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ABSTRACT

Diffusion of electrons over distances on the order of 100 ym has been observed in crystals of a small tetraheme cytochrome (STC) from
Shewanella oneidensis [J. Huang et al. J. Am. Chem. Soc. 142, 10459-10467 (2020)]. Electron transfer between hemes in adjacent subunits of
the crystal is slower and more strongly dependent on temperature than had been expected based on semiclassical electron-transfer theory.
We here explore explanations for these findings by molecular-dynamics simulations of crystalline and monomeric STC. New procedures are
developed for including time-dependent quantum mechanical energy differences in the gap between the energies of the reactant and product
states and for evaluating fluctuations of the electronic-interaction matrix element that couples the two hemes. Rate constants for electron
transfer are calculated from the time- and temperature-dependent energy gaps, coupling factors, and Franck-Condon-weighted densities of
states using an expression with no freely adjustable parameters. Back reactions are considered, as are the effects of various protonation states
of the carboxyl groups on the heme side chains. Interactions with water are found to dominate the fluctuations of the energy gap between the
reactant and product states. The calculated rate constant for electron transfer from heme IV to heme Ib in a neighboring subunit at 300 K
agrees well with the measured value. However, the calculated activation energy of the reaction in the crystal is considerably smaller than
observed. We suggest two possible explanations for this discrepancy. The calculated rate constant for transfer from heme I to II within the
same subunit of the crystal is about one-third that for monomeric STC in solution.
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I. INTRODUCTION

Living things have evolved ways to capture energy released by
electron transfer between a great variety of oxidants and reductants.
Bacteria of the genera Shewanella and Geobacter use extended arrays
of proteins containing multiple hemes or other electron carriers to
shuttle electrons from intracellular substrates to insoluble extracellu-
lar acceptors, such as Fe(III) and Mn(IV) oxides.'” These reactions
cover distances on the order of 100 ym, traversing the cell mem-
brane, periplasm, and outer membrane. They require electrons to
negotiate both exergonic and endergonic steps and to hop from pro-
tein to protein as well as between the carriers within each protein.

Huang et al.'’ have probed electron transfer between the protein
subunits of crystals of the small tetraheme cytochrome (STC) of
S. oneidensis (Fig. 1) by reducing hemes on one edge of the crys-
tal photochemically and measuring the rate at which a zone of
reduction diffuses across the crystal. This work provided a dramatic
demonstration of electron transfer over macroscopic distances.
While exciting, the results were not easy to reconcile with exist-
ing electron-transfer theory. The rate-limiting endoergic step of
electron transfer from heme IV in one subunit to heme Ib in the
neighboring subunit had an unexpectedly large activation energy of
about 0.43 eV and was considerably slower than had been antic-
ipated on the basis of semiclassical electron-transfer theory. The
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FIG. 1. Structure of crystalline STC'? viewed along the crystallographic ¢ axis.
Hemes are represented as ball-and-stick models with Fe atoms in orange and the
porphyrin rings outlined in red. The four hemes of one subunit are labeled -1V,
and those of the neighboring subunit on the positive b axis are labeled 1b-1Vb. The
protein is represented with lines and ribbons in a different color for each subunit.
The black dashed line indicates an individual subunit (single STC). Zn ions (Zn)
are shown as gray spheres. Hydrogens and water molecules are omitted for clar-
ity. Redox titrations of the hemes'®'*'® suggest that the rate of electron diffusion
along the b axis is limited by endergonic jumps from heme IV to heme Ib. The area
shaded in light blue indicates the union of spheres with radii of 25 A centered on
these hemes.

large activation energy, together with other instances where exist-
ing theory fits poorly with experimental findings,'" ' raised several
interesting questions. Does electron-transfer in protein crystals dif-
fer from that in solution in any fundamental respects? Or do the
differences between the expected and observed rates expose short-
comings of the semiclassical electron-transfer theory? In the first
case, understanding the kinetics in crystals could provide insights
into the operation of bacterial molecular wires and perhaps help to
inform design of synthetic systems for moving electrons over long
distances. In the second, it could aid progress toward an improved
theory with fewer fitting parameters. These possibilities, of course,
are not mutually exclusive.

Extended molecular-dynamics (MD) simulations by Kulke
et al.'® based on the same crystal structure argue against the pos-
sibility that the distribution of distances between subunits in the
crystal changes significantly between 270 and 310 K, the temperature
range over which the activation energy was measured. In the present
work, we investigate the dynamics of electron transfer in crystalline
and monomeric STC by MD simulations with an approach that goes
beyond the semiclassical Marcus expression by including changes
in entropy. The treatment considers the fluctuating electrostatic
energies and electronic coupling factors and the Franck-Condon-
weighted density of states for electron transfer between hemes. We
also consider the possible importance of differences between the
quantum mechanical energies of the electron donor and acceptor
hemes and of the protonation states of the carboxyl groups in the
propionyl side chains of the hemes.
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Il. METHODS
A. Electron-transfer rate constants

The rate constant for an electron-transfer reaction (ket)
depends on four functions of temperature: AE, H, £, and prc. The
first of these, AE(t, T), is the gap between the electronic energies
of the reactant and product states at temperature T, which typ-
ically fluctuates rapidly with time (¢); H(t, T) is the fluctuating
electronic-interaction matrix element that couples the two states;
and &(¢, T) is an overall rate constant for relaxations that dissipate
energy to the surroundings. The fourth function, prc(AE, T), is the
Franck-Condon-weighted density of possible transitions between
various vibrational levels of the reactant and product states, which
is relatively independent of time but depends on the energy gap as
well as temperature. Combining these functions gives a very gen-
eral expression for any system that is at thermal equilibrium in the
reactant state,l’»‘18

ka(T) = lim { (e 1)

RE(AE(t,T)) /2
[H(t, T)|* + hE(AE(t, T))/2n

PEC (AE(t, T)) (1)
¢

Here, (- - -); denotes an average over a time period of length {. Equa-
tion (1) is the same as Eq. (25) of Ref. 17 except that AE and pyc are
written as functions of T in addition to ¢ and the dependence on the
length of the trajectory is stated explicitly. The expression is given in
a slightly different form as Eq. (7) of Ref. 18, where work underlying
it is discussed in more detail and the effective decay rate constant
& is written as a sum of microscopic decay constants for transitions
between different vibrational levels.

