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Protein Electron Transfer Reorganization Energy Spectrum from Normal Mode Analysis. 2.
Application to Ru-Modified Cytochrome ¢

1. Introduction

A gquantitative understanding of biological function at the

molecular level

A vital part of these functions is energy transduction, whose
mechanism and efficiency are controlled by a group of proteins
that participate in a complicated series of inter- or intramolecular

electron-transfe

occur between suitable cofactors embedded within the protein
matrix. The protein matrix plays an important but only a passive
role of “controlling” the intrinsic inter-cofactor ET by surround-

ing and shielding the cofactors from an otherwise nonprotein

surrounding. T
subtle, and a g

the vital clue for understanding the secrets of biological energy

transduction.
Experimental

number, the rate constant for the ET procégs, To delineate

various factors

models have been formulated. When quantum mechanical

effects along th

suitable expression fdgr is given by
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In an accompanying paper (part 1) we presented a model (NMRES) that describes the coupling of protein
fluctuations to electron transfer. The NMRES model, employing normal mode analysis that incorporates
Tanford-Kirkwood reaction field energies, relates each normal mode to a mode-specific reorganization energy

(A", ultimately yielding a proteir. spectrum. In this paper we have successfully applied the NMRES
model and analyzed intramolecular electron transfer in Ru-modified cytochedateHis33). The NMRES
estimate for the total proteihwas found to be 15.6 kcal/mol, while the bulk solvent contribution was found

to be 7.2 kcal/mol. Of this 15.6 kcal/mol, the high-frequency inner sphere protein modes contributed 3.2
kcal/mol @), while the remaining 12.4 kcal/moli>) arose from the low-frequency outer sphere protein
modes, the focus of this paper. Out of about 600 “soft” low-frequency modes, 60% contributed very little,
while the remaining 40% contributed more or less equally. There were no special soft modes in terms of
contribution to /lg[ﬁt, structurally or energetically. In other words, although not all the soft modes
contributed, those that did shared the coupling more or less equally, implying that minor changes in the
dynamic structure will not alter the totalsignificantly. This could be the reason that the experimehtai

Ru-modified (at various His sites) cytochroroés found to be almost invariant.

The first factor,Hpa, is related to the interaction of the
protein-embedded doneacceptor electronic wave functions.
The reaction free energ\G®, is related to the stability of the
oxidized and reduced cofactors in the protein matrix. These
two factors stand out from the third factor, The factori
originates from the fluctuation of the nuclear coordinates
surrounding the red-ox pair. Itis not that such fluctuations will
have no effect oHpa or AG®, but even when the medium is
strictly “frozen”, Hpa and AG® will have nonzero values. In
contrastA will have no physical meaning in a frozen medium.
It originates from the fluctuations of the medium, specifically
from the ability of the medium to respond to ET. Appropriately,
A is known as the reorganization energy and defined as the free
energy released as the medium nuclear coordinates reorient upon
ET.

Experimentally one can directly measukg andAG®° of eq
The factordHpa and4, on the other hand, are determined

only indirectly3 One can indirectly determinefrom variations

of ket as a function oAG®° followed by an analysis through eq
1. A knowledge oft subsequently yieldsipa through eq 1.

Alternatively, temperature dependence studiekegffollowed

by a nonlinear least-squares fitting laf+(T) to eq 1 can yield

is the ultimate goal of any biophysical research.

r (ET) processeshese ET reactions typically

he mechanism of this passive control of ET is
uantitative understanding of this control holds
studies of protein ET yield a single (average) 1
that give rise tket, appropriate theoretical

e nuclear degrees of freedom are negligible, a

HDA andA.
%)y 21 _(AG° +2) 1 Another important class of ET experiments is to mea&ge
ke = h| PA ex A0k T (1) functi f di iti f the red- iri tei tri
Gk T ks as a function of disposition of the red-ox pair in a protein matrix.

Here three factors that control the rate constdpgk, AG®, and

A, areinturn m

The variation ofker in these experiments has typically been
interpreted as arising solely from “distance” dependendéraf
assuming thaf remains unchanged, an assumption that may

odulated by the protein matrix. not be strictly valid® Therefore, to properly ascribe different

T Bose Institute.

factors that are responsible for the observed variationgpf

*Kyoto University. in this class of experiments theoretical modeling of bt
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andA are important.
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A prerequisite for any theoretical estimate is the 3D structure contribute significantly toward and are sensitive to how the
of the protein obtained from X-ray or NMR studies. Given a solvent is modeled. A detailed analysis of the reorganization
protein 3D structureiipa can be calculated through established energy spectrum is presented, and implications for the observed
theoretical models of various degrees of sophistication. A results are discussed.
popular way to moddHp, is by breaking it up as contributions
from several “paths”, emphasizing the complex architecture of 2. Materials and Methods
the protein matri¥.®

