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Abstract
Charge recombination rate constants vary no more than three-fold for inter-protein ET in the Zn-
substituted wild type (WT) cytochrome c peroxidase (CcP):cytochrome c (Cc) complex and in
complexes with four mutants of the Cc protein (i.e., F82S, F82W, F82Y and F82I), despite large
differences in the ET distance. Theoretical analysis indicates that charge recombination for all
complexes involves a combination of tunneling and hopping via Trp191. For three of the five
structures (WT and F82S(W)), the protein favors hopping more than that in the other two
structures that have longer heme→ZnP distances (F82Y(I)). Experimentally observed
biexponential ET kinetics is explained by the complex locking in alternative coupling pathways,
where the acceptor hole state is either primarily localized on ZnP (slow phase) or on Trp191 (fast
phase). The large conformational differences between the CcP:Cc interface for the F82Y(I)
mutants compared to the WT and F82S(W) complexes are predicted to change the reorganization
energies for the CcP:Cc ET reactions because of changes in solvent exposure and inter-protein ET
distances. Since the recombination reaction is likely to occur in the inverted Marcus regime, an
increased reorganization energy compensates the decreased role for hopping recombination (and
the longer transfer distance) in the F82Y(I) mutants. Taken together, coupling pathway and
reorganization energy effects for the five protein complexes explains the observed insensitivity of
recombination kinetics to donor-acceptor distance and docking pose and also reveals how hopping
through aromatic residues can accelerate long-range ET.
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Introduction
Electron-transfer (ET) reactions across protein-protein interfaces underlie the flow of energy
in all biological systems.1–6 Nonetheless, interprotein ET is less well understood than
intraprotein ET due to complications that arise from the long distances, the complex medium
separating the donor (D) and acceptor (A), and the association reactions of the interacting
partners.1–8 Within these protein assemblies, ET reactivity depends on many interdependent
factors that include the juxtaposition of redox sites, the bonding networks connecting D/A,
the conformational dynamics coupled to molecular recognition, the electrochemical
potentials, and the reorganization energies. It is perhaps not surprising that both protein-
protein recognition and ET are strongly influenced by residue substitutions, which thereby
offer the means to probe the effects of specific structural perturbations on these complex
processes.5,9–23 In this study we examine how the association of a protein-protein complex
influences the kinetics and mechanism of biological ET.

The cytochrome c peroxidase (CcP) - yeast cytochrome c (yCc) couple (i.e., wild type (WT)
CcP:yCc or CcP:Cc, shown in Figure 1) has served as a paradigm to explore how changes to
the inter-protein interface influence ET rates.11,24,25,26 Hoffman and coworkers studied the
photo-initiated ET cycle shown in Figure 2 for Zn-porphyrin (ZnP) substituted CcP
(ZnCcP). ZnP is photo-excited and relaxes to its triplet excited state (3ZnP) on the ns time
scale, and ET occurs from 3ZnP to Fe3+Cc. The charge-separated species produced,
[Zn(II)CcP•+, Fe(II)Cc], returns to the ground state by back ET, i.e., Fe(II)Cc →
Zn(II)CcP•+. The back reaction can be considered as a photo-triggered analogue for the
physiological ET reaction between Fe(II)Cc and Compound I. Both involve a radical species
at Trp191 (vide infra) and Compound I likely has a similar potential to Zn(II)CcP•+ (1.20 V
vs. 0.9–1.15 V, respectively.27 Experimental studies9,18–27 indicate that the back ET rate
(i.e., the dominant fast phase of the kinetics found in both solution phase and crystalline
protein-protein complex ET) from yeast Cc to CcP is insensitive to conformational and
distance changes that are caused by single-residue mutations in Cc (i.e., in F82W, F82S,
F82Y, and F82I). This theoretical study examines the molecular mechanism of the charge
recombination in all five complexes and probes the origins of the similarity in the
recombination rates of WT, F82S(W), and F82Y(I) (note that Cc and CcP are dropped here
for brevity).

The crystal structures of Crane and coworkers indicate that the Cc F82S(W) mutants
maintain the same relative conformations between the CcP and the Cc as in the WT CcP:Cc
complex. Highly conserved Cc residue F82 resides at the heme edge and buries 13 Å2 of
solvent accessible surface area in the interface with CcP.9 As shown in Figures 1 and S1 of
the Supporting Information (SI), after aligning the CcP units of all five protein complexes,
the F82S(W) complexes do not show large structural changes compared to the WT CcP:Cc
structure (although greater conformational variability was noted at the interface in the
mutants compared to WT.9 In contrast, the Cc F82Y(I) variants show a dramatic change in
complex assembly in which the Cc units are rotated by roughly 90 degrees with respect to
the aligned CcP unit (see Figure S1). In these altered association modes, Y(I)82 no longer
participates in the interface with CcP. These changes in the protein-protein interfaces
increase the donor (D) to acceptor (A) distance (RDA) for F82Y(I) by 3–7 Å, measured
either edge-to-edge or metal-to-metal, compared to WT CcP:Cc and to F82S(W) (see Figure
3). Consequently, F82Y(I) mutants are expected to have ET rates two orders of magnitude
slower than in the WT CcP:Cc and F82S(W) complexes based on square barrier tunneling
models28–30 with kET ∝ exp[−βRDA] and β = 1.1 Å−1. Surprisingly, the measured back ET
rate constants for fast kinetic phase in the WT and all four mutant complexes, both in
crystals and in solution, are the same order of magnitude9,18,31 (keb = 6,000 s−1 for WT,
5,800 s−1 for F82W, 2,000 s−1 for F82S, 2,100 s−1 for F82I, and 4,000 s−1 for F82Y in the

Jiang et al. Page 2

J Phys Chem B. Author manuscript; available in PMC 2014 August 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



crystals, see Table 1 for experimental rates measured both in crystals by Crane and
coworkers9,31 and in solution by Hoff-man and coworkers.18 Likewise, the rate constants for
the slower of the phases observed in both crystals and in solution (k = 10–100 s−1, Table 4)
are similar in magnitude for all of the mutants.30 In this manuscript, we aim to understand
why the increased donor-acceptor distances associated with Cc rotation by 90 degrees in the
F82Y(I) complexes does not dramatically slow down the ET recombination rates for either
kinetic phase compared with rates in the WT CcP:Cc and F82S(W) complexes.

