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We present an analytical model that describes the coupling of protein fluctuations to electron transfer. The
model treats both the protein and the bulk solvent to couple to electron transfer. The protein is represented
by a low-dielectric cavity containing explicit protein atoms, and the bulk solvent is represented by a high-

dielectric continuum surrounding the cavity.

Protein fluctuations are modeled by collective normal modes

with solvation energies incorporated through explicit reaction field energies. The shifts of the equilibrium
normal mode variables upon electron transfer, related to the mode-specific couplings and reorganization

energies, are calculated assuming the difference of the potential energy surfaces before and after electron

transfer by a hyper plane in the normal mode vector space. This linear coupling assumption allows only one

set of normal mode vectors to span both the

reactant and product equilibrium conformations. The model is

equivalent to a reduced spiboson formalism (protein only); however, unlike previous work within this

formalism, the bath modes are not spatially anonymous in our treatment. They are associated with unambiguous

frequency and spatial signatures allowing a spectral analysis of protein reorganization energy with one-to-
one connection with actual protein fluctuation. This aspect of our model is very crucial since it allows, for

the first time, to make a direct connection between actual protein motion and electron transfer, as demonstrated

by a simulation presented in an accompanying pajpePlys. Chem1998 102, XXX).

1. Introduction

Electron transfer (ET) is one of the most fundamental
processes in chemistry and biology, and accordingly it has
attracted significant attention from researchers in diverse
disciplines in recent years. In biological systems, there are
several classes and types of proteins that mediaté &,
probably optimized via evolution for a specific purpose. To
understand how these proteins work, or how protein-mediated
ET differs from one that is not protein-mediated, a sound

understanding of the theoretical aspects of the process is needed,

especially one that can pinpoint protein involvement in the
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reaction at atomic resolution. Besides, such an understandingFigure 1. Free energy curves before and after electron transfer as a
will also provide insights into designing artificial systems that function of nuclear coordinates of the system.

can act as energy transducers, including those that harness solar

energy.
Theoretical aspects of nonadiabatic ET process are well-

electronic wave function. The three-dimensional skeleton of
the protein further restricts the distance and orientation of the

established within the classical, semiclassical, and quantumdonor-acceptor sites, thereby affectitipa.

mechanical framework:8 In all these theories the first step is
a partition of the ET rate constakgr into two factors: the
electronic factoHpa and the nuclear factor FC.

27 2
Ker = (F)HDA FC (1)
The factorHpa contains information about the total (direct
and indirect) interaction of the doneacceptor electronic wave
functions. A major protein contribution tdpa arises through
enhancing the indirect interaction of the donacceptor
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The factor FC is related to the fluctuations and relaxation of
the nuclear polarization of the medium. In classical treatment
of ET, a key parameter in the FC factor is the reorganization
energy,A, defined as the free energy change associated with
the relaxation of the entire set of nuclear coordinates surrounding
the red-ox sites as the charge distribution changes from the
reactant (R) to the product (P) state. In Figure 1 this is shown
as the free energy released as the nonequilibrium state B relaxes
to the equilibrium state C. The FC factor, with explidit
dependence, is given by
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Protein Electron Transfer. 1

The involvement of the protein matrix in FC, like in the case
of Hpa, is also direct and indirect. Indirectly, by keeping the
polarizable solvent (usually water) away from the immediate
vicinity of the red-ox sites, it can make FC less solvent-
dependent. Concomitantly, by actually surrounding the red-ox
sites, the protein affects the FC factor via the coupling of protein
nuclear polarization fluctuations with the change of electronic
state during ET, the electrertonformation (e-c) coupling.

In recent years a number of studies have attempted to address

the question of ec coupling by molecular dynamics (MD)
simulation and subsequent analysis of the trajectdrif. The

key microscopic variable of interest in these studies is the energy

difference between the R and the P stdfesProbability
distributions of this energy difference and its autocorrelation
function serve as the starting point for a quantitative analysis

. Phys. Chem. B, Vol. 102, No. 11, 1998077
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explicit protein atoms
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of the e-c COUP"”Q- These gpproaches are suitable for assessingrigure 2. Schematic description of the proteisolvent system. The
the total coupling of the entire nuclear degrees of freedom. For bulk solvent is represented by a continuum dielectric with dielectric