. . 2.1. The System.To perform a set of actual simulations
A single 3D structure, however, does not allow a theoretical y P

: i 0 . hi blem i dol with a protein, we were constrained by three factors: (1) that
:ahstlmatgo .b ne waty to %:récum\./entt}s pro fem IS todmlt) € the system should not be very large, (2) that it should have
1€ medium Dby a continuousor pIECEWISE continuous dielec-  paqp experimentally well studied, exhibiting a clean intramo-
tric® and account for the relevant relaxation of the coordinates lecular ET, and (3) that it should be as spherical as possible for

through appropriate factors containing the static and optical the NMRES modéf to be better applicable. Semisynthetic Ru-

dielectric constants. Given two static structures, correspondingmodiﬁed Cytc, studied extensively by Gray and co-workers
to the oxidized and reduced protein, one can also estirthate satisfied all the three criteria.

either by constructing a reaction coordinate (the vector joining Accordingly we chose the simplest member of the Ru-

the two §tructures) or by converting the obseryed geometry o dified proteins: horse heart Cytc, modified by the attachment
changes into appropriate electrostatic energy differehces. of Ru(NH)s at His33 (Ru-Cytc). The initial coordinates for
Often experimental structures for both the oxidized and the the unmodified protein, along with six bound water molecules,
reduced proteins may not be available, and more importantly, were obtained from NMR studies by Xiurong et&l.The
an explicit connection of protein fluctuation 6 may be  residue His33 was modified by the attachment of a Ru atom
desirable, rather than a connection to static (equilibrium) yith five liganded NH molecules using AMBER geometry and
conformational changes. Similar to expressifigy as arising  the molecular modeling package Insightll (Biosym Technolo-
from several paths, this is equivalent to expresdig arising  gies, 1993). Previously published partial charges were used for
from several orthogonal protein fluctuation modes. In this the reducet and the oxidizetiheme group, and partial charges
respect, a complete approach toward estimatimgpuld be to for the reduced and oxidized Ru complex [Im(His3Ru-
theoretically model explicit fluctuations of the protein (and bulk (NHs)3] were used as reported elsewh&reAll other parameters
solvent) around an equilibrium conformation, followed by a \yere taken from AMBER-OPLS potential energy functiod:1°
systematic identification of those fluctuations that are affected The potential parameters employed here can be provided upon
by ET. A molecular dynamics simulation followed by an request by e-mail to go@qchem.kuchem.kyoto-u.ac.jp.

analysis of the energy difference (reactaptoduct) probability 2.2. Energy Minimization. Two sets of energy minimiza-
or the energy difference autocorrelation function has been foundjgns were performed, differing from each other in how the
to be a satisfactory strategy toward this gbat? Although in dielectric constant/solvent screening was modeled. In the first

terms of a detailed analysis of the rate constant, the latter set, a distance-dependent dielectric constant Pr (in A)] was
approach is complete, a shortcoming of the approach is that it yseq (MINyg), and in the second set, Tanfertirkwood (TK)
cannot structurally identify important (with respect to ET) type?® Exr were incorporated (MIN¢). Energy minimizations
fluctuations. In a preceding papéwe have proposed a model  \ere performed with the package PREST@ith a suitable
(NMRES) where the emphasis is on structural identification of ~qmpination of steepest descent and conjugate gradient tech-
collective fluctuations of proteins that couple to ET. In the niques.

NMRES model the totalk is first partitioned into the solvent Both MIN2g and MINrx minimizations were performed with
and the protein contribution, followed by a complete breakup e reduced (FgRU") protein charge set. The starting NMR

of the latter contribution among all the protein collective modes conformation, as modified by attaching Ru(yK was first