In the limit of weak coupling between the reactant and product
states, when (|H(t, T)|?) < (h€(AE(t, T))/27m), Eq. (1) reduces to the
golden-rule expression,

() = Jim ( 2116, ) Ppre (AEC T))) o
¢

The rate constant then quadratically depends on |H(t, T)|. In the
opposite extreme that {|H(t, T)|*) > (hE(AE(t, T))/2n), Eq. (1) goes
to the adiabatic limit,

Ka(T) = lim (£(1, T)prc (AE(1T)) ) ©)

where the rate constant becomes independent of |[H(¢, T)| but
increases with &. The relaxation rate constant ¢ depends on the num-
ber of vibrational normal modes that contribute to prc and increases
as AE becomes more negative.'* However, it generally appears to be
large enough to make Eq. (2) reliable even for systems with only six
to eight normal modes, as long as |H| is less than about 400 cm ™"
(50 meV).'* The calculated values of |H| presented below for STC
are in this range.

Equation (1) does not assume that the probability of finding a
given value of AE(t, T) is a Gaussian, or any other particular function
of AE, making it applicable to systems with rugged potential-energy
surfaces. Unlike the semiclassical Marcus expression,”” >’ which
neglects changes in entropy, Eq. (1) avoids the assumption that the
variance of AE(t, T) is directly proportional to T. It also does not
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make any assumptions about relaxations of AE that follow electron
transfer, other than that the system dissipates energy with the effec-
tive rate constant &. Structural rearrangements that occur on longer
time scales are irrelevant. Because the treatment does not depend
on the reorganization free energy of the reaction, there is no need
to evaluate AE during a trajectory in the product state unless one
also seeks the rate constant for a reaction in the opposite direc-
tion. Because Eq. (1) uses the time-dependent functions AE(t, T) and
|H(t, T)| rather than average values of AE and |H], it is suitable for
systems in which the fluctuations of these functions are correlated. If
(|H|*/1&) is small enough for Eq. (2) to hold, as the results presented
below indicate to be the case in STC, the treatment has no adjustable
parameters beyond those of the MD simulations and the expressions
used for H and AE. Those parameters have been optimized in previ-
ous studies of other systems and are used here without modifications
except as noted below for the equilibrium Fe-N bond lengths.

B. Models

We now describe MD simulations and procedures we used to
evaluate AE(t, T), H(t, T), and prc(t, T) for electron-transfer in
crystalline and monomeric STC. Models of S. oneidensis STC first
were constructed from the structure of described by Huang et al.
(Protein Data Bank ID 6EE7.PDB),'" in which three Zn ions accom-
pany each protein subunit. (Leys et al.”* have reported on other crys-
tal forms with different packing of the subunits and bound sulfate
ions but very similar protein structures.) The models were centered
midway between the two hemes for a particular reaction. They were
trimmed to remove residues that had no atoms within 25 A of the
Fe atom of either heme, as indicated by the light-blue area in Fig. 1
for hemes IV and Ib. The trimmed models then were embedded in
a bath of flexible, three-point water molecules® to fill a sphere with
a radius of 32 A. The model for electron-transfer from heme IV to
Ib in the crystal had 3646 molecules of water and that for transfer
from heme I to IT had 4102. A similarly constructed model for elec-
tron transfer from heme I to IT in monomeric STC had 4384 waters.
No attempt was made to correct for thermal expansion in any of the
models.

C. Molecular-dynamics simulations

MD trajectories were propagated in 1 fs steps using the classical
ENZYMIX force field”*”” with modified van der Waals parameters
for water.!” After Monte Carlo rotations of the water molecules with
simulated annealing from 420 to 30 K to minimize the energy, the
system was equilibrated by 10 ps MD trajectories at 30 and 200 K
and 1 ns at 300 K. Trajectories then were continued for an additional
10 ns at 300 K. Velocity rescaling was used to maintain constant tem-
perature, and the forces on water atoms were rescaled on each step
to maintain zero angular momentum. Structures were saved at inter-
vals of 100 fs for calculations of energy gaps and coupling factors. We
also carried out trajectories at 10 K intervals between 270 and 340 K;
these were propagated for 5 ns following an equilibration period of
100 ps at each temperature.

Atomic charges of the hemes and their attached histidine and
cysteine residues were taken from the work of Oliveira et al.”® with
minor adjustments to distribute the charges of methyl and methy-
lene groups between the carbons and hydrogens (supplementary
material, Table S1). Zn ions were assigned charges of +2, and
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ionizable amino acid residues were given their canonical charges
of +1 at pH 8. The C-terminal lysine carboxyl group, which binds
to one of the Zn ions, was also assigned a charge of —1. For the
monomeric protein in solution, nuclear magnetic resonance (NMR)
measurements and continuum electrostatics calculations' ™ are in
accord with these assignments of protonation states for the ioniz-
able residues at pH 8, and many of these residues clearly form ion
pairs in the crystal structure.!’ The propionyl carboxyl groups of the
hemes, however, have pK,s on the order of 7 for STC in solution, '
making their protonation states in the crystal difficult to predict. We
treated all these groups as neutral during the MD trajectories unless
they had an oxygen within 3 A of a Zn** or a positively charged
amino acid group. In this default protonation state, both carboxyl
groups of hemes I, Ib, III, and IIIb and the carboxyl groups on ring
A of hemes II and IIb and ring D of heme IV were neutral, while
those on ring D of hemes II and ITb and ring A of heme IV were neg-
atively charged. The carboxyl groups of hemes II and IV both have
Zn™? ions in close proximity (see Figs. S1 and S2). The arrangements
of the oxygens of heme II with respect to the Zn™* in the crystal
structure'’ suggest that the propionyl side chain of porphyrin ring
D is deprotonated but that the propionyl group of porphyrin ring A
is not. In heme IV, the arrangements of the oxygens suggest that the
propionyl side chain of ring A is deprotonated, while that of ring
D is less likely to be. Other possible protonation states were
considered when we calculated redox energies.