ET in proteins, the total coupling arises from the degrees of
freedom of the protein as well as from the bulk solvent. In

terms of spatial identities of conformational fluctuations that

couple to ET, it is the protein fluctuations that are of prime

interest. In this regard it is important that a formal breakup of
the total coupling be made among the protein and the bulk
material, as was attempted earfiérin addition, a model that

constant ofD2% or D2¥, and the atomistic protein is considered to lie
within a spherical cavity with dielectric constaBgp. Of the total
number of protein atoms, chargegp) (on N atoms do not change upon
ET, while the other M sites change charge on EY t0 Qi + AQ).

the solvent nuclear polarization upon ET. The other and more
subtle effect is the equilibrium solvation energy of the protein.

can break down the protein coupling into a spectrum spanning While the former effect give_s rise to a single reorganizatio_n
the entire conformational space of the protein atoms is desirable Parameter, the latter effect is resolved along all the protein
In this paper we present a model that resolves the protein collective modes through reaction field energies.

coupling into such a spectrum.
Typically a protein molecule is very large, with its tertiary

structure governed dominantly by weak nonbonded interactions.

This gives rise to several low-frequency collective breathing
modes which arise due to sampling of the soft dihedral angle

space?20 |n the case of large macromolecules such as proteins,

a natural question is whether soft collective modes contribute
importantly to the coupling. There are other important issues
as well. Since the protein matrix is a highly heterogeneous
medium, the variation okgr, as a function of red-ox pair

distance and disposition within the protein matrix, is quite

This is the first attempt that quantifies the coupling of
atomistic collective modes to ET retaining full spatial signatures
of the modes. Our model is analytic and provides important
physical insight into the problem including a redefinition of the
inner sphere and outer sphere contributions to reorganization
energy. The strength of this model lies in the fact that it is not
just phenomenological but can be accessed by molecular
simulations. In a following paper we demonstrate the ap-
plicability of this model by a simulation on Ru-modified
cytochromec.24

complex. Theoretical understanding has typically been sought2- Formulation of the Problem

through modeling thédps term®21.22 But what if changes in

2.1. Description of the System.Before elaborating on the

the distance and disposition of the red-ox sites or mutations in \heqretical aspects of ET and its coupling to nuclear fluctuations,
the medium also affect the soft (or, for that matter, hard) modes e first describe the proteirsolvent system, as treated in this

whose contribution to FC is large? To have a comprehensive paper. The protein molecule is represented by explicit atoms

understanding of all of these issues, it is extremely important
that a theoretical framework be developed that allows one to
explicitly calculate the mode-specific contributions of-@
coupling in proteins.

whose fluctuations are modeled by normal mode analysis
(NMA). The protein molecule is composed &fl - N) atoms;
charges orM sites change with ET (denoted 6y andQ; +
AQ), while charges oiN sites do not change with ET (denoted

In the past, the medium surrounding the red-ox sites has beenby ¢;). This atomistic protein is placed inside a spherical

treated as a uniform continuuh}, as a piecewise constant
dielectric continuun®® or as a set of quantum harmonic
oscillators (inner sphere formda In this paper we use a new

dielectric cavity representing the protein shape. The spherical
cavity is surrounded by a structureless continuum dielectric
representing the bulk solvent. A schematic description of the

approach, where we carry out the natural generalization of the system is shown in Figure 2. The choice of the dielectric

inner sphere treatment to the more complex “oscillator” of the
atomistic model of a protein contained in a cavity surrounded
by a continuum dielectric (Figure 2).

Fluctuations of this atomistic protein molecule, contained in
a low-dielectric cavity and surrounded by a higher dielectric
continuum, are modeled by collective normal modes (NM)
around a minimum energy conformation (MEC). It is the

constants used for the cavity and the bulk solvent, as indicated
in Figure 2, is justified in section 2.2. The primary motivation

for choosing this special model (piecewise continuous and
atomistic) is to represent the electrostatic interactions, respon-
sible for coupling of nuclear modes to ET, as realistically as

possible together with the requirement that several energy
evaluations can be performed within a reasonable amount of

collective nature of these modes that becomes crucial in thetime.

theory. The mode-specific couplings are related to the mode-

specific shift of the MEC upon ET. Bulk solvent contribution

Protein conformational fluctuations are modeled, as described
above, by normal mode analysis in the following formulation.

to the ET is incorporated through two separate effects. The Normal mode analysis is based on the assumption that the

primary effect of the bulk solvent arises from the relaxation of

conformational energy function is harmonic within the range



2078 J. Phys. Chem. B, Vol. 102, No. 11, 1998

of thermal fluctuations. However, it is already known that this
assumption does not hold precisely for proteins. Even so, it is
also known that, as far as second moments of fluctuations of