Experimental studies indicate that multistep electron recombination via an aromatic amino
acid (such as tryptophan) is essential for long-range ET in many biological systems that
include photolyases and cryptochromes,32 photosynthetic reaction centers,33 nitric-oxide
synthases,34 and perhaps most significantly, between the R1 and R2 subunits of
ribonucleotide reductase.35,36 The CcP:Cc system is an excellent model for understanding
the parameters that govern such electron “hopping” reactions.9,11,18,21,31,37–39 In fact,
Hoffman et al.40 suggested that the fast step of the charge recombination ET in CcP:Cc
involves hopping through the tryptophan radical cation, W191+• (Figure 2), which is 3.6 Å
away (edge-to-edge) from ZnP, as shown in Figure 3, and Crane et al.9,31 suggested a rapid
equilibrium between the Zn-porphyrin radical cation and the tryptophan radical. As such,
hopping through Trp191 may enhance the back ET rates in both the WT CcP:Cc and mutant
complexes. Indeed, in metal-modified proteins, Gray and coworkers showed that tryptophan
centered ET intermediates can enhance ET rates between distant Cu and Re species (in
Pseudomonas aeruginosa azurin) by two orders of magnitude compared to the single-step
mechanism.38,39,41 Here, we examine the proposed CcP:Cc hopping mechanism in detail
and systematically explore whether the source of the observed rate compression lies in
effects of (1) tunneling pathways coupling, (2) reorganization energy, (3) or hole hopping
through W191.

The high-temperature non-adiabatic ET rate is1

(1)

where  is the ensemble averaged square of the protein-mediated donor-acceptor
electronic coupling, λ is the reorganization energy, ΔG is the reaction free energy, kB is
Boltzmann’ s constant, and T is the temperature (298 K). Inter-protein electronic couplings
can be approximated using semi-empirical electronic structure theory on protein geometries
sampled with classical molecular dynamics (MD). These computational schemes were
applied in the past to small organic molecules, proteins, and nucleic acids.11,42–66 In this

study, the mean-squared coupling, , was first computed using PATHWAY analysis67

of MD snapshots to examine relative couplings. The key residues that mediate electron
tunneling are readily identified in the PATHWAY analysis. Subsequent semi-empirical
quantum mechanical analyses (i.e., INDO68), in combination with two-state generalized
Mulliken-Hush calculations of couplings69,70 (i.e., INDO-GMH), were used to characterize
the molecular orbitals involved in the ET recombination and to estimate mean-squared
couplings. Eq. 1 can overestimate the drop off of the ET rate when - ΔG> λ (the inverted
regime)71 because it does not include corrections from quantized vibrational modes coupled
to ET. Such quantum correction to the ET rate can be particularly important in smaller
organic molecules containing spatially localized donor or acceptor groups with high
frequency vibrational modes.1,71 However, studies of ΔG-dependent rates in modified
proteins and model systems display a wide range of behaviors in the inverted regime,
depending upon molecular structure.72–74 As such, it is difficult to predict the quantitative
extent of rate slowing in the inverted region, even given an accurate value for the outer
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sphere reorganization energy. Thus, we use the simple high temperature (classical) form for
the ET rate expression with a simple (continuum) model for λ.

Our studies indicate that a hopping recombination mechanism through Trp191 for all five
protein complexes contributes to the ET recombination rates (10% of snapshots for WT and
F82S(W) and less than 1% of snapshots for F82Y(I)), in addition to direct heme-ZnP
tunneling.40 To interpret the unusually weak distance dependence for the back ET rate, we
also computed the approximate outer sphere reorganization energies for the WT CcP:Cc
complex and the four mutants, using two qualitative schemes, the Marcus two-sphere
model71 and the finite-difference Poisson-Boltzmann approach.75 The crystallographically
characterized CcP:Cc complexes offer a unique opportunity to investigate how ET reactions
involving the same donor and acceptor sites embedded in the same protein matrices can be
influenced by changes in reorganization energy due to different geometries and solvation
environments. As expected, we find that the reorganization energy grows with the D-A
distance, and that this dependence compensates for decreased electronic couplings in the
F82Y(I) mutants. The charge recombination ET is “inverted” in these proteins, so the
recombination rate accelerates as λ grows. Taken together, the compensating decrease of
coupling with distance and the growth of λ with distance explain the observation of similar
back ET rate constants in the WT and mutant protein-protein complexes, despite the fact that
the heme-ZnP distances differ by 3–7 Å among the complexes; the distance range would,
itself, be expected to induce a variation of 102 – 104 -fold in rate constants.

Computational Details
A. Modeling protein structures and fluctuations

The initial structures for MD simulations of the WT ZnCcP:Cc complex and its four mutants
were taken from the crystal structures of the CcP:Cc complexes (PDB IDs are 1U7431,
2B109 , 2B119 , 2B0Z9, and 2B129, respectively). Hydrogen atoms were added using
VMD.76 In all simulations, the NAMD 2.6b1 program77 was used with the CHARMM27
force field.78–80 Constant pressure MD simulations were performed (NPT ensemble, 1 atm,
298 K) with a Langevin thermostat, periodic boundary conditions, and particle mesh Ewald
electrostatics to take the long-range electrostatic interactions into account. Since the
measured back ET rate constants in solution are similar to those found in the CcP:Cc
crystals, we carried out MD simulations in aqueous solution using the docked crystal
structures.9 For WT CcP:Cc, the structure was solvated in a TIP3P water box of 105 × 90 ×
75 Å3 with 20,940 water molecules, including 183 crystallographic water molecules. The
total number of atoms in the WT CcP:Cc structure was 69,287. After an initial 5,000 step
energy minimization, a 300 ps MD simulation was carried out at 298 K while constraining
the entire protein geometry but allowing waters to move. Then, an unconstrained 500 ps MD
simulation was performed at 298 K to equilibrate the system. Finally, a 10 ns MD simulation
was carried out, and conformations were saved every 2 ps. This procedure was used to
prepare the starting structures for the other four protein complexes. Overall, 5,000 snapshots
were saved for each protein complex over 10 ns of simulation, and the last 2,000 snapshots
were used to compute the coupling elements.