No counterions were added to the models. Other
investigators”’”’" have found that adding counterions does
not improve calculations of electrostatic energies in proteins that
are well solvated with water, and our experience has been similar.

Protein groups and Zn ions whose positions in the crystal struc-
ture were more than 25 A beyond the center of the model were
held fixed at those locations during the MD trajectories but were
included in calculations of electrostatic interactions. In addition, a
quadratic potential with the relatively weak force constant of 10 kcal
mol™ A~ was used to keep the nitrogen atoms of the hemes near
their crystallographic positions. The purpose of this constraint was
to reduce artefactual drift of the trimmed structures, allowing for
more meaningful comparisons of electrostatic interactions of the
different hemes with their surroundings. The same constraint was
applied in MD simulations of the monomeric protein. Although the
constraint could limit fluctuations of the structure and reorganiza-
tion when a heme is reduced, comparisons of crystal structures of
oxidized and reduced STC have shown that full reduction causes no
significant changes in the geometry of the heme cluster.”* In pre-
vious MD simulations of STC in solution, Oliveira et al.”® found
that full reduction led to movements of backbone atoms at the
N-terminus and in two exposed loops of the protein, but again very
little change in the heme cluster. No constraints were put on other
atoms of the hemes or their histidyl ligands in the crystal. Equilib-
rium Fe-N bond lengths for the MD force field were obtained by
optimizing the structures of model ferrous and ferric bis-imidazole
hemes as described below and are given in Table S2.

D. Redox energies

The change in electronic energy (AE) when an electron moves
between two hemes (k1 and h2) can be divided into the change in the
internal quantum mechanical energy of the hemes and their HIS and
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CYS ligands (Ae) and the change in electrostatic interactions with the
surroundings (AE;), which can be approximated well classically.*”
We wrote the latter term as

AE; = Z Z (Qipp - Qi,h,R)Z il fijrij
hoi j
+ Z Z (Qitn1,pQi22,p — QiR Qiiar)/ firiatiniz.  (4)

il i2

Index h in the first sum here denotes one of the reacting hemes
(h1 or h2); Q;ur is the charge of atom i of reacting heme h and
its ligands in the reactant state (electron donor reduced and accep-
tor oxidized), and Q;,p is the corresponding charge in the product
(donor oxidized and acceptor reduced); g; is the charge of atom
j of the surrounding protein, water, Zn** ions, and the hemes other
than h; r;; is the distance between atoms i and j; and f;; is a distance-
dependent effective dielectric screening factor. Interactions between
atoms connected by less than three bonds were considered to con-
tribute to Ae and were omitted from the sums in Eq. (4). The atoms
of the propionyl side chains of heme h were treated as part of the
surroundings along with those of the other hemes in the sum over j.
Subscripts il and i2 in the second line denote atoms of the two react-
ing hemes (i1 in heme k1, i2 in h2). Equation (4) assumes that the
atomic charges Q;;,z and Q;;,p do not fluctuate significantly with
time as long as heme / remains in the same redox state.

We used the following expression’” ” for the dielectric screen-
ing factor:

fii = 1+60[1—exp (—7ri)] 3

with # = 1.5 A™'. This expression was found to account well for
effects of mutations of ionizable amino acid residues in photosyn-
thetic reaction centers, with values of # of either 1.0 or 1.8 A™" giving
essentially the same agreement between calculated and measured
changes in the redox potential of the special pair of bacteriochloro-
phylls.** However, it has not previously been used for crystalline
proteins or for calculations of electrostatic interactions on very short
time scales.

We also calculated AE; with an iterative treatment of induced
electric dipoles'” instead of the dielectric screening factor of Egs. (4)
and (5). The energy gaps calculated with this treatment had simi-
lar mean values ((AE)) but larger variances (%), possibly because
they were more sensitive to interactions of the hemes with residues
on the edges of the models, where the protein structures and
water molecules might undergo artifactually large fluctuations. The
distance-dependent screening factor fj attenuates contributions
from these long-range interactions and therefore could give more
meaningful results despite its less compelling theoretical justifica-
tion. We therefore used Eqgs. (4) and (5) for all the work presented
below.

The charges assigned to the propionyl side chains of the hemes
have significant effects on the calculated values of AE;. We therefore
calculated AE; for STC in a variety of possible protonation states.
The propionyl carboxyl groups of heme I, for example, are proto-
nated in the default state described above for the MD trajectories
but project into an aqueous region where an anionic carboxylate
would be well solvated, suggesting that one or both carboxyl groups
are deprotonated. Both carboxyl groups of heme III are also well
solvated.

ARTICLE pubs.aip.org/aipl/jcp

The quantum mechanical energy difference Ae varies from
one pair of hemes to another and fluctuates with time depend-
ing on structural details, such as the positions of the axial histidyl
ligands. To relate Ae to structural parameters that could be calcu-
lated efficiently for a large number of structures saved during MD
simulations, we evaluated the quantum mechanical energy differ-
ences between oxidized and reduced states of a set of 100 hemes
from crystal structures of 4-and 6-heme c-type cytochromes of
S. oneidensis,'"”" S. frigidmarina,”® Desulforibrio desulfuricans,”"
and D. vulgaris™ and the three central subunits of a cryo-EM struc-
ture of OmcS from Geobacter sulfurreducens.’ The HIS and CYS
residues attached to the hemes were truncated to methyl-imidazole
and methylsulfide. Figure S3 shows the structures of representa-
tive trimmed complexes. After the addition of hydrogens at stan-
dard positions, energies for the ferrous (singlet spin) and ferric
(doublet) states of the trimmed structures in vacuo were calcu-
lated with GAUSSIAN 16.1*" using the B3LYP DFT functional with
the Def2TZV basis function for Fe and the G6-31(d) basis for all
other atoms. The mean energy of the reduced states was 6.176 eV
below that of the oxidized states with a standard deviation of
+0.409 eV, which is comparable to the adiabatic electron affinity of
5.17 eV that Smith et al.** calculated for a model bis(histidine) heme
complex.