Basu et al.

represents the direct Coulomb interactions; the tBjmepre-
sents the reaction field effect from the solvent. The surBjof
andB; terms will later be written akgr. Full expressions for

atomic positions are concerned, normal mode analysis can bethe A; and theB; terms are given by

extended as principal component anal§s§ to take into
account of effects of anharmonicities. Even though the fol-
lowing formulation is developed in terms of normal mode

analysis, most of the resulting formulas can be reinterpreted as

valid also for principal component analysis. Therefore, the

formulation developed in the following is in fact effective even

when conformational fluctuations are highly anharmonic.
The simple Coulomb’s law with a uniform dielectric constant

poorly models electrostatic interactions of heterogeneous sys-

tems. Especially for large low-dielectric molecules such as
proteins, this simple expression utterly fails to represent two
salient and important features in the actual electrostatic energy
The self-energies of the atoms, arising from the polarization
effect of the solvent, are completely ignored. These self-terms
are primarily responsible in accounting for the solvation energy.
Also, the screening of the pairwise energies due to polarization
terms is very poorly represented by the uniform or a distance-

dependent dielectric constant. There are two methods currently
available to partly overcome these deficiencies. One can either
use the microscopic PDLD approach developed by Warshel and

Levitt?"-280r use a macroscopic piecewise continuous dielectric
model based on solving the PoisseBoltzmann (PB) equation
made popular partially due to the work by Honig and co-
workers?® Because of its simplicity and capability to perform
calculations on large systems, we employ the latter method for
this work.

The parent equation for continuum dielectric models is the
PB equation

®)

whereQ(r) is the electrostatic potential(r) is the free charge
density,e(r) is the spatially variant dielectric constant, afd

is related to ionic strength effects. The simplest approach to
model the functiore(r) is to consider the protein to be a low-
dielectric cavity immersed in a high-dielectric bulk solvent. For
a realistic protein (cavity) shape, eq 3 cannot be solved
analytically due to complicated boundary conditions.

Instead, numerical solutions to eq 3 can be obtained, typically
calculated only for a single static conformation. In our model,
we need to perform energy minimization of the protein
molecule, and that requires several thousand steps of energ
and gradient evaluations. A spherical boundary for the protein
is the next practical solution since the solution to eq 3 under
this boundary condition becomes analytical. Expressions for
the spherical cavity model were first derived by Kirkwébd
and later applied to proteins by Tanford and Kirkwood (PK).
We will neglect all ionic strength effects in this work. The
total electrostatic energy is the sum of all atomic pair terms
(i #j) and the self-reaction-field ternBf). Direct Coulombic
self-terms 4;) are absent. Thus it is given by

Vo[e(r)-V-Q(r)] — k2 Q(r) — 4mp(r) =0

1
Eelectro= %ZQGI(AI] - Bij)

zeiej(Aij - By) (4)

1>]

R
2b.zei B;

where b and a are the cavity and the ion-exclusion radii,
respectively, and is the charge on thih site; the termA;

1
b

b

in
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ij
1 2N+ 1)Dgy — Din)(rirj "
D,/&o(n + 1)D

ij Pn(COSGij) (5)

out+ r'|Din\b2
where b is the radius of the cavityr; and r; are the radial
distances of atom andj with chargess ande, cos6; is the
cosine of the angle betwe&nandTj, and Py(cos 6;) are the

‘Legendre polynomials of order.

2.2. Nuclear Relaxations upon ET. The response of the
nuclear coordinates surrounding the red-ox sites that couple to
ET is exhibited by a characteristic relaxation to a new equilib-
rium configuration upon ET. Since the only change that the
ET process brings about is a change in the charge distribution
at the red-ox sites, this relaxation occurs solely due to the
corresponding change in the electric field permeating the
medium. There are two separate origins for this relaxation: (1)
redistribution of the electron density around the medium nuclei,
represented by the change in the electronic polariz&ipand
(2) reorientation of the permanent dipoles and mobile ions in
the medium, represented by the change in the nuclear polariza-
tion P,. Because of the time scales involved, it is assumed that
the electronic polarizatioR. relaxes instantaneously with ET,
while the nuclear polarizatioR, lags behind.

