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An important question about electron-transfer proteins is how the environment of the redox site created by
the protein’s matrix affects their electron-transfer properties. Here, we investigate intramolecular electron
transfer in the [4Fe4S] ferredoxins, which are a class of iresulfur electron-transfer proteins found in
numerous electron transport chains, including the photosynthetic pathway. These proteins are characterized
by having two [4Fe-4S] clusters, often but not always with the same reduction potential, and by the pseudo-
2-fold symmetry of the protein backbone. The nuclear polarization is calculated from molecular dynamics
simulations ofClostridrium acidiurici ferredoxin, with a total of 6 ns of simulation, and is then used to
calculate free energy reaction curves. In addition, we present here a new method, referred to as the Gaussian
parabola method, for obtaining the reaction eneAgy® and the reorganization energyrom the mean and
fluctuations of the polarization, which is based on the linear response of a system with Gaussian fluctuations.
For ferredoxin, the calculated outer sphgiie small (<200 meV) and is consistent with the lack of temperature
dependence in experimental measurements of rates for this protein; however, the rate calculated from the
calculated! is consistent with experimental values if the inner splidsslarge. The calculations also indicate

that the contribution of the protein tbis smaller than that of the solvent, which implies that the protein
enhances the rate of electron transfer by providing an environment that has a low reorganization energy.

Introduction transferred between reduced hemes over distances of 10 to 20
A at physiologically significant rate’¥. The means by which
electron-transfer proteins control these reactions is of great
interest, both for basic understanding of these systems and also

photosynthesis, and nitrogen fixation. These proteins use for bt|'oen.g|rr1]eerl?r? apptllcl:at!onst;l StpeC|f|c§(;Iy, an |mportantt
oxidation—reduction chemistry to transfer an electron from a question 1S now the protein IS able lo provide an environmen

donor site to an acceptor site and thus can be described bythat gives risg to small activation energies._ While mutations
theories for electron transfé? in which the environment is 2/0ng the entire pathway between the two sites may affect the

assumed to affect the rate of an electron-transfer reaction.€l€ctronic coupling, mutations close to the redox §ites also have
Specifically, in Marcus theory, the polarization of the environ- 0€en shown to affect the thermodynamic properties of electron
ment is assumed to respond linearly to changes in charge, whichiransfef® and thus are more likely to affetG* due to the
means that the environmental free energy functions are quadraticcontributions of the reorganization energy. Although a signifi-
or parabolic, with the same curvature. cant amount of work has been performed on electron transfer
Free energy curves for electron-transfer reactions have beerPetween ruthenium-modified histidines and natural redox centers
studied from computer simulations with methods pioneered by in proteins;®*’the focus here is on electron transfer between
Warshel and co-workefs$ For example, the exchange between natural sites in proteins, namely, the ferredoxins.
two benzene-like solutés ferric—ferrous self-exchange;? Ferredoxins (Fd) are a group of small (6 to 12 kDa, 55 to
rubredoxin self-exchangé, and the photosynthetic reaction 100 aa) iror-sulfur electron-transfer proteins that are found in
centet!"1® have all been studied by using these methods. In a wide range of biological functions, including nitrogen fixa-
these studies, the assumption of a quadratic free energy curveion,!8 proton transfet? and reductior-oxidation reactions in
was reasonable, although a nonlinear response leading tothe cytoplasni®2i[4Fe—4S]-type ferredoxins consist offaS—
nonparabolic free energy curves becomes apparent under certaia,3 fold motif containing either one or two cubane-like [4Fe
conditions, such as the self-exchange of electrons for smalfions. 4s] clusters, where the basic structure consists of two iron sulfur
Electron-transfer reactions are highly efficient in biological clusters and a quasi-2-fold symmetry of the backbone (Figure
systems, transferring electrons over relatively large distances1)22The iron atoms in the redox cluster of ferredoxin are ligated
and with very fast rates' For example, electrons can be 1o the rest of the protein by cysteinyl residues with a ligation
" y "™ _— . pattern Cy4-X,-Cys-X,-Cys*-X-Cys', where superscripts in-
orop S eERendence s auhor il Gsecraeoun i gicate he four igands of one cluser X is any resdue, and
t Georgetown University. indicates that the fourth redox site ligand is far removed (either
*Washington State University. upstream or downstream) in sequence from the first three
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Electron-transfer proteins serve a vital role in the transport
and utilization of cellular energy. They are ubiquitous to all
life and are found in the pathways of cellular respiration,