On the assumption that the surroundings affect Ae mainly
by modifying the structures of the heme-ligand complexes, we
sought to express the quantum mechanical energy difference for
reducing a given heme (sfed for heme k in the set) as a lin-
ear function of a tractable number (N) of structural parameters
(Pf-‘). The coefficients (C;) for various sets of potentially impor-
tant parameters were obtained by singular-value decomposition
of the simultaneous equations, efedz Zfilc,-Pf. The quantum-
mechanical term Ae for electron transfer in a given MD struc-
ture then was written as the difference between the values of

t
¢k, for the electron acceptor and donor hemes: Ae = e

1" The most pertinent parameters proved to be the mean

distances from the Fe to HIS NE2 atoms and the N atoms of
the porphyrin ring. A combination of these distances with two
minor parameters and a constant term sufficed to fit the values of
gk, for the 100 structures with a reduced x* (mean squared
deviation) of 0.153 (Table I). We also evaluated lengths of the
porphyrin-cysteinyl C-S bonds, asymmetry of pyrrole rings A and
C relative to B and D, and tilting of the one imidazole ring relative
to the other, but these parameters did not improve x> sufficiently to
warrant including.

E. Franck-Condon-weighted density of states

Normal-mode vibrational frequencies and vectors were cal-
culated with GAUSSIAN 16.1*! for a model six-coordinate heme,
bis(imidazole)-iron-octamethylporphyrin (Fig. S4). The structures
of the reduced and oxidized molecules were optimized with the
B3LYP DFT functional using the Def2TZV basis function for Fe
and the G6-31(d) basis for all other atoms as in the treatment of
Ae described above. Spectra of Franck-Condon-weighted density of
vibrational states (FCWDS) for oxidation or reduction of the model
compound then were calculated with the program MolFC3," *
which considers Duschinsky effects and changes in vibrational
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TABLE . Structural parameters and coefficients for Ae.

Parameter Definition (Pi) £ 0* ok G (P)*

1 Mean distance from Fe to a HIS NE2 atom. 2.0198 + 0.0428 A 1.7774 eV/A 3.5900 eV
Mean distance from Fe to heme 2.0289 + 0.0336 A -1.1692 eV/A -2.3722 eV
N atoms NA, NB, NC, and ND.

3 Minimum of cos(0) and 1.0 — cos(8), where 0 is the angle 0.1518 + 0.0713 —-0.7085 eV -0.1076 eV

between the CG1 — CD2 vectors of the two histidines.
4 Difference between the distances 0.0229 + 0.0228 A 2.8980 eV/A 0.0646 eV
from Fe to NE2 in the two hemes.
Constant 1.0 1.0 —-7.3533 eV -7.3533 eV
Sum -6.1761 eV

*Mean ({P;)) and standard deviation (o) of parameter P; in the set of 100 heme structures.
P Coefficient for parameter P; in the linear combination ¢, = 3,C;P¥.
“Product of (P;) and C;.

frequencies in addition to displacements along the normal-mode vibrational frequencies when the heme is oxidized or reduced. The

vectors. Convolution of the FCWDS spectra for oxidation of one density of states considered in Fig. 2 also does not consider vibra-
molecule and reduction of another at a specified temperature pro- tional modes of the protein and solvent surrounding the hemes.
vides the full Franck-Condon-weighted density of vibrational states, Although this point deserves more study, similar density distribu-
prc(AE, T), as a function of the electronic energy gap for trans- tions have been obtained from autocorrelation functions of energy
fer of an electron from one heme to another (Fig. 2). prc(4E, T) gaps that included calculated interactions of the electron carriers

broadens as the temperature is increased. The calculated values of ~ with the surroundings.'**°"*’ The general shape of prc(AE) appears

AE for the reactions of hemes IV and Ib considered below fall in the to be relatively insensitive to whether or not these interactions are
region between —0.1 and +0.1 eV where prc(AE, T) increases with included.
temperature [Fig. 2(b)].
The hemes in STC have propionyl and cysteinyl thio-ether .
side chains in place of four of the eight methyl groups of the  F- Electron-transfer matrix elements

model compound and histidyl residues in place of the imidazole Electronic-interaction matrix elements for electron transfer (H)
rings. The normal modes will be more numerous in the protein, were calculated by a procedure based on the PATHWAYS program
and some of the corresponding modes will have lower frequen- described by Beratan, Onuchic, and co-workers.”’ >* Our version of
cies. However, these differences probably have only minor effects the program was written to facilitate calculations of |H| for a large
on prc(AE, T) because atoms on the periphery of a heme or its lig- set of structures saved during an MD trajectory and to include path-
ands are unlikely to undergo substantial displacements or changesin ~ ways through hydrogen atoms and water molecules as well as the

0.004

0.002

Pro(AET) eV

-0.04 0 0.04
AE /eV AE /eV

FIG. 2. Franck-Condon-weighted density of states, prc(AE, T), for transfer of an electron between two molecules of bis(imidazole)-iron-octamethylporphyrin at temperatures
between 270 and 350 K. The abscissa (AE) is the instantaneous change in electronic energy, which can be converted into excitations of various combinations of vibrational
normal modes or derived from thermally excited modes. The amplitude of prc(AE, T) is scaled so that [ °2 prc(AE, T)dAE = 1. Plots for AE < 0 are shown in A, and
expanded plots for the region around 0 are shown in B.
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protein. The attenuation factor for transfer through a single bond
was taken to be 0.6 and that for jumping between non-bonded
atoms was written as exp[-1.7(r;; — ro)/A] with ro = 1.4 A"
To obtain absolute values, the matrix element for transfer between
conjugated m atoms of a carbonyl or carboxyl group or within the
ring system of a histidine, phenylalanine, tyrosine, or tryptophan
residue was set at 0.1332 eV (1074 cm™), which is 1/0.6* times the
mean matrix element obtained by unrestricted Hartree-Fock calcu-
lations for transfer from a biphenyl radical anion through two single
C-C bonds to six different acceptors in three organic solvents.”’
The calculations of H used structures recorded every 100 fs during
MD trajectories in which the heme that acted as the electron donor
was in its ferrous state, while all the other hemes were ferric.