In continuum electrostatic models, the effect of the equilib-
rium medium polarizations is modeled through the dielectric
constant, where the high-frequency (optical) dielectric constant
represents the effect of onBg, while the zero-frequency (static)
dielectric constant represents the effects from bland Py
Marcus, in his original work on classical theory of ET, had
derived an expression for the nonequilibrium (with respect to
the product red-ox site charge distribution) polarizatien
produced upon ET. This is the key equation that led Mdfeus
to write expressions fot as a function of both the optical and
the static dielectric constants.

One of the goals of this paper is to derive suitaldle
expressions for the entire system, as separate contributions from
the protein and the bulk solvent. We treat the bulk solvent as

ya structureless continuum, and as a consequence, the treatment

of the bulk contribution tol is similar to that of Marcus.
Expressions folPk, as elaborated later, accordingly call for
the use of the statid2¥) as well as the opticaD®f) dielectric
constants of the bulk solvent, as indicated in Figure 2. In
contrast, we treat the fluctuations of the permanent dipoles of
the atomistic protein explicitly by classical simulation methods,
and so the protein cavity is characterized by only the optical
dielectric constantlgp) of the cavity, also indicated in Figure

2.

2.3. Protein and Bulk Solvent Contributions. The ET
process is accompanied by the relaxation of the entire collection
of nuclear coordinates that surround the red-ox sites. Since the
protein coordinates, due to bonding and other constraints, are
much more restricted to relax than the bulk solvent coordinates,
it is natural that the two relaxations be treated separately.
Further, it is the protein relaxations whose structural signatures
have relevance to design and control of ET through special
protein architectures.



Protein Electron Transfer. 1

(p®, p°)

(P*, b%)

reactant

Bulk Nuclear Polarization

(P*.b™)

Protein Nuclear Polarization

Figure 3. Free energy surfaces of reactant (thin line) and product (thick
line) states along the protein and bulk nuclear polarization. Points B,
X, C, and Y lie on the product energy surface.
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potential for the three states can be writteA?as
Wo(r) =1 Z‘%‘RFij(Dts),lk) - z%RFij(DgE)} + z%PFij(DgIE)
] ] ] (®)
() ={ ZQPFij(Dglk) - Z%PFij(D?)IE)} + Z":‘;PFij(D?)”;
] ] ] ©)
PA(r) ={ ZQ'RFij(Dglk) - ZQ-RF”(D%'E)} +
] ]
> &F;(Dop) (10)
]

WheregR andqP are the reactant and product charge distribu-
tions respectivelyF; is equal to Aj — Bjj)/b in eq 4, and the
dependence of; on D&y is implicit. Since the protein

One way to represent independent relaxations of the bulk nuclear polarization in all three states, A, B, and X, arepAll
solvent and protein nuclear coordinates is to redraw Figure 1 the dependence & on the equilibrium atomic coordinates in

as Figure 3, where, instead of free enecgyvesalong only a

R

the R state o is also implicitly assumed. Expressions for the

single nuclear coordinate (bulk solvent plus protein), free energy reversible work can be written %s

surfacesare shown as contour plots along the bk énd the

protein @) nuclear coordinates. The relevant nuclear coordinates
in ET can be represented by the corresponding nuclear polariza-

tions. The points B, C, X, and Y, shown in Figure 3, lie on the

product-state free energy surface; superscripts eq and * indicateW

equilibrium and nonequilibrium polarizations with respect to
the final-state charge distribution. Points B and C correspond
to B and C in Figure 1. Two new points, Y and X, have been
labeled in Figure 3; at Y the protein polarization is in equilibrium
(P9 b*), whereas at X the bulk polarization is in equilibrium
(p*, b®9). According to Figure 3 the total reorganization energy
can be formally broken down as

M (p*, 0% — (p* b*9} = 2" (p*, b*) — (p*, b°Y} +
AP (p*, B%) — (P, b} (6)

In the next section we derive appropriate expressions for the

bulk solvent contribution to total, APk,

3. Bulk Solvent Relaxation: APk

To estimateA?k{ (p*, b*) — (p*, be9)}, one requires a
knowledge of the nonequilibrium statgs*( b*) and (p*, be9).
Although the polarizationg* and b* are in equilibrium with

respect to the reactant charge distribution, they are nonequilib-

rium polarizations with respect to the new product charge
distribution. In this respect, they represent “special” nonequi-
librium states, and Marcus’s original wdrkexploited this fact.
While Marcus’s canonical expression for the reorganization
energy was derived for two conducting spheres in a dielectric
continuum, later a similar approach was used to defive
expressions for other geometries as ell.

