corresponding Boltzmann factor, exp[−βA′(s′)]. In
the case of sufficient sampling this histogram will flatten,
and the large free energy barriers will be easily cross-able.
When this occurs, the free energy for crossing the barrier
can be approximated as

A(s) ≃ −Ubias(s) + C (S15)

where C is an irrelevant additive constant that de-
pends on the history of the sampled collective variables
(s(δt), s(2δt), ...).
In the case of flipping the BA phytyl tail in the bacte-

rial reaction, only a single collective variable is required:
the root mean squared deviation (RMSD) of all heavy
BA atoms with respect to the X-ray structure. This col-
lective variable can be written as shown in Eq. (S16).
There, {xsim

i (t)} is the set of positions for all N heavy

atoms of BA in the simulation at time t, {xX-ray
i } are the

corresponding reference X-ray structure positions, while
xCOM are positions of their respective centers of mass.

s ≡RMSD({xsim
i (t)}, {xX-ray

i })

=

√

√

√

√N−1

N
∑

i=1

∣

∣

∣
(xsim

i (t)− x
sim
COM (t))− (xX-ray

i − x
X-ray
COM )

∣

∣

∣

2

(S16)

Metadynamics simulations of the M214LG mutant and
the wild type protein have been performed using the

TABLE S2. Components of the average donor-acceptor en-
ergy gap from different parts of the protein-water-membrane
solvent and from Coulomb (XC

i ) and induction (X ind
i ) inter-

action potentials. The results are for the WT RC and all
energies are in eV. ”Solvent” implies the sum of the protein,
water, and membrane contributions.

X Protein Water Membrane Solventa

X
C
1 0.41 0.12 0.05 0.63

X
ind
1 −0.63 −0.05 0.002 −0.63

X
C
2 0.98 0.48 0.06 1.46

X
ind
2 −1.44 −0.05 −0.06 −1.54

a The contribution of electrolyte to the average energy gap does

not exceed 0.05 eV

RMSD collective variable given in Eq. (S16) with the
COLVARS module40 of NAMD37. Simulations were run
with a Gaussian hill height of 0.02 kcal/mol, and an up-
dating frequency of 0.05 fs−1. Within 5 ns of simula-
tion time a large (29.7 kcal/mol) free energy barrier has
been crossed for the mutant, which brought the BA tail
within a small average deviation (∼ 0.6 Å) of the con-
figuration found in the X-ray structure. A larger barrier
(38.8 kcal/mol) was crossed in the case of the wild type
protein and, due to steric effects, could only bring the
phytyl tail within ∼ 1.3 Å of the X-ray structure. It is
worth noting that these large free energy barriers could
not be crossed using standard MD methods, and only by
employing enhanced sampling techniques was such a bar-
rier crossing possible. Figure S3 shows both the initial
position of the BA tail from the L214G mutant simula-
tions (left panel) along with the configuration after 5 ns
(right panel).

VI. PROTEIN STABILITY AND HEAVY

ATOM RMSD

The stability of the protein was monitored in the
MD simulations using the root mean squared deviations
(RMSD) averaged over all heavy protein atoms follow-
ing the removal of translational and rotational degrees
of freedom. The reference protein structure was taken
from the output of the constrained simulations (prior to
equilibration in the NPT ensemble). The results of the
RMSD calculation on the P+HA− simulations are shown
in Fig. S4. This figure plots the RMSD as a function of
time for the 10 ns equilibration period when all protein
atoms were fully unconstrained.
First, one should note that all membrane-bound RC

proteins were quite stable throughout the course of the
simulations, meaning that the RMSD of all atoms con-
verged to a value less than 2.5 Å after ∼ 6 ns of
constraint-free equilibration in an NPT ensemble. Fur-
ther, the RMSDs for the tail flipped RCs averaged after
6 ns of simulations converge to 2.2 ± 0.1 Å for both the
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FIG. S3. Comparison of the M214LG(L) mutant before (left panel) and after (right panel) the external RMSD bias potential
was applied by using the metadynamics protocol. The non-BA protein cofactors are shown in gray, the X-ray structure of BA
from M214LG(L) is shown in red, while the BA from simulation is shown in blue. All other protein, water, lipid, and ion atoms
have been removed for clarity. After only 5 ns the position of the tail very well with the crystal structure. The final RMSD
measured over all heavy atoms is ∼ 0.6 Å.

WT and mutant RCs with the phytyl tail is in the native
state. In addition, the RMSDs are within 1.4 ± 0.1 Å for
the the proteins with the phytyl tail flipped.
This data shows that both the WT and the L214G mu-

tant become more rigid (by ∼ 0.8 Å) when the phytyl tail
is flipped. It is worth mentioning that no positional con-
straints were applied to the protein during the tail-flipped
simulations, and that the diminished protein flexibility is
likely attributed to the affect of the phytyl tail confor-
mation. The WT RMSD from this study is in a good
agreement with neutron scattering studies of WT RCs in
mixed detergent micelles, whose RMSD extrapolates to
∼ 1.5 Å at 300 K.41