The pathways program also evaluated the fluctuating “edge-to-
edge” distance defined as the shortest distance from a conjugated
N, C, or Fe atom of the donor heme to a conjugated N, C, or Fe
atom of the acceptor.

Ill. RESULTS

A. Energy gaps and coupling factors
for crystalline STC

Figure 3 presents calculated time-dependent energy gaps
[AE(t)] for electron transfer from heme IV to heme I in a neigh-
boring subunit of crystalline STC (heme Ib), from heme Ib back to

ARTICLE pubs.aip.org/aipl/jcp

heme IV, and from heme Ib to IIb. These results are from trajec-
tories at 300 K with the electron-donor heme reduced in each case.
Note, in particular, that since the identity of the reduced heme differs
between the two simulations, the trace for the back reaction from
heme Ib to IV is not simply the inverse of that for transfer from
IV to Ib. The bottom panels of Fig. 3 show the calculated electronic-
interaction matrix elements (|[H(f)|) during the same trajectories.
The energy gaps and the coupling matrix elements both fluctuate
through relatively large deviations from the means on picosecond
and nanosecond time scales. The standard deviation of |H| for elec-
tron transfer from heme IV to Ib was 35% of (|H|). For comparison,
the standard deviation of the edge-to-edge distance between the
two hemes was only 1.5% of the mean, indicating that the fluctua-
tions of |[H| stem mainly from movements of non-conjugated atoms
between the hemes rather than the hemes themselves. However,
fluctuations of the edge-to-edge distance were limited partly by the
constraints on the positions of the heme nitrogen atoms (see Sec. II).
In MD simulations described by Kulke et al.,'° which did not include
such constraints, the edge-to-edge distances between hemes IV and
Ib (four pairs of hemes) at 298 K fluctuated with a standard deviation
of 4.0% of the mean. The longer MD trajectories in the latter simula-
tions also created additional opportunities for larger fluctuations of
the distances to develop.

The time-dependent energy gap AE(t) is the sum of the change
in quantum-mechanical energies of the reacting hemes and their lig-
ands [Ae(t)] and the change in classical electrostatic interactions of

AE / eV

|[H| / meV

Time / ns

Time / ns

Time / ns

FIG. 3. Time-dependent energy gaps [AE(f)] calculated by Egs. (1) and (2) for electron-transfer from heme IV to Ib (a), heme Ib to IV (b), and heme Ib to IIb (c) during MD
trajectories of crystalline STC at 300 K with the electron donor reduced and the acceptor oxidized for each reaction. (d)—(f) Calculated electronic-interaction matrix elements
(|H(t)|) for electron-transfer from heme IV to Ib, heme 1b to IV, and Ib to IIb, respectively, during the same trajectories. For the calculations of AE(t), carboxyl group CGA in
heme IV was deprotonated (negatively charged) and CGD was protonated; CGA was protonated and CGD deprotonated in hemes | and |b; CGD was deprotonated and CGA
protonated in hemes Il and I1b; and CGA and CGD of hemes 1l and Illb were both protonated. (These are CG state 4 in Table || and state 5 in Table [II.) The root-mean-square

(rms) values of |H| are 1.26 meV in D, 1.43 meV in E, and 4.56 meV in F.
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AE / eV

Time / ns

Time / ns

Time / ns

FIG. 4. Contributions of interactions with the protein (left) and water (center) and the quantum-mechanical energy difference (A, right) to the time-dependent energy gap for
electron transfer from heme IV to Ib in crystalline STC at 300 K. These traces are representative segments of the MD trajectory shown in Fig. 3(a).

the hemes with the surrounding water and protein [AE(t)]. Figure 4
shows that interactions with water make, by far, the largest contri-
butions to the fluctuations of AE but have little effect on the mean
value.

As noted in Sec. 11, the calculated energy gaps depend on the
protonation states assigned to the propionyl side chains of the elec-
tron donor and acceptor hemes. Table II gives the mean values
({(AE)) for electron transfer between hemes IV and Ib in STC crystals
with these hemes in various protonation states. Table III presents
results for electron transfer from heme I to II, which also apply to
transfer from heme Ib to IIb. Various combinations of protonation
states for the donor and acceptor hemes give values of (AE) that
range over about £0.1 eV. As one would expect, a negatively charged

carboxyl group on the electron donor makes electron transfer ener-
getically more favorable, while a negatively charged group on the
acceptor makes it less favorable. The protonation states of the hemes
other than the electron donor and acceptor are less critical, though
still significant. Deprotonating both carboxyl groups of Heme III,
for example, decreased the calculated (AE) for electron transfer from
heme IV to Ib by about 0.013 eV (see CG states 8-10 in Table II).

B. Energy gaps for monomeric STC in solution

Table I1T also gives the calculated energy gaps for electron trans-
fer from heme I to II in monomeric STC. The values of (AE) for the
monomer in solution are more negative than those for the crystal

10:0L:¥L G20Z dunr oL

TABLE II. Effects of protonation of heme side chains on (AE) and ke for electron transfer between hemes IV and 1b in
crystalline STC.?