1 1
_ "< R_R blky _ T~ P P blk
Wy = ZZQ g F;(Ds") ZZQ g F;(Ds) (11)

A—B —

XQP%RFu(Dg'k) - zeipejRFij(Dg";) +
T m;
1
Ezquijij(D(b)"; - ZeiR %‘RFij(ng) +
1
> & ¢Fy(Dod) — 3 e §°F,(Don) (12)
T 0

Using eqs 7, 11, and 12, the final expressionA# becomes

1
2= e — e — §){Fi(DGr) — Fy (D59}
1

(13)
This can also be rewritten as
2° = Eqe(AQ,, D3P, Doy) — Ere(AQ, DGp, Dg)  (14)

4. Protein Relaxation: Aprot

In the previous section we derived expressions for the bulk
solvent contribution td (eq 14). In this section we derive the
protein contribution tol, AP Unlike the bulk solvent, the
nuclear fluctuations of the protein are treated explicitly through
NMA (section 4.1). Each NM is associated with a mode-
specific APt 1P collectively making up the protein reorga-
nization spectrum, as described in section 4.2. In section 4.3
we outline the relationship between the R and the P state

Let us consider the system described in Figure 2, where theenergies, used later to derive analytical expressionstf6t

electrostatic energy is given by eq 4. We want to write the
energy difference between points B and X in Figure 3&s
A convenient thermodynamic cycle for achieving this is the
following

A=W g =W,y + W, g )
where W represents the reversible work done for processes
indicated in the subscripts; A is a state on the reactant free

with TK reaction field energies (section 4.4). To emphasize
the spectral analysis through NMMP™}, we call it the
normal mode reorganization energy spectrum (NMRES) model.
The NMRES model is compared with other linear models in
section 4.5, where distinguishing features of our approach are
pointed out. In section 4.6, as a natural followup of the NMRES
model, new ways to partitiod are proposed.

4.1. Collective Mode Description of Protein Motion
through Normal Modes. The classical Hamiltonian that

energy surface immediately below the state B and is therefore determines the energy of a molecular conformation or that

characterized by nuclear polarizatigt,(b*). The electrostatic

dictates the time dependence of the molecule in the multidi-
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mensional conformational space is quite complex. This Hamil- 3 3
tonian can be represented by an empirical energy fundjon %,) 2
which is given by - -
v, 2 1
— _ 2 _ 2 o 9]
E= bozndsKr(r feg + ag Ko(0 — 09" + Z’ . 1+ g o
gles dihedrals % A’k
-+ By (15 >
cosfip — y)] 1 5 electro (19) =
nonbonde Rij Rij é
Z
We represent the electrostatic energies in egELRero by |<__>\C(
Coulombic @) and reaction field termd3{) of eq 4. The cross AO',f

Coulombic and reaction field terms togethd@:4 and Ai-)
represent pairwise electrostatic energies with an effective
dielectric constant, while the self-reaction-field terni-()-
account for the solvation energies of the protein atoms. In this
sense eq 15 stands out from other standard force field energiesby the two different charge distributions at the red-ox sites.
In section 3 we have already provided expressions for the bulk Correspondingly these two potential energy surfaces (PESS)
solvent contribution td through a dielectric continuum model.  contain two distinct MECs, MEgand MEG. In this respect,
However, that bulk solvent contribution should not be confused the ET problem is different from many other protein confor-
with the electrostatic contribution to solvation energy as mational studies characterized by a single PES spanning many
incorporated in eq 15 through the reaction field terms. In terms local MECs. Despite this difference, if the MR@nd MEG
of Figure 3, the protein relaxation and fluctuations occur along resemble each other very closely in the conformational space,
the horizontal X< C lines. Along this direction the bulk  as experimentally verified for ET protei#33only one set of
solvent is always in equilibrium and contributes toward equi- NM vectors will suffice to represent the dynamics around both
librium solvation energies. the MECs. This specific feature of the ET problem is analogous

Normal mode analysis assumes that the conformational to the situation in the NMA of two distinct MECs on a single
energyE is harmonic within the range of thermal fluctuations. PES, although several other features of the ET problem resemble
Thus in terms of the collective NM variables, those that are found in molecular spectroscopy.

As shown in Figure 4, the NM energies before and after ET
(R and P) can be written as

1
ER = EZCUKZOKZ

k-th Normal Mode Axis

Figure 4. Normal mode potential energy before and after ET along
the kth NM axis ok (see eq 19).