VII. ENERGY GAP REACTION

COORDINATE

All simulation-based electron transfer parameters re-
ported in this work are calculated from the dynam-
ics and statistics of a single parameter, the vertical
energy gap, calculated posteriori from simulation tra-
jectory data. The vertical energy gap can be writ-
ten using Coulomb’s law under the semi-classical Born-
Oppenheimer approximation, whereby the assumption is
made that the electronic configuration instantaneously
changes while the positions of the nuclei (and therefore all
simulation atoms) remain unchanged. This means that
the simulations are run in given state (oxidized or re-
duced), and post-processing of the trajectory data is em-
ployed to calculate the electronic interaction energy (ver-
tical energy gap) between the perturbing charges (∆q) of

FIG. S4. Protein stability as a function of simulation time.
Here, stability is measured as a function of the heavy atom
root mean squared deviations (RMSD) of the heavy protein
atoms for the systems simulated with the A-chain phytyl in
the HA− state. For all systems with RMSDs between 1.4 and
2.2 Å, the results compare well to neutron scattering estimates
of ∼ 1.5 Å.

the electron transfer cofactors, and the potential of the
surrounding medium (φ). In this way, the Coulomb com-
ponent of the vertical energy gap (XC

i ) can be calculated
at every frame of the simulation trajectory as:

XC
i =

∑

i

∆qiφi =
∑

i,j

∆qiqj
rij

(S17)
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where ∆qi = qred,i− qox,i represent the difference in par-
tial charges of atom i between two redox states, qj is
the partial charge given by the force field parameteriza-
tion for the j-th atom, and rij is the distance between
atoms i and j. Here, the sum over i includes only those
atoms whose charge changes from the oxidized to reduced
forms, while the j sum runs over the remaining atoms of
the protein, water, and bilipids. Correspondingly, φi is
the electrostatic potential created by the protein-water-
membrane solvent at the position of charge ∆qi. From
the practical standpoint it means that only two data sets
are needed to perform the calculation of the Coulomb en-
ergy gap from the simulation trajectories: 1) the charges
on all i-atoms in both the oxidized and reduced states,
and 2) the partial charges of the protein-water-membrane
solvent used in the simulation.
The interaction energy of the charges ∆qi of the cofac-

tors with charges qj are calculated using the procedure
suggested by Roberts and Schnitker.42 In order to speed
up the analysis of electrostatic observables, the electro-
static interactions were cut off at half of the simulation
cell size. Without correction, this approximation is prone
to produce errors, although not dramatic ones given the
large size of the simulated system. However, the simple
cubic cutoff condition can be rigorously transformed to
the standard tin-foil condition as was shown by Roberts
and Schnitker.42 The Coulomb component of the energy
gap XC then becomes

XC =Xcut +Xpol

Xpol =−
2π

3V

∑

i

∆qi
∑

j

qj(rj − ri)
2 (S18)

Here, Xcut is the Coulomb potential with the cubic cutoff
and Xpol is the correction term transforming the cubic
cutoff into the standard tin-foil Ewald implementation
and V is the volume of the simulation cell. All post-
processing of the MD trajectory data was made using
the Pretty Fast Analysis software.43

The constant charges of the force fields are used to run
the MD trajectories and to calculate the Coulomb com-
ponent of the donor-acceptor energy gap. The donor-
acceptor energy gap is also affected by the induction in-
teraction between the charges qi and electronic polariz-
ability of the atoms of the protein-water-membrane sol-
vent. The overall average energy gap is therefore1

〈X〉i = X0 +X ind
i +XC

i . (S19)

The induction component X ind
i is obtained by multiply-

ing the electric field E
(1,2)
i (rj) created by the charge qi

at the position rj of atom j with its atomic polarizability
αj . The result is1,27

X ind
1,2 = −

〈

∑

i,j

(αj/2)

[

(

E
(2)
i (rj)

)2

−
(

E
(1)
i (rj)

)2
]

〉

1,2

(S20)

Here, 〈. . . 〉i denotes an ensemble average over the nu-
clear configurations of the system in equilibrium with the
electronic state i = 1, 2 and the sum runs over all atoms
of the protein-water-membrane solvent with positions rj
and polarizabilities αj . The atomic polarizabilities αj

in Eq. (S20) were taken from Thole’s parametrization.44

The induction interactions were not a part of the simula-
tion protocol thus assuming that the nuclear configura-
tions of the system are adequately sampled with the stan-
dard force fields. Since the force fields effectively include
atomic and molecular polarizabilities in their permanent
charges, they were multiplied by the empirical factor of
0.89 in analyzing the data to avoid double counting of
the polarizability effects, following the practice adopted
in the literature.45–47

The induction component of the solvent-induced aver-
age energy gap is substantial and cannot be neglected.1,27

In fact, the induction and Coulomb components of the
energy gap mostly cancel each other out, producing very
small overall shift of the energy gap by the solvent (Table
S2). On the contrary, the Coulomb potential dominates
the reorganization energy and induction interactions can
be mostly neglected in the calculations of this property,
as we have also found in the past.1,27 Another signifi-
cant observation of the present simulations is a relatively
small contribution of the membrane to the energetics of
electron transfer. This observation justifies the use of
detergent-incapsulated RCs in solution for the kinetic
measurements, as well as our comparison between the
simulations done on the membrane-bound RC and such
data.
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