20436 J. Phys. Chem. B, Vol. 108, No. 52, 2004 Tan et al.

Figure 2. A schematic representation of potential energy curves for
the electron-transfer reaction D+ A — D + A~, where D indicates
the donor and A indicates the acceptaG® is the driving force AG*

is the activation energy barrier, aids the reorganization energy.

to a free energy curve for the reaction calculated from a

_ _ _ - o ) histogram of the polarization energies. The new method

Figure 1. Ribbon diagram o€lostridium a(_:ldur|C|ferredoxm (2FDN) presented here relates the parameters directly to the mean and

containing ana33—a/3f pseudosymmetric backbone fold. The two e ation of the polarization energies by making the assump-

[4Fe—4S] clusters are shown in a ball-and-stick model and are labeled .. o . . P

as clusters 1 and 2. tion that the polar|zat|or_1 energles_follow a Gaussian dl_strlbutlon.
Both methods are outlined fully in the Methods section.

ligands?® The two-cluster ferredoxins have two of these ligation Methods
patterns, which can alternatively be described by the sequence

motif Cys!-X-Cys?-X,-Cys-X-Cys*, where the superscript 4 Theory. Consider the following electron-transfer reaction,
indicates a ligand of a different cluster than the unprimed 1 -
superscripts. Ferredoxins with two [4F4S] redox sites are D"+ A"—D™" + A" (1)

known to transfer electrons between the gttesd the transfer
is fast on the NMR time scalek(> 10° s71).25 The relevant where a donor (D) transfers an electron to an acceptor (A). In

redox couple for the [4Fe4S] ferredoxins is [F&Ss(SR)J2 /> ferredoxin, the donor and the acceptor are the two respective

which has characteristic potentials fron645 to 0 mV2® The iron—sulfur clusters, such that

reduction potentials may be the same for both sites or different 3= o

by as much as 192 m¥.High-resolution €2.3 A) X-ray crystal [FesS(SRU™ [FesSy(SRM™ —

or NMR solution structures of four one-cluster and seven two- [Fe,Sy(SR))”[Fe,Sy(SRY* (2a)

cluster ferredoxins, plus a number of mutant ferredoxins, have

been solved and are available in the Brookhaven Protein Dataor

Bank (PDB)?® Additionally, the sequences of approximately

120 species are available. D¥A* — D> A% (2b)
Here, the intramolecular electron-transfer reaction of ferre-

doxin is studied, specifically, the transfer of an extra electron

between the two oxidized [4FetS] clusters (or [F£&4(SRY]?),

The letters R and P will be used to refer to the reactants
(D3-A27) and products (B"A3") of eq 2, respectively, and

which is advantageous for several reasons. First, the donor anaAGa(x) will refer to the value of the free energy as a function

the acceptor are bound and therefore no orientation effects need f the reaction coordinat with the donor and acceptor in state

to be considere®2° Second, the distance between the donor & "€ a=R, P. Mar'cus.theory assumes that the reaction
and acceptor can be calculated from the crystal structures incoordlnate is the polarization of the environment and that the

the PDB?3! Third, ferredoxins are well characterized, with gggrgi?](;g)/i;o;?aggﬁ:n ;;astﬁoavsnair:L:ZTCE?QZOfv\t/h| eﬂpczl)%rléatlon
intramolecular transfer rates on the order of $0'.1° Finally, P ’ Y !