3M+N)-6 1

E = Z —Q k20k2 ( 1 6)
= R

wherewy is the angular frequency of théh NM variable. In
the sense of principal component analysig,is the effective 1
angular frequency of thieh principal component variable. This EF = _Zwkz(gk — Aak°)2 — AE° (20)
collective variableoy, along with the NM basis vectors, 2

dictates the displacement of the mass-weighted Cartesian o . . .
coordinatesAX; (i = 1, ..., 3M + N)), around the MEC by whereAg,® is the NM variable shift of ME@ with respect to
MECr along thekth NM variable andAE® is the energy

3(M + N)—6 difference between the two MECs.
AX, = Z e (17) Equation 20 assumes that there is no frequency change
associated with the ET process and that the same set of

eigenvectors can describe fluctuations around the two MECs
In normal mode analysis, diagonalization of the hessian hefore and after ET. Justification for using the same set of NM
matrix, F (Fj = 9°E/dxx;), evaluated at the MEC yields as vectors for the initial and final state comes, besides the structural
the diagonal elements ard as theikth element of the basis  similarity of reduced and oxidized proteins, from simulation
seta. In principal component analysis, diagonalization of the studies which show that the low-frequency modes span the same

second moment matrix gives corresponding quantities. Each“important” conformational subspace around MECs that are
NM variable o therefore defines a collective motion of the close to each other in the conformational sp#ceThe

protein through eq 17 with a characteristic frequengy The advantage of using only one set of eigenvectors is that one can
time dependence afy is given by construct a concrete reaction coordinate (in the conformational
space). As will be shown in Figure 4 of the following paptr,
o(t) = Accost + 0y (18) the assumption embodied in eq 20 is very well satisfied in the
real system.

wheredy is the phase and is the amplitude of théth mode.
At a given temperature the classical mean-square fluctuation
(A&@/2) of thekth mode is given by

In analogy with the total of Figure 1, one may define a
protein reorganization energy™tas the energy associated with
the relaxation of only the protein nuclear coordinates as the

kT charge distribution on the red-ox sites changes. Within the NM
moszlassicalz L (19) description this will have components along all the NM axes,
wkz and thekth mode contribution is shown schematically in Figure
4.
4.2. Mode-Specific Coupling Coefficient and Reorganiza- From a simple geometric argument, the two parabolas of eq

tion Energy. The R and the P states in ET reactions are set up 19 yield the reorganization energy corresponding to ktine
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normal mode as modes to ET is brought in through the fluctuations of the energy
difference of the initial and final states. This energy difference
iﬁrot = 1wk2(Aok°)2 (21) is approximated by a hyper plane (eq 23) and reduces the theory
2 to the case of “linear coupling”.

Many elaborate theories have been developed in solid-state
physics based on a linear coupling assumption at the outset,
such as the spiaboson (SB) model, an approximation that still

The total protein reorganization energff°tis given by a sum
over all modes as

3(M + N)—6 leaves a tremendous amount of physically interesting behavior.
JProt— Z lﬁfm (22) The SB Hamiltonian, which models the electronic degrees of
freedom as a spin (two-state Hamiltonian) coupled to a medium

comprising a large number of independent harmonic oscillators
Equations 21 and 22 provide a means to decompose the totalthe bosonic bath), is given by
protein reorganizationE energy into a spectrum which comprises
contributions from individual modes. (ER HDA)
From an inspection of egs 21 and 22 it is evident that the Heg =
key quantity that determines either the mode-specific coupling
coefficient or the reorganization energy is the horizontal shift
along that particular modaoy°. One way to calculate the set
of shifts Aoy® is to perform two sets of NMAs around the
conformations ME@ and MEG. However, as pointed out
earlier, we propose to carry out only one set of NMA and
directly determine the shiftAo°. The energy difference
between the R and the P states at a given protein conformationy 8= (Hpp)o, +
can be written as

Hoa E° (26)

If the bath oscillators are identified with only the protein
modesER andEP in eq 26 become identical #8*andE” defined

in eq 20. For this reduced bath (protein only), the Hamiltonian
can be elaborated as

(e}

1
o,+ [ Zwasz} 1+
]

1 1 AE°
A7 ~w?Ac?— —|1 (27)
S (Sqoraa 1]

o,+

AE(o) =E"-E' = +

1
AB—EZwﬂmmf

Z(wk2A0k°)0k (23) whereo, andoy are Pauli spin matrices. The first two terms in

eq 27 represent the electronic part of the Hamiltonkdgy and

AE® have already been defined in eqs 1 and 19, respectively.
The third term represents the harmonic bath, whgrare the
. 1[0 g mass-weighted bath coordinatesof — Aok®/2) andw; are the