as the reorganization energy spectrum. energy-minimized by holding the backbone atoms of the proteins
The connection between the observed rate cons@amnd  fixed. Subsequently unrestrained minimizations were per-
4, as prescribed by eq 1, is strictly valid only for intramolecular formed. For MINg, the latter was straightforward. For M
ET reactions. In contrast, most biOlOgiCﬁ| ET reactions are the Erg and the Corresponding energy gradients were calculated,
intermolecular with few exceptions, like the photosynthetic for a fixed cavity radiud of 21 A, as described in the Appendix.
reaction center. Intramolecular ET is also exhibited by a small The value ofb arises from a sum of 18.5 A (radial distance of
and extremely well characterized protein, cytochranf@ytc), the outermost atonRmay) and 2.5 A (solvent exclusion radius,
where intramolecular ET has been studied extensively by R.).
synthetically modifying His residues with ruthenium complexes  gjnce Ru-Cytc is not strictly spherica®may, which in turn
by Gray and co-worker%. Besides being smaller and simpler  determines the depth of the buried charged atoms, crucial in
than the reaction center, the Ru-modified Cytc system has theg,. had to be chosen with care. In Figure 1 the radial
added adVantage that ET has been studied in almost all pOSSibIjSstribution of the number and number density of atoms in Ru-
directions from the central heme, wherever an accessible HisCytc are shown.Rnaxwas found to be 23.2 A for the starting
group is available. conformation, and as can be seen from Figure 1, the radial
In this paper we present simulation results, as prescribed indensity tails after about 18.5 A. Further, atoms lying beyond
the NMRES model, on horse heart Cytc modified by/R(NH3)s 18.5 A (53 atoms) mostly belong to the Lys side chains sticking
at His33. The primary aim of this paper is to test the out of the core protein, and the distances of these atoms from
applicability of the NMRES model to a well-characterized the Fe or Ru center (Fe/Ru and the attached N atoms) are large
protein system. The protein fluctuations are modeled by (>14 A). Before a full MINik calculation was attempted, these
collective normal modes (NM) that incorporate reaction field atoms were slowly packed inside a spherical cavity until the
energiesErr) to account for equilibrium solvation energy. This  final Rnax became 18.5 A through several steps of constrained
is the first time that an NM analysis (NMA) has been performed minimization with a harmonic penalty energy for atoms lying
with the inclusion ofEre. We find that low-frequency modes  outside the desireBmax
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2.3. Normal Mode Analysis. Within the harmonic ap- E= Z‘ 5(kB-Drk @)
proximation, NMA is an established method for studying =
fluctuations of a protein molecule around a minimum energy |4 terms of w, the expressions fono® and AP of the
conformation (MEC). In the present work, NMA was per- NMRES model follow as
formed in the mass-weighted Cartesian coordinate space (
ﬁxi) as described elsewhet®. Displacement of the mass- AGL° = 1 [0AE )
weighted Cartesian coordinatesX, as a function of the NM k \/@ o, ot

variables,oy, is given by
1/ 1 \[0AE\2
e e
AX = Z %O (2) “ 2\kg T\ 97,

2.5. Bulk Solvent Reorganization Energy. Within the
whereN is the total number of atoms awgk is theikth member ~ NMRES model the bulk solvent contribution zpAPk, is given

of the eigenvector matrig, which transforms the Hessidnto by
a diagonal matrixv containing the NM frequency squared and
orthonormalized as btk — E-(AQ, Dporgt, Dg”l; Fued) —
o =1 3) Ere(AQ; D8, D Iyec) (10)

In the present work, the Hessian of the conformational energy whereAQ; is the change in charge distribution at tlteprotein
was calculated numerically from the analytically calculated site (including the red-ox centerd), stands for the dielectric
gradients. In terms ofy, the potential energy is given by constant, static (S) or optical (OR)vec is the MEC protein

coordinates, andgr is calculated according to eq Al (Ap-

E— e }w 2,2 @) pendix). The values fob%s', D2, and D2 used were 2.0,
kZ‘ o KTk 1.8, and 78.0, respectively. We also calculdgggnumerically
by solving the PoissonBoltzmann (PB) equation using the
wherewy is the angular frequency of tHeh mode. DelPhi (Biosym Technologies, 1993) package. In the latter
2.4. Equilibrium Shift along Normal Modes. In the calculation the actual protein shape is taken into account instead
NMRES model, the total protein reorganization energy! of a spherical protein shape.
and the mode-specific reorganization eneddyf, is related to
3. Results

the equilibrium shift ofoy, Aoy®, as
-6 IN-6 3.1. Energy Minimization and Normal Mode Analysis.

2Prot — prot — }w Z(Aa 0)2 () Two sets of NMA, NMAr and NMArk, were performed

Z k Z KAk corresponding to the two sets of energy minimizations, p4IN
and MINyk, respectively. The softest five modes in Midand

The shift, Aa°, is given by the following derivative: MIN ¢ had frequencies 0f5.32, 5.91, 6.70, 7.10, 7.pland
{4.50, 4.91, 5.44, 6.44, 6.p&m™ 1, respectively. Even though
Ac® =L(ﬁ) (6) NMA+k exhibited softer modes than NMA in the lowest
wk2 doy frequency range, the overall distributions of the number density

of modes for both were very similar. This is shown in Figure
whereAE is the energy difference between the product and the 2. Because the AMBER/OPLS potential treats CH as a united
reactant states. Although an analytical formula for the derivative atom, there are no CH bond stretching modes in Figure 2.
in eq 6 can be derived, we determine the derivative numerically In Figure 3 deviations from ideal (harmonic) behavior for
in this paper. One can, for convenience, rewiien the the 50 lowest frequency NM¢ modes are shown. Within the
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along these modes is steeper than predicted by the harmonic | | | | |
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have been observed for other systems as #ell. Scaled NM Axis