Heme IV Heme Ib Heme IV — Ib Heme Ib — IV

CG-state CGA CGD CGA CGD (AE)eV  kyypls™  (AE)eV  kypoals™'

1 -1 -1 0 0 -001665 1.605x10° 0.00736 1.275x10°
2 -1 0 0 0 -0.00413 1.249x10° -0.00550  1.654x10°
3 -1 0 -1 0 0.01742  7.970x10* -0.02659  2.500 x 10°
4 -1 0 0 -1 0.02082  7.409x10* -0.02995  2.666 x 10°
5 0 0 0 -1 0.03405 5.538x10* —0.04203  3.329x10°
6 -1 0 -1 -1 0.04237  4.596x10* -0.05104  3.930x 10°
7 0 0 -1 -1 0.05560  3.384x10* -0.06313  4.849x10°
8 0 0 -1 -1 0.05101 3.768x10* -0.05870  4.488 x 10°
9 0 0 -1 -1 0.04720  4.110x10* -0.05527  4.223x10°
10 0 0 -1 -1 0.04261  4.564x10* -0.05083  3.902x 10°

*MD trajectories were propagated with the propionyl carboxyl groups of the hemes in their default protonation states (see Sec. I1).
Energy gaps [AE(t)] and rate constants (ks_.1, and k;j_,4), then, were calculated for electron transfer between hemes IV and 1b in
various protonation states (CG states). CGA and CGD denote the carboxyl groups of porphyrin rings A and D of the indicated
hemes; —1 indicates that the group is deprotonated (negatively charged); and 0 indicates that it is protonated (neutral). See Fig.
S1 for the labeling of the carboxyl groups. All the hemes other than IV and Ib were in their default states (both carboxyl groups
of hemes 1, Ib, III, and IIIb and the carboxyl groups on ring A of hemes IT and IIb and ring D of heme IV neutral; those on ring D
of hemes II and I1b and ring A of heme IV negatively charged) except that CGA of heme III was deprotonated in state 8, CGD in
state 9, and both CGA and CGD in state 10. Energy gaps and rate constants were averaged over 100 000 time points during 10 ns
trajectories at 300 K with the electron donor reduced and the acceptor oxidized for each reaction.
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TABLE lll. Effects of protonation of heme side chains on (AE) and ke for electron transfer from heme | to Il in crystalline and

monomeric STC.?

Heme I Heme IT HemeI — Ilin crystal Heme I — I in monomer
CG-statt  CGA CGD CGA CGD (AEMeV  kyypwls™  (AE)/eV kioa/s!
1 0 0 0 -1 0.01028 1.129x10° —0.05616  3.765x 10°
2 0 0 0 -1 -0.00546 1.571x10° —0.07124  4.835x10°
3 0 -1 -1 -1 -000911 1.649x10° —-0.07639  5.252x 10°
4 -1 0 -1 -1 -0.01000 1.726x10° —0.07584  5.207 x 10°
5 0 -1 0 -1  -0.02603 2374x10° -0.09268  6.789 x 10°
6 -1 0 0 -1 -0.02691 2416x10° -0.09214  6.732x10°
7 -1 -1 -1 -1  -0.03057 2.596x10° -0.09728  7.228x10°
8 -1 -1 0 -1 -0.04748 3.571x10° -0.11358  9.295x 10°
9 -1 -1 0 -1 -0.04674 3.522x10° -0.11360  9.298 x 10°

*CGA and CGD denote the carboxylic groups of porphyrin rings A and D of the indicated hemes, —1 indicates that the group is
deprotonated, and 0 indicates that it is protonated. The other hemes were in their default protonation states except that CGD of
heme IV in the neighboring subunit on the negative b axis was deprotonated in state 9. Energy gaps and electron-transfer rate
constants were averaged over MD trajectories of 10 ns at 300 K with heme I reduced and II oxidized.

by 0.06-0.07 eV. Figure S4 shows that this difference stems mainly
from more negative calculated energies of interactions of the hemes
with the protein and to a lesser extent from the quantum term Ae.
The difference between the interactions with the protein in the crys-
tal and the monomer probably results mainly from protein atoms of
the crystal’s other subunits that are not present in the monomer. The
energies of interactions with water fluctuate more widely in solution
than in the crystal, but again have relatively little effect on the mean
value of AE. In crystals, movements of water are restricted to specific
channels, limiting the number of thermally accessible configurations
for water near the hemes. Water has greater freedom to modulate
AE in solution.

C. Calculated rate constants

Tables IT and III present rate constants for electron transfer
from heme IV to Ib (k4_,;p), heme Ib to IV (kjp_4), and heme
Ib to IIb (kyp_yp), as calculated by Eq. (2) for crystalline STC at
300 K in various protonation states. Note that Eq. (2), which holds if
|H(t, T)]*/h is small relative to the rate constant for dissipation of
energy to the surroundings, does not require knowing the exact
value of the latter parameter (£). Although Eq. (2) does not use
the mean value of the energy gap, all the rate constants increase
as (AE) becomes more negative. Figure 5 shows plots of k41, and
k1p—4 as functions of (AE). Averaging over the broad distributions of
the energy gaps (Fig. 3) makes the rate constants weaker functions
of AE than the Franck-Condon-weighted density of states (Fig. 2).
The rate constants for the backward reaction from heme Ib to IV
in crystals are higher than those for the forward reaction at similar
values of (AE) because the electronic coupling factor is larger in the
MD trajectory with heme Ib reduced than with heme IV reduced
(Fig. 3).

Table IIT also gives rate constants for electron transfer from
heme I to II (k;-.;) for monomeric STC in solution. This reaction
is calculated to be about three times faster in solution than in the

50 _' T 1 ' T T 1 T T T T T |_
40+ B
b — 1V
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FIG. 5. Calculated rate constants for electron transfer from heme IV to 1b (ks_.1p,
red) and from heme |b to IV (k1p—4, cyan) in crystalline STC at 300 K as functions
of the mean energy gap between the reactant and product states. The data points
represent calculations for various protonation states of the propionyl side chains
of the two hemes (see Sec. || and Table l).

crystal. The higher k;_., is attributable mainly to the more negative
(AE) in solution (Table 11T and Fig. S5) because the rms value of the
calculated coupling factor for the monomer (3.92 meV) is smaller
than that for the crystal (4.56 meV).

Note that the rate constants in Tables [T and I1I for STC in var-
ious protonation states use coupling factors (|H(#)|) and quantum
mechanical energy changes (Ae) from MD trajectories that were run
in the default protonation state as described in Sec. I1. We assumed
that the protonation state of a propionyl side chain has only minor
effects on these terms relative to its effect on AEs, but this assumption
remains to be tested.