Aoy’ = _2{37(E o EP)} (24) corresponding frequencies. The fourth term in eq 27 is part of

@k K the Hamiltonian that represents the coupling of ET to the
harmonic bath. Eacjth bath mode, with frequenay;, linearly
couples to ET through a coupling coefficienf already

An expression foAoy® follows from eq 23 as

Even though it is possible to derive an analytic expression
of Aoy® from eq 24 by using an explicit expression of .
electrostatic energy for the R and P states, it is more practicalNroduced ineq 25.
to calculateER andEP numerically for a given values af, and Once the couplmg coefficientgare known, one can construct
carry out the differentiation of eq 24 numerically. This method e Spectral function(w)

is employed in the accompanying papér. )

Equation 23 also serves as the definition for the mode-specific 7 G
e—c coupling coefficient. The energy differenceE({oy}), J(w) = —z—é(w - wj) (28)
given by a linear combination of the NM variablés}, is a 27 o,
convenient representation of the generalized reaction coordinate
for the ET reactiot” Thus, the linear coupling coefficients A knowledge of the spectral functiod(w), the energy
are given by difference AE®, and the electronic coupling elemehipa
completely determines the dynamics of the system, including
¢ = 0lAG° (25) ways to determine the rate constants. Various ways to obtain

ET rates in the framework of the multimode SB Hamiltonian

Use of a simple continuum dielectric to represent the bulk are discussed extensively by Schulten and co-workers, and we
solvent through the TK model is an important part our model. refer the interested reader to their work and references tHéréin.
Despite the simplifications and assumptions that this representa- A detailed review on the SB model has been presented by
tion carries, it has advantages too. Use of the TK reaction field Leggett et af® The idea of employing the SB formalism to
energies allows the model to incorporate ionic strength effects ET is not new. Extensive applications of the SB Hamiltonian
on the mode coupling strengths in a straightforward manner. to study the problem of ET have been done by Onughi&®
The analytical form of reaction field energies that we employ Chandler!?4! Schultent!~13 and their co-workers. The dis-
in this work contains individual terms (direct and reaction field persed polaron approach used by Warshel and co-wdpkans
arising between and among the protein and red-ox site atoms)also be shown to be an approximation of the SB model at high
with clear physical meanings. The simple model used in this temperatures. Among these approaches, Schulten’s work comes
work can be extended by packing the spherical cavity with a closest to what we present here. Schulten, like us, used a
finite number of solvent moleculés. multimode Hamiltonian which allows inclusion of contributions

4.3. Comparison of NMRES Model with Other Linear arising from all modes. However, there are important differ-
Models. In the present work protein fluctuation is represented ences between the present work and Schulten’s. The difference
by collective NM variables, and the coupling of these collective primarily lies in the fact that we use a reduced bath, and more
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bound solvent molecules whose fluctuations are important. It

MD Simulation | Free energy is to be noted that since the fluctuations are modeled to be
(time) curves %%[b collective, even long-range spatial couplings will show up.
N 4.4. A New Way of Partitioning Total 2. As a consequence
of using a reduced bosonic bath (reduced because it lacks one

% .
Di lization of %5, © Sum
iagonalization o over all
variance covariance
matrix (Principal

Component Analysis)

FC degree of freedom originating from the solvent) for representing
the protein system and treating the bulk solvent contribution
separately, we have effectively expressed the totas

1= ﬂ,blk + Z /’{Erot (29)

horizontal
NMRE.S mode shift
Analysis AG O In contrast to this, the usual way to decompdsés the
(frequency) k following:3

Figure 5. Schematic comparison of various treatments of coupling of

ET to medium nuclear fluctuations. A= }*in +4

(30)
where the solvent contributions make up a singlg and the
high-frequency skeletal vibrations of the red-ox center make
up Zin through expressions similar to eqs 21 and 22. When
applied to ET in ions and small molecules, this is a reasonable
‘breakup.

However, eq 30 becomes unsuitable wlidaa estimated for
protein ET. Not only the solvent but also the protein matrix
' contribute significantly toloy, as

A + A

importantly, the bath modes are not spatially anonymous in our
work: this point is elaborated below.

Another difference is that we treat the system classically.
Extension of our treatment to a quantum system can be done
for example, by using the method proposed by Shuftel.