B. PATHWAY model
The pathways plugin for VMD67,81 was used to compute the relative couplings for each MD
snapshot. The PATHWAY model67 is

(2)
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where Π represents a product. The penalty for tunneling through a covalent bond is εc = 0.6,
the penalty for a through-space jump is εs = (εc)2exp[−1.7(Rs − 1.4)], where Rs is the
through-space distance in Å, and the penalty for a hydrogen bond-mediated step is εH =
εcexp[−1.7(RH − 2.8)], where RH is the hydrogen bond length (heavy atom to heavy atom)
in Å. The mean-squared donor-acceptor electronic coupling enters the ET rate constant8 as

. (In addition, we calculated ET couplings using a “softer” through-space
decay exponent of β = 1.1 Å−1 instead of a through-space decay exponent of β = 1.7 Å−1 in
the εs and εH terms.46,56 We found similar trends, leading to the same conclusions). In the
PATHWAY analysis, Zn and all heavy atoms on the aromatic porphyrin ring were defined
as members of the acceptor group in CcP, while only the Fe atom in the Cc heme was
chosen as the donor.82

C. Computing electronic couplings with INDO-GMH
Semi-empirical quantum mechanics (QM), i.e., INDO with two-state GMH analysis of

couplings, was used to calculate  using protein-protein complex snapshots and to
characterize electron mediation by the proteins. The key residues included in the INDO
calculations were identified using PATHWAY analysis for each MD snapshot. Among the
2,000 snapshots for each protein complex, the frequency of residues appearing in the
strongest ET pathways was first determined. Residues that appeared more than 500 times (as
well as water molecules within a 5 Å cutoff radius around Ala194 of CcP) were included in
the INDO calculations. (Since only the residues near Ala194 of CcP are exposed to bulk

water, we studied the dependence of  on the cutoff radius for water molecules

included in the QM calculations. The  values changed by less than 5% as the radius
grew from 5 Å to 10 Å around Ala194 of CcP.) For example, the residues included in the
INDO calculations of the WT CcP:Cc complex are labeled in Figure 4. The amino acids and
functional groups included in the INDO computations for the WT Cc:CcP complex and for
the mutants are shown in Table S1. Typically, the INDO calculations contained 320–370
atoms from protein and solvent.

On the porphyrins, Fe has five valence d orbitals and ZnP has three valence p orbitals. If
Trp191 is an ET intermediate, its high lying filled frontier orbitals would participate in
recombination ET. Therefore, the frontier molecular orbitals (MOs) from HOMO to
HOMO-10 were computed with the INDO method for each of the 2,000 protein snapshots
for the five protein complexes. These orbitals were identified as donor and acceptor orbital
pairs51,53,83 for the Fe(II)Cc → Zn(II)CcP•+ ET reaction. Ten frontier occupied molecular
orbitals were divided into two sets based on their localization characteristics on either the
donor or acceptor groups. We define Li in eq. 3 as the sum of the squared coefficients (Ciμ)

of atomic orbitals  for molecular orbital i  to identify whether MO i is localized
on the donor or acceptor,

(3)

When  on the Fe porphyrin is larger than 0.3, MO i is identified as being localized on the

donor. If  on ZnP+•Trp191 is larger than 0.3, MO i is localized on the acceptor. (Note that
Trp191 is taken as part of the acceptor. See the detailed scheme in Figure S2.) We also
examined other threshold values larger or smaller than 0.3 and found that values around 0.3

produce stable values of .
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For each pair of donor and acceptor molecular orbitals (e.g., i ε D and j ε A), the two-state
generalized Mulliken-Hush (GMH) Hijvalue is computed by

(4)

Here, ΔEij is the energy gap between donor and acceptor MOs, μi and μj are the
corresponding dipole moments, and μij is the transition dipole moment between donor and
acceptor. (Note that the molecule must be rotated along its dipole moment apply eq. 4, since
the dipole is a vector.) Because the energy eigenvalues for frontier MOs of the donor/
acceptor are similar, the frontier MOs localized on a porphyrin exchange rapidly with
structural fluctuations along the MD trajectory (see Tables S5 and S6 for the eigenvalues of
frontier MOs of selected MD snapshots). The HDA value for one MD snapshot is computed
by summing over all donor-acceptor MO pairs,

(5)

Here, Hij is the electronic coupling between one donor molecular orbital and one acceptor
molecular orbital. ND is the number of frontier molecular orbitals localized on the heme
donor and ND is the number of frontier molecular orbitals localized on the ZnP+•Trp191

acceptor. We computed  using the last 2,000 snapshots from the MD simulations of
the five CcP:Cc complexes with eqs. 4 and 5.

D. ESP charge fitting analysis
We used the Gaussian 03 program84 with the B3LYP/6–31G* approach85–97 to compute the
ESP charges on the ZnP including W191. Ten representative geometries of ZnP were taken
from the MD simulations: five with larger |HDA| values (~10−5 eV) and five with smaller |
HDA| values (~10−8 eV). ESP charges were fitted for the neutral singlet spin states of ZnP
and also for the doublet cation radicals of ZnP. ESP charge differences between the two
states are shown in Table S2. These charges were used to characterize the localization of the
holes on W191.