. ; . o - he free energy curve of the reactamt&p(X) is the free energy
computational studies have identified sequence determinants oft . —_— . i
the reduction potenti@f Specifically, Clostridium acidurici curve of the productshG* is the activation barrieihG* is the

ferredoxin (Ca Fd) is studied in this work. Ca Fd is an example ?r:gll\/r\l/glr?lzﬁg\,/v%n&;ctgse rr;g:%imzatlon energyThis leads to
of the simplest form of ferredoxin (Fajardo and Ichiye, to be

published), and a high-resolution crystal structure (0.9% i) L+ AGO)z

available in the PDB. The protein is very symmetric and thus AGF=X "=/ (3)
the redox sites are in relatively similar environments with similar 44
reduction potentials of approximatety420 mV32 The similar
reduction potentials indicate that the driving force should be
relatively small; however, transfer has been shown to be fast

on the NMR time scale and theoretical electron-transfer | cion of Marcus theory, as developed by Warshel and co-
9-31 !
pathways have been calculatéd? 3! . ~ workers3-6 This method calculates the free energy curves
In this work, molecular dynamics simulations of Ca ferredoxin AGr(X) and AGR(X) from the ratio of the probability of being

are performed with different oxidation states of the redox sites. 4t x on the reaction coordinate versus the probability of being
The nuclear polarization of the protein around the redox site is 4t the minimum,

calculated from the trajectories and is then used to estimate the

where the activation barrier is shown to be a function of the
driving force and the reorganization energy.
The free energy curves are constructed by using the molecular

free energy curve, driving force, activation energy, reorganiza- AGR(X) = —kgT In[Pr(X)] (4a)
tion energy, and electron transfer rate for the electron-transfer
reaction in Ca Fd. These parameters are calculated from the AGH(X) = —KgT IN[P(X)] + AG® (4b)

simulation both via the standard method and a new method.
The standard method involves a least-squares fit of a parabolawhereP(X) is the probability ofX, kg is Boltzmann’s constant,
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andT is the temperature. The functioR$X) can be obtained  oxidized and reduced potential energy parameters for each site.
from simulations by histograms of reaction coordinate The protein was completely solvated in a 4545 x 45 A3
However,X must be defined explicitly. box of preequilibrated TIP3® water as implemented in
For the reaction coordinat, a global reaction coordinate CHARMM. All solvent waters within 2.6 A of any non-
for the many-dimensional coordinate space of this system is hydrogen protein atom or crystal water oxygen were then
defined rather than the conventional local reaction coordiffate. deleted, resulting in 2782 total waters. Next, the solvent was
Here, the reaction coordinate is the polarization coordinate, relaxed slightly by 50 steps of steepest descent energy mini-
defined as the difference in the electrostatic potential energy mization followed by 2.0 ps of molecular dynamics with
(or electrostatic energy gap) between reactant charge stateGaussian assignment of velocities every 0.2 ps in which only
D3-A?, and product charge state?TA3", for a given nuclear  the solvent was allowed to move and the protein remained fixed.
configurationr, following the method by Warshel and co- Next, counterior§42were added by replacing a water molecule

workers!3 such that with an ion near each charged group (a sodium ion for the
_ negatively charged side chains, the C-terminus, and the redox
AV(r) = Vp(r) — Vg(r) (5a) clusters, and a chlorine ion for the positively charged side chains

and the N-terminus) of the protein to make the system net

and neutral. Thus, the final system consisted of 2765 TIP3P waters,
_ 15 Na" ions, 2 Cf ions, and the protein. The solvent
Va= FZA .Z ]z(ql"qi)/r” (5b) environment was equilibrated by fixing the protein while the
’ counterion and solvent velocities were propagated for 60 ps,
where a= R, P.Vais the electrostatic energgyyi is the partial during which time the velocities were scaled every 0.2 ps to a
charge at the center of the atorim the respective redox sitg target temperature of 308 5 K. Finally, the entire system was
g is the partial charge at the center of the atprin the equilibrated, where velocities were assigned to the entire system
environment, andj is the distance between atomandj. The according to a Gaussian distribution every 200 fs. Following