One of the surprising features of electron diffusion in STC
crystals is its strong dependence on temperature.'’ Figure 6 shows
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FIG. 6. Arrhenius plots of the calculated rate constants for electron transfer from
heme IV to Ib (red), |b to IV (cyan), and Ib to Ilb (dark blue) in crystalline STC.
The energy gaps and coupling factors were calculated from 10-ns trajectories at
300 K with the electron donor for each reaction reduced and the acceptor oxi-
dized. The protonation states were the same as CG state 3 in Table |l for transfer
between heme IV and |b and CG state 6 in Table |l for transfer from b to |1b. These
rate constants assume that AE(f) is independent of temperature; their temperature
dependence comes solely from pgc(AE, T).

Arrhenius plots of the calculated rate constants for electron trans-
fer from hemes IV to 1b, Ib to IV, and Ib to IIb. These calculations
combine the temperature-dependent prc(AE, T) (Fig. 2) with val-
ues of the energy gaps and coupling factors from trajectories at
300 K (Figs. 3-5 and Tables 1I-1II) on the assumption that the lat-
ter parameters are relatively insensitive to temperature. The slope of
the plot for k4,1, gives an activation energy of 0.065 eV, which is
about one-seventh of the value obtained in the crystal experiments
(0.43 eV).10

Because prc(AE) has an upward curvature in the region of
the mean energy gap for electron transfer from heme IV to
Ib (Fig. 2), a broadening the distribution of AE with increasing tem-
perature would raise k,_,1;, and increase the slope of the Arrhenius
plot. One might expect such broadening to result from increasing
thermal fluctuations as the temperature rises. However, the vari-
ances of AE for electron-transfer reactions in solution often have
a relatively weak dependence on temperature, probably because
polar groups whose librational and vibrational motions modulate
the energy gap pack more tightly around the electron carriers at
lower temperatures.'”'>”* In 5 ns MD trajectories performed at
10 K intervals between 270 and 340 K, the calculated variances
of AE for electron transfer from heme IV to Ib or from heme
Ib back to IV both decreased rather than increasing with tempera-
ture (Fig. S7A).

Figures S6 and S7 show that changing interactions of the elec-
tron carriers with water are responsible for the decrease in ¢* with
temperature. The variances of the quantum term (Ae) and interac-
tions with the protein both exhibit the more conventional behavior
of increasing with temperature. In MD trajectories at various tem-
peratures, water molecules were found to pack more tightly at
particular positions near the hemes at lower temperatures. This
packing gives sharper peaks in radial distribution functions of water
oxygens around the Fe atoms (Fig. S8).
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IV. DISCUSSION
A. Comparisons with measured rate constants

The measured rate constant for electron hopping between
subunits along the crystallographic b axis of STC at 297 K is
7.4 x 10* s71.10 This is expected to be somewhat smaller than the
microscopic rate constant for electron transfer from heme IV to
Ib because the observed rate partly depends on the competition
between electron transfer from heme Ib to IIb and back to heme
IV [Eq. (6)],

[T
—

heme IV

kip—an

hemeIb ——— hemellb — hemesIIIb, IVb.

Kkip—va

(6)

(Judging from the measured reduction potentials of the hemes,'""”
the back reaction from heme IIb to Ib is strongly endoergic. This
reaction, therefore, is probably negligible relative to the exoergic
reactions from heme Ib to IIb and from heme IIb to IIIb and IVb.)
Park™ has given general expressions for the kinetics of reversible,
sequential reactions in a system with three states. In the limit
kib—ab > k4—1p, which Tables IT and I1I show to be a good approxi-
mation, the predicted time dependence of the combined population
of reduced hemes IIb, I11b, and IVb [C(t)] simplifies to

C(t) = Ao{1 — exp [~kamivt/(1 + k1poa/k1p—20) ]} (7)

where Ay is the concentration of reduced heme IV at time zero. The
macroscopic rate constant for electron transfer between subunits
along the b axis thus becomes ky—, 15 (1 + k1p—4/k1p—2p ). The calcu-
lated microscopic values of k., in crystalline STC (Table I11) are
about ten times the values of kj;_,, in the same protonation states
(Table II), mainly because the coupling factors are larger for the
former reaction (Fig. 3). Competition from the back reaction from
heme Ib to IV therefore probably decreases the measured rate con-
stant by only about 10%. Making this correction raises the estimate
of k4,1 based on the experimental measurements to 8.1 x 10* 571,
The calculated rate constants for CG states 3 and 4 of Table I, in
which hemes IV and Ib both have one deprotonated carboxyl group,
reproduce this value well.

Experimental measurements of the rate constant for elec-
tron transfer from heme I to II in monomeric STC are prob-
lematic because the reaction does not cause a measurable change
in the absorption spectrum. Van Wonderen et al.”° explored the
kinetics by initiating electron transfer photochemically from a
Ru(II) (bipyridine)s group attached covalently to the protein near
heme I and fitting the total population of charge-separated species
(RutHeme™) to kinetic schemes that either included or omitted
transfer between the hemes. Their schemes included multiple con-
formations of the Ru(II) (bipyridine)s group with different rate
constants for electron transfer from Ru to the proximal heme. Van
Wonderen et al. favored a scheme with three conformational com-
ponents and an electron-transfer rate constant k;—z of 1.25 x 10° 5™
for all the conformations. Calculations by Jiang et al.”’ have given
a considerably lower value of about 1.3 x 10° s7! for k;_.,, which
van Wonderen et al.>® suggest could reflect an overestimate of the
reorganization free energy for the reaction. However, the absorbance
signals described by van Wonderen et al. were fit equally well by
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a scheme without a significant contribution from electron transfer
between the hemes if a fourth conformation of Ru(II) (bipyridine)s
was included, and the possible perturbation of ki, by Ru? adds to
the uncertainties. Our calculated k. values of about 6.7 x 10° s7!
for monomeric STC in CG state 5 or 6 (Table III) are intermedi-
ate between the values obtained by van Wonderen et al.”® and Jiang
et al.”’ but closer to the latter.