E. Reorganization energy calculations
Reorganization energies were computed using the finite difference Poisson-Boltzmann
(FDPB) method implemented in the DelPhi software package.75,98–101 A 161×161×161 grid
is sufficient to obtain converged λ values. The linearized PB equation with Debye-Hükel

boundary conditions was solved to obtain  and  in eq. 6. The convergence criterion

is 1 × 10−4 kT/e total residual error in the potential. Here,  is the accompanying change

in the potential due to re-equilibration of the electronic polarization, and  is the change
in the potential upon electron transfer.

The ESP charges (i.e.,  in eq. 6) on the donor and acceptor were calculated separately
using Gaussian 09102 at the Hartree-Fock level with a 6–31+G(d) basis set using crystal
structures of the five protein-protein complexes. A dielectric constant of 2 (representing
electronic polarizability) was assigned to the protein and solvent, and an ionic strength was

set to zero to obtain . Static dielectric constants of 4 and 80 were then assigned to the
protein and solvent, respectively, and the experimental ionic strength of 6 mM18 was used to
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compute .75 λ was calculated using eq. 6 by summing over the product of the charge
and the potentials on the donor and acceptor group atoms,

(6)

Results and Discussion

Changes in the Heme-ZnP  values with protein-protein interface structures do not
explain the nearly equal observed back ET rate constants for the F82Y(I) mutants
compared to the WT CcP:Cc and the F82S(W) mutants

As shown in Figure S1, the protein-protein complex geometries of F82Y and F82I Cc
mutants are very different from those of the WT CcP:Cc complex,9 with strikingly different
D-A distances (see Table 1 and Figure 3). The ET distances (Fe-ZnP edge) are 22.4 Å for
WT, 22.5 Å for F82W, 22.6 Å for F82S, 27.9 Å for F82Y, and 27.8 Å for F82I. Despite the
fact that the two sets of DA distances differ by ~5 Å, the experimental back ET rate
constants in F82Y(I) are not significantly different compared to the WT CcP:Cc complex
and to the F82S(W) mutants. To explore this surprising insensitivity to complex geometry
and ET distance, we computed the average donor-acceptor electronic couplings using the
PATHWAY and INDO-GMH methods to determine whether specifics of the protein fold
might cause rate differences not anticipated by distance analysis alone.

The relative mean-squared donor-acceptor electronic couplings from the Cc heme to the CcP
ZnP computed with the PATHWAY method are given in Table 1. The logarithm of the
pathway coupling strengths for WT CcP:Cc snapshots are shown in Figure 5 and the
quantum chemically computed log|HDA| values are shown in Figure 6 (see Figure S3 for the
logarithm of |HDA| values of the four CcP:Cc mutants). For each protein complex, the |HDA|
values fluctuate one order of magnitude among 2,000 MD snapshots. The computed
couplings for the WT CcP:Cc complex and for the F82S(W) mutants reflect the fact that WT
and F82S(W) protein complexes have similar protein-protein docking geometries and ET
coupling pathways. Indeed, the measured back ET rate constants are similar.9 In contrast,
F82I and F82Y (with significantly different docking conformations compared to the WT
CcP:Cc complex and F82S(W) mutants) have PATHWAY computed mean-squared heme-

ZnP couplings that are two orders of magnitude smaller. Such  differences are
consistent with the simple D-A distance differences among the crystal structures.

The metal-to-metal (Fe-Zn) distances for the WT CcP:Cc complex and F82S(W) based on
their crystal structure are 26.5 Å, 26.4 Å and 26.3 Å, respectively; the Fe atom to ZnP edge
minimum distances are 22.4 Å, 22.5 Å and 22.1 Å, respectively (See Table 1 and Figure 3).
The similar distances are indeed consistent with comparable ET PATHWAY couplings for
WT CcP:Cc and F82S(W). However, for the F82Y(I) mutants, the metal-to-metal distances
are 29.8 Å and 29.4 Å, while the Fe-ZnP edge minimum distances are 27.9 Å and 27.8 Å,
respectively (see Table 1 and Figure 3). Both the metal-to-metal and the metal-to-edge
distances are about 3–5 Å larger in F82Y(I) than in the WT CcP:Cc and the F82S(W)
mutants, which is expected to decrease the coupling by one to two orders of magnitude,
based on square barrier estimates, and is consistent with the relative mean-squared
PATHWAY couplings. Similar conclusions are obtained if we consider the heme-to-Trp

 values (see Table S3 for distance analyses of Fe-ZnP and Fe-Trp): computed mean-
squared electronic couplings are very different for the two sets of proteins.

Jiang et al. Page 7

J Phys Chem B. Author manuscript; available in PMC 2014 August 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To further analyze the protein-mediated tunneling, the INDO-GMH scheme was used to
compute the electronic couplings, shown in Table 2, for the back ET (Fe(II)Cc →
Zn(II)CcP•+). This method could capture tunneling pathway interference effects that are
included at best in an average sense within the tunneling pathway framework. Couplings
obtained from INDO-GMH also decay rapidly with D-A distance, as in the PATHWAY
analysis. Thus, it is puzzling why all five the protein complexes, with different D-A
distances, have similar observed back ET rate constants. Next, we examine whether
additional factors, such as variations in the reorganization energies, may influence the
relative rates because large conformational changes occur in the protein-protein interface
(vide infra).

In summary, the above PATHWAY analysis considered the Fe-to-ZnP back ET, while the
INDO-GMH analysis includes both Fe-to-ZnP and Fe-to-Trp191 back ET mechanisms. Both
the (ensemble-averaged) PATHWAY and INDO-GMH coupling analyses of the WT
CcP:Cc complex and of the four mutants indicate that ET couplings decay approximately
exponentially with the D-A distance. Thus, the similar back ET rates among the five protein
complexes are not explained by coupling pathway effects between heme and ZnP(Trp191).
Next, we will examine the competing single step (Fe-to-ZnP) and hopping (Fe-to-Trp191)
recombination mechanisms in greater detail.