atoms of the redox site here are chosen as all atoms of the clustethis assignment, the velocities were allowed to scale every 200
including the cysteinyl S and C. The free enef@pf the entire fs if the temperature exceeded 3805 K until there was no
system of reacting species and solvent can be defined alongscaling for at least 20 ps. The amount of scaling was ap-
the global reaction coordinate. Combining eqs 4a and 4b with proximately 180 ps for both systems. The system was then
eq 5a, the relationship between the free energy surfaces andallowed to run unrestrained for 3.3 ns and the last 3 ns of data
the global reaction coordinate, defined as the electrostatic energywere analyzed for each system.

gap between two charge statées Free Energy Curves.The electrostatic potential energyy
. at each time step in the trajectory data was calculated by using
AGR(AV) = —kgT In{ PRIAV(Tg)]} (6a) Coulomb’s law. The differences in the electrostatic potential

energyAV between two donor and acceptor charge states, i.e.,
D3"A%~ and DA%, were then calculated for each of the

reactant and product nuclear configurations. The free energy
curves were then constructed by two methods outlined below.

AGH(AV) = —ksTIN{PAV(rp)]} + AG®  (6b)

whererg are the nuclear configurations from the molecular
dynamics trajectories of the reactant state, igrare the nuclear ) ) o :
configurations from the molecular dynamics trajectories of the 1 N€ first method involves fitting histograms of the data and
product state. will be referred to as “fit” parabolas. Fl_rst, histograms of the
Molecular Dynamics Simulations. Molecular dynamics ~ €N€rdy gapAV were constructed by using 20 equally spaced
simulations were carried out with use of the molecular mechan- €nergetic values. Next, the free energy curves for the reactant
ics package CHARMM29b3 The simulations were carried out and product systems were calculate_d via eqgs 6a and _6b. Finally,
in the microcanonical ensemble with a target temperature of the free energy curves from the histograms were fit by least
300 K, using the particle mesh Ewald (PME) summation Sduares to parabollc functlons. The driving foreeG°, was
algorithm3 The time step was 1 fs. Cubic boundary conditions c@lculated simply by setting the reactax®r(AV) equal to the
of 45 x 45 x 45 A3 were utilized, with a grid spacing of 0.9375  ProductAG(AV) at AV = 0, using the method of Warshel and
A, a B-spline coefficient equal to 6, andkavalue of 0.34. The co-workers_l.3 Then, the activation energ;&,(_S*, was calculated
force field parameters consisted of the CHARMM19 param- from thg fitted curves by _f|nd|ng the height of the reactant
eterd? plus additional parameters for the iresulfur redox site ~ Parabolic curve at the point where the reactant and product
as described elsewhet®All nonpolar hydrogens were treated ~ Surfaces intersect. Next, the reorganization energywas
via the extended atom model as part of the heavy atom to which calculated from the activation energy and the driving force by
they are attached, and all bonds containing hydrogen were helduSing the Marcus relation (eq 3). In addition, thg reorganization
at their equilibrium bond lengths by using the SHAKE €nergy of reactantdg, was cglculated as the difference in the
algorithm3” No atomic polarizability was included and a free energy of the reactants (i.e. the reactant curve) at the reactant
dielectric constant of 1 was used throughout the simulations. Minimum versus the product minimum, and the reorganization
Our experience with different parameters indicates that a energy of the productse, was calculated as the difference in
different force field would not result in qualitative differené8s.  the free energy of the products (i.e. the product curve) at the
The high-resolution crystal structure (0.94 A) of the fully product minimum versus the reactant minimum. To estimate
oxidized structure for Ca Fd was obtained from the Brookhaven the relative error in calculating theses parameters, each of the
Protein Data Bar# (2FDN)3! In what follows, the donor (D) 3-ns simulation data was equally divided into three segments
refers to the site ligated by residues 8, 11, 14, and 47 (clusterof 1 ns data. Each segment was then used to construct individual
1) and the acceptor (A) refers to the site ligated by residues 37,free energy curves separately and the standard relative errors
40, 43, and 18 (cluster 2). Two forms of the protein were Wwere estimated for the quantities calculated.
simulated, B~A2- and ¥ A3, which utilized the fully The free energy curves can also be constructed by using a
oxidized structure as starting structures but with the appropriatefew parameters from the MD simulation. On the basis of
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previous worki3 the parabolas of the reactant and product were
constructed from the mean values and the dynamic fluctuations
of the reaction coordinate,= X and o2 = [(X — DX P,
respectively, for state & R, P, and will be referred to as the
“Gaussian” parabolas. The previous work was based on the
linear response of a system with Gaussian fluctuations, which
leads to further relationships for parameters describing the
parabolic free energy curves, namglyAG®, and AG*. The
minima of the parabolas are A4 = u, and the corresponding
force constants of the parabolas are givelkdy ksT/o.2, where