In Figure 5, we schematically show how our work fits in
with other approaches. The starting point of our simulations
the frequency domain, is highlighted for clarity in Figure 5.
Unlike the present work, all other models start from an MD A
simulation in the time domain. This yields free energy curves
of Figure 1 through probability distributions a@E(r[t]),6 or Estimation of the totaloy, as proposed in eq 31, was performed
alternatively, the spectral functial{w), defined by eq 28, can  in an earlier work® However, what we propose here (eq 29)
be obtained by the Fourier transform of th& autocorrelation is not merely a calculation of the protein and bulk solvent
function!! The latter method makes the bath modes anonymous contributions separately, but in our treatment, the protein
as far as the associated atomic fluctuations go, which we call contribution is explicitly spread over all the collective modes
“spatial-anonymity”. This spatial-anonymity is different from including the high-frequency modes that contribute i@
the following “frequency-anonymity”. As far as the computa- Because through eqs 21 and 22 we calculate the entire protein
tion of the rate constant goes, the former is totally irrelevant, A spectrumf;, can be estimated as a sum over all modes above
while the latter is tolerable only for the low-frequency classical a certain cutoff frequency (say 150 cHy whereas the remain-
modes. ing low-frequency modes would account for the protein

The important characteristic here is that for a given temper- contribution inAgyt
ature the high-frequency modes must be treated individually,

out — “solvent protein (3 1)

each possessing their individual characteristic frequencgand A= 2 APt

their individual couplings to the state change at the red-ox site, ki> 150cnT

captured in the reorganization energy parametgrsOn the

other hand, for modes of sufficiently low frequency, their Aot = z ARret 7Pk (32)
respective reorganization energies can be summed together and ki <150cnTL

the aggregate coupling described by a singlélo.) corre- o o _
sponding to a single classical oscillator. This is a more natural way of analyzirgin protein ET.

This simplification arises from the irrelevance of the fre- Note that since we include self-energies in the NM energies,
quencywy to the thermal excitation of a classical oscillator, high-frequency skeletal vibrations of the same red-ox skeleton
hence the frequency-anonymity of the low-frequency classical (heéme, for example) will contribute differently i, depending
modes as far as the FC is concerned. W) is obtained upon whether it is at the core of a protein or it is solvent
by a Fourier transform from the time domain, the modes are &XPosed.
assigned a frequency signature. Nevertheless, whether low
frequency and not-low frequency, all modes still have individual °. Summary
spatial signatures, useful in the spatial examination of the e Although several theoretical approaches are available to gauge
coupling. This spatial characteristic of the modes is lost unless the role of protein medium in controlling ET, in terms of
either an NM analysis is performed as we propose here or theaddressing certain questions at the molecular level, such as
MD simulation data are analyzed by a principal component whether some specific structural fluctuations are essential for
analysis?®> Our model enjoys all the advantages that the SB controlling ET or not, there was a gap between the existing
formalism offers, yet it is this inclusion of the spatial signatures theories and their applicability to experimental systems. To
of the modes where it stands out from other models that also bridge this gap and in continuation of our efforts to model
employ the multimode Hamiltonian model. protein structure and function from a collective motion view-

As a direct consequence of the spatial information of the bath point, we have presented a model that quantitatively connects
modes, a series of structural analyses can be performed. Forcollective protein fluctuation to ET.
example, given a set of modes that couple most to ET, we can Both the bulk solvent and the protein are treated to couple to
identify parts of the polypeptide chain, the cofactors, or the ET. The bulk solvent is represented by a structureless dielectric
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continuum within which the protein molecule is contained ina  Finally, we would like to point out how, as a novel
separate low-dielectric cavity. Protein fluctuations are modeled application, the present model can allow analysis of pressure
by collective NM vectors, which include equilibrium solvation effects on ET rates. Theoretical studies of pressure effects on
effects through reaction field terms. While the coupling of bulk NMs were studied by Yamato et &. Experiment data of
solvent and ET is expressed through a single paramgtéy, pressure effects on rates of ET exist for cytochramé Data

the protein component of the coupling is expressed as a spectrunirom this study have been analyzed exclusively by considering
spanning all the NM axes. The primary aim of formulating the effect of packing (as a function of pressure) on the electronic
this model was not to calculate rate constants or provide insightsmatrix elementpa. With the present model, one can analyze
into any new physics, but rather we wanted to assign functional how the reorganization energy changes with pressure by
importance to specific NM fluctuations, and this is reflected in combining our model with the work of Yamato et“al.
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