Hopping recombination via Trp191 is supported for back ET in all systems
The computed heme-to-ZnP electronic coupling trends do not explain the measured back ET
rates. However, we found that MOs localized on Trp191 computed by INDO make large

contributions to  for all five proteins. Individual MD snapshots with large

deviations of |HDA| from  in the INDO-GMH calculations indeed have several

Trp191 localized frontier orbitals that contribute to . As such, eq. 5 can be divided
into two parts, since the hole is spread over both ZnP and Trp191:

(7)

In addition to direct heme-ZnP tunneling, recombination ET may also occur by incoherent
sequential electron transfer via Trp191 (i.e., FeIICc→Trp191→ ZnP+•). That is, even low
populations of Trp intermediate states may have a large effect on the observed rate. Since
Trp191 in CcP is ~3.6 Å (edge-to-edge) away from ZnP, the rate of Trp191 oxidation by
ZnP+• may be fast on the time-scale of ET recombination because of proximity to ZnP.
Hence, back ET via incoherent Trp hopping may accelerate charge recombination9 (see
Figure 2 for the detailed kinetic scheme).

To explore in greater detail whether a hole can be localized on Trp191, if only transiently,
ESP charge analysis based on density functional theory was performed. We computed ESP
charge differences between the neutral and radical cation states of ZnP and Trp191. Despite
the reduction in the pKa of Trp upon oxidation, it is well established that the Trp191 radical
remains protonated in the long-lived Cpd I state of CcP, and thus it should also remain so on
the much shorter time-scales of the ET processes investigated here.103 For ZnP and Trp191,
the sum of the ESP charge differences between the neutral and radical cation states is shown
in Table S2 for five MD snapshots with large |HDA| values and for five MD snapshots with
small computed |HDA| values. The charge values in Table S2 for ZnP or Trp191 represent
the percentage of the hole that is localized on ZnP or Trp191. For the five MD snapshots
with large |HDA|values, we find that 12% of the hole is localized on Trp191. In contrast,
only 2% of the hole is localized on Trp191 for the five MD snapshots with small |HDA|
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values. This analysis of hole localization supports the viability of a hopping mechanism via
Trp191 for all of the Cc/CcP species.

To examine whether or not hopping via Trp191 is essential in determining  for
recombination ET, we removed all of the MOs localized on Trp191 from the INDO-GMH

calculations of  (i.e., we set Hheme-Trp191 = 0 in eq. 7). As shown in Table 2, the

resulting  values for WT CcP:Cc and for the F82S(W) mutants decreased by about
three orders of magnitude compared to the values calculated with Trp191 present. The
decrease in the ET rate upon removing the Trp191 in our calculations supports a hopping
mechanism through Trp191 for WT CcP:Cc and F82S(W) dominating the back ET reaction.

In contrast, for the F82Y(I) mutants, the  values are decreased around one order of
magnitude by removing the Trp191.

Hoffman and coworkers showed that the W191F CcP single mutant has a much slower back
ET rate (keb = 74s−1)40 than WT CcP:Cc (keb ≈ 6,000s−1) in solution. To further explore the
role of Trp191 in the coupling and back ET, we modeled the system studied by Hoffman and
coworkers40 by building the W191F mutant based on the WT crystal structure of CcP:Cc.
We mutated Trp191 of CcP to Phe191 using the VMD program.76 Phe cannot be oxidized
by ZnP+•.9,14,40 The QM region for the INDO analysis in this mutant was based on
PATHWAY screening (shown in Table S1). No orbitals among the ten highest occupied
molecular orbitals were found to be localized on Phe191 in the INDO analysis. Back ET for
W191F is likely to occur in one-step:

(8)

The INDO-GMH analysis shows that the mean-squared coupling of the WT CcP:Cc
complex is about 500 times larger than that of the W191F mutant, in agreement with the
experimental observation that the measured back ET rate of W191F drops 200-fold
compared to the WT CcP:Cc complex.40 This further supports a hopping pathway through
Trp191 in the WT CcP:Cc and F82S(W) complexes, determining the back ET mechanism
and rate.

In summary, INDO-GMH and ESP charge analyses of the five protein complexes and of the
mutant (W191F) indicate a crucial role for Trp191 in back ET. A multi-step hopping
mechanism via Trp191 is likely to be present in all five CcP:Cc complexes, but the
propensity for hole delocalization onto Trp191 does not explain the independence of the
recombination rates on distance. In fact, hopping recombination would seem to enhance the
rates in the shorter distance systems compared to the longer distance systems, further
widening the expected gap between recombination ET rates.

Trp191 plays a larger role in the WT complex and F82S(W) mutants than in F82Y(I) based
on INDO-GMH analysis

Why does Trp191 play a less significant role in determining  in F82Y(I) than in the
WT CcP:Cc and F82S(W), as shown in Table 2? To address this question, we chose three
MD snapshots randomly with large |HDA| values and three MD snapshots with small |HDA|
values for each of the five protein complexes. The frontier molecular orbitals with the

largest contribution to  are plotted in Figure S6. Large |HDA| snapshots always have
strong heme-Trp191 mixing (hopping recombination) while MD snapshots with small |HDA|
values always have weaker heme-ZnP mixing (single step tunneling recombination). As
shown in Figure S7 and Table S4, strong coupling between heme and Trp191 occurs in
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fewer than 1% of the 2,000 snapshots for the F82Y(I) mutants. In contrast, strong coupling
between heme and Trp191 occurs for more than 10% of 2,000 snapshots in the WT CcP:Cc

and F82S(W) complexes and makes significant contributions to the total  values.
Note that since the heme-Trp191 distances in the five protein complexes are about 7 Å
shorter than the heme-to-ZnP distances (Figure 3), the heme-to-Trp191 coupling is always
about three orders of magnitude larger than the heme-to-ZnP coupling, based on an average
exponential distance decay model. Nevertheless, taking F82Y as an example, only 0.7% of
the snapshots (i.e., NTrp / Ntot, NTrp is the number of snapshots in which the frontier
molecular orbital were localized on Trp191 and Ntot is the total number of snapshots, Table
S4) have Trp191 localized (acceptor) frontier orbitals, and the heme-to-Trp191 coupling

accounts for about 87.5% of the total coupling (i.e., , where  is

the mean-squared ET coupling of Fe-Trp191 and  is the total mean-squared ET
coupling). However, for F82W, 11.6% (NTrp / Ntot, Table S4) of the snapshots have strong

heme-to-Trp 191 coupling that accounts for about 99.9%  of the total
coupling. Therefore, eliminating Trp191 in F82Y(I) would result in an averaged squared ET
coupling becoming about one order of magnitude smaller; eliminating Trp191 in F82S(W)
would cause a two order of magnitude decrease in a mean-squared ET coupling.