ks is the Boltzmann constant afdis the temperature so that
the free energy is given by

AGH() = PkelX = Xe)? (7a)

AGH(X) = %kp(x — X2+ AG® (7b)

If ke = kr = k, the relationship is simplified greatly. The
reorganization energy is thus

p=IAg=A= %k(xp = Xg)? (8)
The transition state at = X* is defined by
;KOG = Xg)2+ AG® @)
k(Xp — Xg)
and the activation energy is given by
AGH o= AG) = ETEEY g

i.e., the Marcus relation. FurthermoreXf = 0, then from eq 9

AG® = %k(XRZ — %) (11)

However, ifkp = kg, the reorganization energies are different
for the products and reactants

= 6%~ X 12

where/p is the reorganization energy of state frofr= Xg to
X = Xpandiris defined analogously. The transition state is now

X =

(kX — keXe)  [koka(Xp — Xg)* — 2(kp — k) AG®]™
ko — kg

(13)

Although a closed form expression ftzaniRﬁP may be ob-
tained from substituting eq 13 intGg(X*), an equation related
to eq 9 is obtained by substituting

(KXo = kX2 + AG® + (Kp — k)X/2

X kPxP - kaR

(14)

to obtain

_ U +AG + (k= k) X*12)?
A

AGH

(15)
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Figure 3. Distribution of electrostatic energy difference between
D3"AZ" and ¥"A%" charge states for reactar®®) and product @)
systems. The dotted curves are corresponding Gaussian fits. The top
panel is for the protein backbone and polar side chainsB8C);

the middle panel is for the solvent plus counterions and charged side
chains (Solvent); and the bottom panel is for the total system (Total).

Where/l(l) = (kpo2 - 2kpoXR + kRXRZ)IZ and/l(z) = (kpo -

krXRr)%/2kg, Which easily reduces to eq 10k = kg. This also
means that a value dfcalculated by substitutingG° andAG*

into eq 10 will give al that is related to the average &f and
Ar. Furthermore, ifX* = 0, then from eq 14

o1
AG® = S(keXe” — kX5) (16)
In this work, AG® is calculated by using eq 16 andAr by
using eq 124 by using eq 8, and\G* by using eq 15.