B. Effects of temperature

The calculated activation energy of 0.065 eV for electron trans-
fer from heme IV to Ib (Fig. 6) is significantly smaller than the
observed!’ value for electron hopping along the b axis in crystals.
Shifting (AE) to more positive values would increase the calcu-
lated value, but the calculated rate constant k4_,;, then would fall
below the measured value unless (|H|) also was increased by a
physically unrealistic degree. A more likely explanation is that,
instead of decreasing as it does in our simulations, the variance of
AE rises with temperature under the conditions that were used to
measure the activation energy. The experimental measurements'’
used STC crystals suspended in 30% (v/v) polyethylene glycol 400
(PEG 400) with 0.2 M triethanolamine chloride and 5 mM ZnSQOj.
The temperature dependence of 6 could be very different in that vis-
cous medium than in simulations of crystalline STC in water since
the viscosity of PEG changes steeply with temperature.””" This
issue takes on a broader dimension when one considers that stud-
ies of electron transfer in proteins at cryogenic temperatures almost
always require viscous protectants, such as glycerol or ethylene
glycol.

Another possible explanation for the failure to reproduce the
measured activation energy is that fluctuations of the structure occa-
sionally give values of |H| that are substantially larger than the values
seen during our simulations and that such fluctuations become
more probable as the temperature rises. The present calculations of
|H| would miss fluctuations that occur only at intervals much longer
than 10 ns. As discussed above in connection with Fig. 3, fluctuations
to larger values of |H| probably would mainly depend on move-
ments of non-conjugated atoms between hemes IV and Ib rather
than changes in the edge-to-edge distance between the hemes.

Garg et al.”” reported on the temperature-dependence of the
electric conductivity of a dry STC monolayer sandwiched between
gold electrodes. The conductivity was essentially independent of
temperature between 80 and 320 K. To explain this result, Garg
et al.”” and Futera et al®® proposed that electron transfer occurs
by coherent electron tunneling through the entire protein. How-
ever, an electron-transfer process that is independent of temperature
does not necessarily imply coherent tunneling at multiple sites: it
is a well-established feature of the conversion of electronic energy
into excited vibrational modes.'**”°! Other factors being constant,
the temperature dependence of prc(AE, T) vanishes at AE » —0.21
and —-1.15 V and is relatively small at any negative AE value down
to about —1.5 V (Fig. 2). The energy gap for the electron-transfer
step that determines the conductivity of an STC monolayer would
depend on the applied potential as well as the structure of the protein
in the monolayer.

Computational approaches have had notable difficulty
accounting for the temperature dependence of electron conduction
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through nanowires of the OmcS cytochrome from G. sulfurreduc-
tans, which has ten c-type hemes in each subunit. Dahl et al.*
measured currents flowing between AFM probes that contacted
OmcS nanowires at various points. The conductivity increased by
a factor of 100 as the temperature was lowered from 300 to 270 K.
Extensive MD simulations and quantum calculations by Guberman-
Pfeffer'” were unable to reproduce this anti-Arrhenius behavior:
the calculated rate constants for electron transfer were largely
independent of temperature, similar to what we see in Fig. 6. Rate
constants that mainly depend on the Franck-Condon-weighted
density of states are expected to increase with the decreasing
temperature for any (AE) between about —0.21 and —1.15 V (Fig. 2),
but this increase is too small to explain the observed increase of rate
in OmcS if other factors are held constant.

V. CONCLUSIONS

In the treatment presented above, electron-transfer rate con-
stants depend on the overlap of the Franck-Condon-weighted dis-
tribution of states [prc(AE, T)] with the time-dependent energy gap
AE(t, T) and the electronic coupling factor [|H |2(t, T)]. The overlap
is sensitive to both the mean values and the widths of the distri-
butions of AE and |[H[?. Calculations using this approach captured
the measured rate constant for electron transfer from heme IV to
Ib at temperatures around 300 K remarkably well. However, they
did not reproduce the high activation energy for electron transfer
along the b axis of crystals. We have suggested two possible expla-
nations for this discrepancy. Exploring these would require longer
MD trajectories and simulations of systems containing a viscous
cryoprotectant, which would need a long time to converge at low
temperatures.

Some of the differences between our approach and MD sim-
ulations that use the semiclassical Marcus equation'’ >’ have been
noted in Sec. I1. Perhaps the most basic difference is that Eq. (1) does
not require evaluating the reorganization free energy of the reaction;
it finds the rate constant from simulations of only the reactant state.
Several recent papers have discussed the errors of common pro-
cedures for finding the reorganization free energy from either the
variance of the energy gap AE or the difference between the mean
values of AE in the reactant and product states, which stem mainly
from neglecting changes in entropy.'"'*'* By using the calculated
Franck-Condon-weighted density of states, Eq. (1) also escapes the
dependence on freely adjustable vibrational parameters that limits
the significance of calculations using the Ultrup-Jortner®! extension
of the Marcus equation.

Figures 3 and 4 and S5-S8 highlight the importance of inter-
actions with water in fluctuations of the energy gaps for electron
transfer. Although interactions with water have little effect on the
mean values of AE for the reactions we studied, endergonic reac-
tions, such as the transfer of an electron from heme IV to 1b, can
depend strongly on fluctuating fields from water that make the
energy gap transiently negative. Water molecules located close to
the hemes probably are more important than the bulk solvent in this
regard. Similar considerations would apply to endergonic steps of
electron transfer in other systems, though interactions with water
could affect (AE) as well as o” in some cases.
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SUPPLEMENTARY MATERIAL

See the supplementary material for atomic charges (Table S1);
Fe-N bond lengths (Table S2); labeling of heme carboxyl groups
(Fig. S1); structures of heme-ligand complexes from cytochrome
crystal structures (Figs. S2 and S3); structures of bis(imidazole)-
iron-octamethylporphyrin (Fig. S4); contributions to AE for electron
transfer from heme I to II in crystalline and monomeric STC
(Fig. S5); contributions to AE for electron transfer from heme
IV to Ib at 270 and 340 K (Fig. S6); temperature dependences of con-
tributions to the variance of AE for transfer between heme IV and
Ib (Fig. S7); and radial distributions of water around hemes IV and
Ib at 270 and 340 K (Fig. S8).
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