Why are the percentages of snapshots with the Trp191 localized frontier orbitals so different
for the WT and F82S(W) mutants compared to the F82Y(I) mutants? Mutations at the
protein-protein interface cause large conformational changes in F82Y(I), orienting the
positively charged Lys 77 and Lys 84 residues of Cc at the interface to enter the ET coupling
pathways (this does not occur in the WT and F82S(W) species). The electrostatic
interactions of the two Lys residues in the ET pathway of the F82Y(I) mutants perturb the
energy ordering of the frontier molecular orbitals. Indeed, we analyzed the energy
eigenvalues of the ten frontier orbitals of the F82Y and WT complexes (frame 142 in F82Y
and frame 730 in WT as two examples). As shown in Table S5, frame 142 in F82Y (Lys
positively charged) has much lower energy eigenvalues of frontier orbitals compared with
frame 730 in WT. In particular, several orbitals localized on ZnP are shifted into the set of
the ten highest energy occupied orbitals. To test our hypothesis that the positively charged
Lys residues can influence the energy ordering of the frontier orbitals, we neutralized the
two Lys residues in Cc and analyzed these model systems using INDO. We found that the
frontier orbitals in F82Y(I) with neutralized Lys 77 and Lys 84 are very similar to those in
the WT complex, as shown in Tables S5 and S6. This indicates that the charges of residues
on or near the tunneling pathways strongly influence the coupling strengths. Neutralizing the
two positively charged Lys residues in F82Y shifts the energies of some of the molecular
orbitals localized on the heme up into the set of the frontier orbitals. Therefore, mutations at
the protein-protein interface change the ET coupling pathways, increase the back ET
distance in F82Y(I), and weaken Trp191 hopping pathways compared to WT and F82S(W)
species.

In summary, ~10% of the sampled WT and F82S(W) ensemble supports Trp-mediated ET
re-combination, while only ~1% of the F82Y(I) ensemble supports Trp-mediated
recombination. We predict that further mutation of Trp191 in F82Y(I) to residues such as
Phe will lower the ET rates 10 fold because of the relatively low percentage of snapshots
with strong heme-to-Trp191 ET pathways in F82Y(I). In contrast, we predict that back ET
rates in the double mutants W191F CcP:F82S(W) Cc will be two to three orders of
magnitude slower compared to the rates in the WT CcP:Cc complex. More interestingly, if
Lys77 and Lys84 of Cc were mutated to neutral residues, the back ET rates of F82Y(I)
would be predicted to increase about 100 fold (assuming the F82Y(I) docking motifs are
conserved).
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Increased reorganization energies in F82Y(I) accelerate back ET rates, despite their weaker
 values

Above, we calculated  values for the F82Y(I) mutants to be two to three orders of

magnitude smaller than  values for the WT CcP:Cc complex and for the F82S(W)
mutants. This is explained by the longer D-A distance in the F82Y(I) mutants, as is the case

as well for hopping pathways through Trp191. The computed  trends therefore do not
explain the experimental observation that the rates in the F82Y(I) mutants are unchanged as
the D-A distance increases by ~6 Å (edge-to-edge). Since the F82Y(I) mutants have large
conformational changes in the protein-protein interface (compared to the WT CcP:Cc
complex and F82S(W)), we suggest that the (distance-dependent) reorganization energies
for these two mutants account for the ET rate similarity among the five protein complexes.
Indeed, similar distance dependent λ effects have been found in other chemical systems.104

The Marcus two-sphere continuum model predicts:71

(9)

where Δe is the charge transferred from the donor to the acceptor, a1 and a2 are the radii of
the donor and acceptor, r and is the donor-acceptor distance. εop and εs are the optical and
static dielectric constants of the medium, respectively. Here, Δe = 1, a1 = 2.75 Å and a2 =
6.75 Å, which are the typical D and A radii (since we chose Fe as the donor and ZnP as the
acceptor). We use εop = 2 and εs = 4. The Marcus model and edge-edge distances in Table 1
give the computed λ values for the five proteins shown in Table 3. Since the edge-edge
distance for F82Y(I) increases by about 6 Å compared to the other three derivatives, λ
increases by about 0.1 eV compared to WT CcP:Cc. (Note that the reorganization energy
trends for all five proteins are not changed by the values of a1 and a2.) A clear limitation of
the Marcus two-sphere model applied to proteins is its assumption of “spherical” donors and
acceptors and its use of a single dielectric constant to describe the medium (not
distinguishing between protein and solvent).