Results

Fit Parabolas The distributions of the reaction coordinate
for both the reactants (DA2~) and products (B-A3") (Figure
3) were obtained by constructing the corresponding histograms
of the electrostatic energy gayV (see Methods). The results
are analyzed for the total system, the backbone plus polar side
chains, and the solvent plus counterions and charged side chains.
Although there is obviously coupling between various compo-
nents, this separation gives an indication of the contribution of
protein versus solvent, which will be addressed in the Discus-
sion. Previous work has indicated the contribution of the
charged side chains is highly correlated with the counterions
so that they are included with the solvent rather than the proteins,
and the counterions cannot be considered independent of the
solvent because they are highly coupled as well. All the
distributions are fit well by the Gaussian distribution. The
backbone and polar side chains (Figure 3, top panel) have a
narrow probability distribution when compared to both solvent
plus counterions and charged side chains (Figure 3, middle
panel) and the total system (Figure 3, bottom panel), since the
protein is more constrained than the solvent environment. This
indicates that the wide distribution of the electrostatic energy
of the total system is mainly due to the flexible solvent
environment.
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TABLE 1: Calculated Thermodynamic Parameters Reactant
(kcal/mol) 2 . I . | . I .
00 50 0 -50 -100
AG® Ap AR A AGFa Reaction coordinate (Kcal/mol)
fit —0.74+05 54+5 34+3 43+3 0.8+ 0.7 Figure 6. Calculated free energy curves for the total system assuming
(1.1£0.7) nonzero driving force (Table 1). Dashed lines are the fitted parabolas,
Gaussian —0.6+0.4 54+ 3 36+2 4.3+3 0.8+ 0.6 obtained from simulated dataD(and @), and dotted lines are the
(1.0+£0.6) Gaussian parabolas.

aNumbers in parentheses assux@°® = 0. . R o
P mol. Approximate values for the activation and reorganization

energies due to the backbone and polar side chai@é & 0.4
The free energy curves of an intramolecular electron-transfer 4 0.2 andi = 1.7 & 1 kcal/mol, respectively) and the solvent
reaction assuming no driving force for Ca Fd were calculated plus counterions and charged side chaiA&{ = 0.6 + 0.4
from the histograms by using eq 6 and the calculated curvesand = 2.6 + 2 kcal/mol, respectively) were also calculated
were fitted to parabolas (Figure 4, bottom panel). The free from the fitted curves for the two components. Sige= 3.4
energy curves for the backbone and polar side chains of thekcal/mol andip = 5.4 kcal/mol, the average= 4.4 kcal/mol
protein (Figure 4, top panel) and the solvent plus counterions js close to the value from the Marcus relationship.
and charged side chains of the protein (Figure 4, middle panel) 5, ssian Mean ParabolasOverall, the constructed Gaus-

were also constructed. All the curves were fit well by the  gjan paranolas are very similar to the free energy curves ob-

parabolas. However, the reactant and product curves for they,ineq py the least-squares fit to the histograms (Figures 5 and
backbone and polar side chains of the protein have different gy - the cajculated mean values of reaction coordinates for

curvatures (as also reflected in the histograms of Figure 3), reactant and product adx = 32.5 kcal/mol ande = —34.6
despite the quasi-2-fold symmetry of the protein fold with )mq) with root-mean-square dynamic fluctuationst=
respect to the two ironsulfur centers. This is discussed more ;g 3 \cal/mol andse = 15.8 kcal/mol, respectively, were also

f“”Tyh'“ thg D'SCUSS'Ont sec(t;on. ibina the int lecular elect used to calculate the electron-transfer parameters (Table 1). The
€ various parameters describing he Intramolecular €1ection . 5. |ateq reorganization energies age= 3.6 kcal/mol from

transfer of Ca Fd were calculateql from the fitted parabola free . ¢ o constanks = 1.6 x 10-3 mol/kcal, andip = 5.4
energy curves. The calculated driving force for the total system kcal/mol from the force constark = 2.4 x 103 mol/kcal

IS A.G = —07 kcal/moll (in the Dlscu§3|0n folllowmg th's. The average of the root-mean-square dynamical fluctuations of
section, calculated energies compared with experiment are giveny o reaction coordinates for reactant and product systems,

in both kcal/mol and meV). The other electron-transfer quantities T _
were calculated both with the calculated driving force and with 4/ (0g +0p7)/2 = 17.6 kcal/mol, gives a calculated average
AG° = 0 (Table 1), since the error in the calculated driving force constant of 1.9< 103 mol/kcal so that the average
force is high. When the driving force was considered to be zero, '€organization energy is 4.3 mol/kcal. The calculated driving
AG* = 1.1 kcal/mol, while when the driving force was added, force isAG® = —0.6 kcal/mol by using eq 16.

AG* = 0.8 kcal/mol. From the parabolic shape of the curves, Electron-Transfer Rate. According to Marcus theory, the

is independent oAG® so for the total system} = 4.3 kcal/ rate constant for a nonadiabatic ET process is giveén by
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Koy = (2lhT, ) (4riksT) Y2 exp—(A + AG)(41ksT)] with the fact that both [4Fe4S] redox sites in Ca Fd have
17) similar reduction potentials 0£420 mV.

The calculated reorganization energy for the entire system is
relatively low (4.3 kcal/mol= 186 meV), indicating fast
intramolecular electron transfer between the two HE&8]
clusters of Ca Fd. This value is lower than the value of 0.5 to
1 eV estimated in other proteins via experim&ithe separate
calculated contributions of the polar part of the protein and the
agueous solution plus charged side chains are not additive since
w2 there is obviously coupling between these contributions, but can

logice, = 15.2— 0.6 — 3.1(1 + AG°)/A (18) be used as an estimate of the relative contributions. The

reorganization energy due to the protein backbone and polar

wherer is the distance in A between donor and acceptor/and  side chains alone (1.7 kcal/mel 74 meV) is relatively low,
andAG® are in eV. For the Ca Fd, the shortest distance of 10 which is consistent with the fact that the protein backbone is
A between the Fe atoms and the center-to-center distance of 12nore constrained and less able to reorganize upon transfer of
A between two [4Fe4S] clusters were used in the calcula- an electron between two [4F&S] redox sites. Likewise, the
tions!®> The experimental work by Moulis’s group used a reorganization energy due to the aqueous solution (2.6 kcal/
distance of 10 A® mol = 113 meV) is relatively higher, which is consistent with

The rate of electron transfeky, was calculated with and  the fact that the solvent and counterions can reorganize more
without the inclusion of the calculated driving force assuming easily than the protein upon transfer of the electron from one
r is 10 A. Since this calculation only gives the outer sphere redox site to the other. These results indicate that protein
reorganization energy, a value of 0.64%Was estimated for ~ decreases the overall reorganization energy relative to a pure
the inner sphere reorganization energy so that the total reorga-solvent environment. This is consistent with the findings for
nization energy, which is approximately the sum of the inner cytochromec by Warshel and co-workers, where the reorga-
and outer sphere reorganization energies, was about 0.8 eV. Fonization energy was shown to be significantly smaller in proteins

Supposing the intervening protein is a homogeneous medium
and Tpa = T exp[—p(r — ro)], where T}, is the electronic
coupling at van der Waals contact)(andj = 1.4 A-1is the
distant decay coefficient, the ET rate can be simplified at room
temperature 61545

the fit or Gaussian parabolags is about 8x 10° s71 if the than in water”
calculated driving force was included and about 30° s if Finally, the estimated rate here for the intramolecular electron
the driving force was set to zero. transfer in Ca Fd is on the order ofé1€1, which is comparable

to the experimental rate, also on the order of 015 This
Discussion rate was calculated by using the same distanaed the same

electronic coupling decay coefficiertt, in Tpa as was used in

the experimental work of Mouli&, which assumed that it is
independent of the structural features of the intervening protein

) matrix and so the parameters were chosen based on values from
is an excellent agreement between the values calculated f.rom ther proteins. In Moulis's work, good agreement with the
the least-squares fit to the histograms and the values obtaine easured rate constants was obtained with these parameters

by the Gaussian parabola method. This indicates that the henZ was chosen as 0.5 (giving a rate of 36107) to 1.0
Gaussian parabola method is an accurate and simple method oﬁ/v (giving a rate of 1 0>< 10P), which are values based on

extracting the various electron-transfer parameters directly from other proteinds However, values of between 0.5 and 1.0 eV

the simulation. ) imply that the rate should increase 30% to 90%, respectively,
The parabolas for the reactants and products show differentiy \he temperature range of 283 to 308 K used in the experiment

curvatures with a largek for the prodU(_:ts than _the reactants. \\hereas the measured rates suggested that the rate was tem-
This actually leads to the overall negative reaction free energy. perature independent. Since the inner sphere reorganization