Finite difference Poisson-Boltzmann (FDPB) analysis offers some advantage over the
Marcus two-sphere model (nonspherical redox species and two or more dielectric constants),
although it is challenging to unambiguously assign the dielectric constants. Quantum
corrections to eq. 1 cause further complications in predicting how changes in λ influence the
ET rate. With these complexities in mind, we have chosen the FDPB approach as a
compromise strategy (vide infra), given the qualitative aims of our analysis, and we use this
approach to calculate the ET reorganization energies (see Table 3). Indeed, the FDPB model
calculations give the same general trends in λ as does the Marcus two-sphere model. The
FDPB model includes two dielectric constants, one characteristic of protein (ε=4) and one of
water (ε=80). Since only one dielectric constant appears in the two-sphere Marcus model,
and we have set ε=4, we believe that this implementation of the two-sphere model likely
underestimates λ, and we favor the FDPB approach which accommodates two dielectric
constants. Indeed, the FDPB method has seen success in estimating reorganization
energies,75 although there is uncertainty associated with the choice of these continuum
dielectric constants and the geometry of the dielectric boundaries. Our main interest is in the
distance scaling of λ, so we adopt the simple FDPB approach here. Other strategies to obtain
more reliable estimates of λ are based on linear response theory and MD or QM/MM
simulations. See, for example, studies from the groups of Warshel,105–109 Blumberger and
Klein,42,110,111 Yang,112 and Elstner113 for detailed descriptions of these methods. The
atomistic simulations promise enhanced reliability derived from fewer empirical parameters,
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but the methods also carry a larger computational cost and may have limitations when
implemented with force fields that are not polarizable. A more general discussion is beyond
the general scope of the present study.

The two different reorganization energy computational protocols have very different
consequences. The two-sphere computed λ values differ little (~0.1eV) across the entire
suite of variants. In contrast, in the FDBP approach, as the metal-to-metal distance increases
by 3 Å and the Fe-ZnP edge distance increases by about 6 Å, the computed reorganization
energy increases by about 0.4 eV in the F82Y(I) mutants compared to the WT CcP:Cc
complex because of the influence of the high dielectric region being included. Thus, the WT,
F82W, and F82S variants have a roughly common value of λ that is 0.4 V larger – nearly
double the values - than λ for the F82Y and W191F variants. This major difference in the
exponential of the FC factors for the two subgroups of proteins has a dramatic impact on the
computed values of the rate constants and brings the experiment and theory into qualitative
alignment. Hence we discuss below only the results for the FDBP approach to computing
the reorganization energy.

In the analysis of cytochrome c:cytochrome c peroxidase charge recombination discussed
above, the conformational sampling is carried out on the ns timescale. Since this time scale
is several orders of magnitude shorter than the time scale of the fastest charge recombination
kinetics, we assumed that an ensemble-averaged recombination rate would be proportional

to . Indeed, on the ns time scale, we observe protein snapshots with hole localization
on ZnP and on Trp191 for different structural snapshots. If the experimental charge
recombination kinetics contained only a single phase, we would end our analysis here.
However, the observed charge re-combination kinetics is multi-phasic.9,15,40

Ideally, we would sample protein conformational fluctuations on the full experimental time
scale, extending to hundreds of ms. However, in the absence of this capability, we construct
a simple hypothesis to link the two qualitatively different hole localizing poses seen in MD
to the non-exponential kinetics. That is, we will assume that the protein-protein complex is
able to “lock in” hole localizing states of ZnP and of Trp191 that then undergo slow
conformational exchange, thus giving rise to multi-exponential kinetics. This kind of
relaxation could, for example, involve protein polarization around the hole species. Note that
the MD simulations are based upon neutral ZnP/Trp191 units, and thus preclude such hole
localization and trapping. As such, we estimate the time scales of the two recombination
components by binning our inter-protein HDA values into classes that involve heme-Trp191
tunneling (corresponding to the fast kinetic phase) and those that involve heme-ZnP
tunneling (corresponding to the slow kinetic phase). To obtain the rate constant for the slow
recombination phase, we used the reorganization energy of the W191F mutant and

 as the mean-squared coupling. The coupling for the fast phase is taken as

 (Table 3). The averaging is over those members of the two ensembles
with stronger (heme-Trp191) and weaker (heme-ZnP) tunneling recombination. The
computed back ET rates for slow- and fast-phase kinetics appear in Table 4.

For the complexes with F82Y(I), we found that the ET rate constants for both kinetic phases
agree well with the observed values. Furthermore, although the electronic couplings in
F82Y(I) are three orders of magnitude smaller than in the WT complex, the rate constants
for the dominant fast-phase ET process are computed to be only 10 times smaller than for
the WT CcP:Cc complex because the reorganization energy changes in the F82Y(I) mutants
largely compensate for the weaker electronic couplings. These complexes are in the
‘inverted regime’, where the two-fold larger value of λ as calculated by the FDPB protocol
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for F82Y(I) (Table 3) accelerates ET.114 Meanwhile, the fast-phase ET in W191F
disappeared in our calculations (last row of Table 4), as is also observed in the
experiments.40

For the WT and F82S(W) complexes, the predicted ET rate constants for the slow kinetic
phase are likewise in good agreement with the experimental values, Table 3. However, the
predicted rate constants for the fast kinetic phase are 15–50 fold larger than the larger
experimental ET rate constants. It may well be that the calculated process is not observed
experimentally, and that the experiment and computation thus are disjoint. For an ET cycle
with a back ET rate constant of kb~105 s−1, but a forward rate orders of magnitude slower,
the accumulation of the ET intermediate would be too low to be detectable. This is indeed
the case for the Cc:CcP complex in single crystals.9 Furthermore, the contributions of Cc
Lys77 and Lys84 to the calculated F82Y(I) back rates underscores the susceptibility of
interprotein ET to the states of specific side chains at the interface. It is possible that similar
changes in charge or conformation of the long ionizable residues in the WT interface (e.g.,
Cc Lys11, Cc Arg13, CcP Glu201) that are not captured by MD decrease the back rates. It is
worth noting that the crystal structures of the F82S(W) variants display greater variability in
Cc positioning than the WT structure.9

Alternatively, the difference between the predicted and experimental values of kb1 could
indicate that even the FDPB method for computing reorganization energies is not yet
sufficiently accurate and/or that the contribution of W191 to the coupling is overestimated.
As the computed values of λ put the complexes with F82S(W) further from the maximum
value in the Marcus model, (Table 3, using estimated redox potentials as noted115,116) the
predicted rate constants for these mutants are more strongly dependent on λ and ΔG than the
F82Y(I) mutants and are thus more sensitive to model-dependent uncertainties associated
with the FDPB approach for computing λ.