This seems contrary to the pseudosymmetry of ferredoxin. energy has been estimated to be from (838 0.64 eV and
However, the reason may lie in part in the fact that the symmetry o 0'is uncertainty in the values pfndA as well, the total

is not complete. To have_a_ more gompletely symmetrical reorganization energy might actually be smaller. Regardless,
molecule, the N and C termini, which lie near cluster 2, would . “esults appear consistent with Moulis’s work, which

hav(ej: to ble ctonnzegted by an alldd|t;onal thrggl reslgdues, Ort;? Ott';]erindicates that the outer sphere reorganization is small.
words, cluster 2 1S moré solvent accessibie. Fresumably, the —pqiper important aspect of this work is that it is demon-

g?g{:c tFr)ic(): l%reﬁg\\;;g?';giﬂz %rr%léﬁ?:tgl\?vﬁ::ezthlgzﬁréoeIae Cgt]rrggtg Mstrated her.e that the intramolecular eIectron-Frangfer prpperties
. . X ) . can be estimated by using molecular dynamics simulations. In
on cluster 2 in which th is larger and the mean is shifted particular, the use of the Gaussian parabolas rather than the fit
furth_er away fromAv = 0. F ur_thermore, there appears to bea arabolas is an accurate way of calculating the parameters. More
nc_)n_||near response _behawor m_the reactants as indicated by th undamentally, this is a demonstration of the linear response of
tail in the reactant histogram. Since the protein around a clustera system with Gaussian fluctuations. Thus, since the histograms

EXp(‘?nd? Whe? tﬂﬁ extra telectrog Iz'(l?tn th?ﬁ cluster,_ th',,s tail mgyshow that the fluctuations in the polarization are Gaussian, the
e due to a slightly greater probability of “expansion” aroun polarization energy is linear.

cluster 2 in the reactants (in which the electron is in cluster 1)
due to motion of N and C termini. This means a larger
population of product-like configuration in the reactant simula-
tions. The results presented here show that the electron-transfer
The calculated driving force in the electron transfer is properties of Ca Fd can be calculated by using MD simulations.
relatively small ¢0.7 £ 0.5 kcal/mol= —30+ 21 meV, Table First, the calculated driving force between the two [4B8]
1), which is in reasonable agreement with recent experimentalredox sites in Ca Fd is very small, in agreement with the
estimates£0.14 kcal/mol= —6 meV)® and is also consistent  experimental measurement and consistent with the fact that the

Overall, the histograms show that the free energy curve is
parabolic. The harmonic nature of the free energy curve is
consistent with findings in other proteikFurthermore, there

Conclusions
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reduction potentials of the both redox sites in Ca Fd are highly

J. Phys. Chem. B, Vol. 108, No. 52, 20020441

(19) Chen, K. S,; Hirst, J.; Camba, R.; Bonagura, C. A,; Stout, C. D.;

similar (~420 mV). Second, the calculated outer sphere BUrgess. B. K. Armstrong, F. ANature200Q 405 814.

reorganization energies are relatively small, suggesting that the

intramolecular electron transfer between the two [M4E&8]

(20) Moulis, J. M.; Davasse, \Biochemistryl995 34, 16781.
(21) Breese, K.; Fuchs, Geur. J. Biochem1998 251, 916.
(22) Adman, E.; Sieker, L. C.; Jensen, L. H.Biol. Chem1973 248

clusters is fast. Third, our estimated rate is in good agreement39s7.

with experiment. Finally, the Gaussian parabola method is
shown to be a more efficient method for obtaining the electron-

transfer properties than fitting parabolas to free energy curves

from histograms.
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