Conclusions
We have used electronic coupling and reorganization energy analysis to explore the
mechanisms of charge recombination in WT and mutant CcP:Cc protein complexes. Our
analysis suggests that the charge recombination involves a mixed tunneling-hopping
mechanism in all five protein complexes, consistent with earlier suggestions and multiphasic
back ET observations.9,39 Interestingly, electrostatic interactions of the Trp cation radical
with nearby Lys diminish the contributions of hole hopping in F82Y(I) mutants by 10 fold
compared to the WT and F82S(W) mutants. Hole hopping via Trp191 accelerates the
recombination kinetics by shortening the tunneling distance. It is particularly intriguing that
the Trp 191 establishes “flickering” resonances as the protein undergoes conformational
changes, a dynamical control of electronic structure that we have also noted for hole
transport in nucleic acids.7,117

Similar recombination rate constants are found for all five protein complexes, despite the
very large distance and conformational differences in the F82Y(I) species compared to the
WT and F82S(W) mutants. Our computations suggest that increasing the reorganization
energy in the F82Y(I) mutants accelerates recombination ET, because this reaction is in the
inverted region, changes in λ compensate the lower population of hopping pathways and the
longer D-A distance in the F82Y(I) mutants. The similarity of rate constants observed for all
five protein-protein complexes is attributed to this balance of λ, distance, and hopping
pathway population effects.

Based on the hopping mechanism via Trp191 proposed in all five species, the hopping poses
in WT and F82S(W) are more highly populated than in F82Y(I) (10% vs 1%). The squared
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electronic couplings from the Cc heme to the CcP Trp191 are thus expected to be as much
three orders of magnitude larger than from heme to ZnP (based on an exponential distance
decay model, Figure 3). As such, we predict that the double mutant W191F CcP:F82Y(I) Cc
complex would have an ET rate one order of magnitude smaller than that found in the
F82Y(I) single mutants because only about 1% of the snapshots have frontier orbitals
localized on Trp191 (Table S4).

Our calculations of electronic couplings predict that the double mutant W191F
CcP:F82S(W) Cc complexes are expected to have rates slower by two orders of magnitude
compared with rates of the F82S(W) mutants because about 10% of the snapshots have
frontier orbital localized on Trp191 (Table S4). Because of the structural similarity between
Phe and Tyr, the W191Y mutant would have very similar back ET rates compared to the
W191F mutant.39 Since Lys77 and Lys84 of Cc in F82Y(I) influence the weighting of
Trp191 hopping pathway, the back ET rates are predicted to increase about 100 fold if both
Lys residues are mutated to neutral residues. These proposed mutations studies offer an
opportunity to explore the contribution of hole hopping to the inter-protein charge
recombination mechanism in CcP:Cc complexes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Crystal structures of WT ZnCcP:Cc (PDB ID: 1U749) and F82Y mutant of Cc (PDB ID:
2B129). ZnP replaces the heme in CcP. Residue 82 is the mutation position in Cc. The
aligned crystal structures for all five protein complexes appear in Figure S1.
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Figure 2.
The kinetic scheme for ZnCcP:Cc ET. The back ET rate constant keb studied here is
insensitive to mutations that change the protein-protein interfaces and the donor-acceptor
distances.
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Figure 3.
The key distances in the WT CcP:Cc complex are shown in green, F82S in yellow, F82W in
purple, F82Y in mauve, and F82I in cyan. The Fe-ZnP distances are 21.4 Å in WT and
F82S(W) and 27.6 Å in F82Y(I). The distance of heme to Trp-191 (14.5 Å in WT and
F82S(W) and 20.3 Å in F82Y(I)) is measured as the distance of Fe atom in heme to the edge
of the aromatic ring in Trp191. The crystal structures are realigned on CcP using VMD76

and only the porphyrin rings and Trp191 are shown.
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Figure 4.
Crystal structure of the WT CcP:Cc complex (PDB ID: 1U749). The strongest electron-
transfer pathway computed by the PATHWAY model is shown between Cc and CcP with
the red dotted line. All of the labeled residues are included in the INDO calculations for the
WT CcP:Cc.
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Figure 5.
Logarithm of PATHWAY coupling versus snapshot number for the WT CcP:Cc complex.
The time step between snapshots is 2 ps.
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Figure 6.
Logarithm of |HDA| versus snapshot number for the WT CcP:Cc complex from INDO-GMH
calculations. The time step between snapshots is 2 ps.
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Table 2

Calculated mean-squared ET couplings based on INDO-GMH analysis for six protein complexes with and
without Trp191 as the acceptor.

With Trp191 Without Trp191

HDA
2 10−14eV2 HDA

2 10−14eV2

WT 4,700 7.7

F82W 8,300 11

F82S 5,800 6.2

F82I 6.8 0.15

F82Y 8.6 0.41

W191F -- 3.9
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Table 4

Computed fast- and slow-phase back ET rate constants for the WT and mutant CcP:Cc complexes. The rate
constants were computed using the experimental Δ G values1 and λ values from FDPB calculations

(kmax×e−(ΔG+λ)2/4λkT from Table 3).

keb1
calc

s−1

keb2
calc

s−1

akeb1
exp

s−1

akeb2
exp

s−1

WT 1 ×105 200 6000b --

F82W 2 ×105 300 5800 60

F82S 1 ×105 200 2000 70

F82I 1000 20 4000 70

F82Y 1000 60 2100 40

W191F -- 400 -- 74

a
Experimental keb values taken from Ref. 7; calculated keb values are obtained using the ΔG values of Table 3.

b
Lower bound.

(1)
Rafferty, S. P.; Pearce, L. L.; Barker, P. D.; Guillemette, J. G.; Kay, C. M.; Smith, M.; Mauk, A. G. Electrochemical, Kinetic, and Circular

Dichroic Consequences of Mutations at Position 82 of Yeast Iso-1-Cytochrome C. Biochemistry 1990, 29, 9365–9369.

J Phys Chem B. Author manuscript; available in PMC 2014 August 08.