3.2. Energy Derivatives and I_D!‘Ote'n F_Qeorganlzgtlon Figure 4. AE as a function of scaled NM axis for NMA 2 (a: modes
Energy Spectrum. The mode-specific protein reorganization  22-31) and NMAw (b: 50 lowest frequency modes).
energy,AY', is related to the derivative of the energy differ-
enceAE along the scaled NM variablg as given in eq 9. In the backbone atoms including the red-ox centers are shown in
this paper we calculated the derivatives numerically, wiidte ~ Figure 7 for three modes in the NMA analysis: the most-
is the difference of actual energy of the reactant and product coupled low-frequency mode (modeu= 6.44 cnr; AL =
states. While calculating the derivatives, we also checked the 0.63 kcal/mol), the most-coupled high-frequency mode (mode

linearity assumption oAE(ty) in the NMRES model. 2748,v = 1510.13 cm¥; A" = 0.27 kcal/mol), and a typical
In Figure 4a the energy differeneeE is shown along they barely coupled mode (mode 5,= 6.63 cni?; A2 = 0.009

axis for some selected modes in Nijg{modes 22-31). The kcal/mol).

linearity of AE(zy) holds quite well for this range ofc. The 3.3. Solvent Contribution to Total Reorganization En-

linearity assumption was checked uptto= £1.0, and it was ergy. The solvent contribution to the total reorganization

valid for other modes as well. Similarly in Figure 4E is energy, APk, was calculated according to eq 10. Within the

plotted againsty for the first 50 modes in NMAx. Similar to NMRES model,Egrr in eq 10 was calculated using the TK
the case of NMAg, again we observe that the linearity approximation for a range of cavity radibsincluding 21 A

assumption holds quite well. The linearity assumption holds (used for calculating?™). With the appropriate radius of 21
well even for modes that showed severe anharmonicity in Figure A, A°% was found to be 7.2 kcal/mol. Aswas decreased by

2, and this was true over a substantial rangeafhot shown increments of 0.5 AjPk increased as 8.2(20.5), 9.5(20.0), and

in Figure 4b). 11.2(19.5) kcal/mol, where the correspondimgalues (in A)
The AE derivatives subsequently yielded a set Af* are indicated in parentheses. Thi# contribution was also

through eq 9. Thell™ spectrum is shown for NM#k in estimated fromEgrg obtained by numerically solving the PB

Figure 5; Figure 5a shows the spectrum along the mode equation. This was found to be about 22.6 kcal/mol.
frequencies, and in Figure 5b the mode numbers (starting 3.4. Conformational Change upon ET. From the set of
from the lowest frequency modes) are shown. The cumulative shifts Aoi®, the corresponding change in the individual atomic
AP is also shown. The total protein reorganization energy coordinatesAX®, can be calculated according to
from all modesiProt = FA2) is about 3.4 kcal/mol. -6

' As opposed.to this low value dP™tin f[he NMA,r model, AX° = Z 4 AGE (12)
similar calculations for the NM#x model yielded a much larger
value of AP about 15.6 kcal/mol. In Figure 6 the protein

reorganization energy spectrum for the NMAnodel is shown Equation 11 yielded a total root-mean-squared deviation (RMSD)
along the frequency and the mode numbers. Fluctuations of between the reduced and oxidized Ru-Cytc of 0.31 A. The
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average shifts in atomic positions upon ET for all the residues

are shown in Figure 8. For comparison, the average distances
of the red-ox sites (Fe/Ru and the associated N atoms) from
the residues are also shown in the figure.

=
<

WP (cal/mole)
o
rot
z 7\,}1 (kcal/mole)

4, Discussion

4.1. Energy Minimization and NMA. Energy minimization
is not the central focus of this work; yet, since this is the first
time that energy minimization was attempted with the inclusion
of Erg(TK), it deserves some attention. In a previous study
Beglov and Rou% performed MD simulations with the inclu-

o

Frequency (cm )

sion of Eg{(TK) as well. In their case, the spherical cavity not 0.6 -
only contained the solute (protein) but was also packed with & 4 %
explicit water molecules. Unfortunately when the cavity g E
contains the solute and several explicit solvent molecules and 5 04 "
its energy include&re(TK), the quality of energy minimization & ) _‘_i‘
becomes extremely poor. On the other hand, with only the & .| §*
solute and a few solvent molecules occupying the cavity, a ‘3(*; <
significant amount of empty space within the cavity can N
underestimate solvent effects brought in throughBReterm. 0.0- 0

Even with this limitation, we feel that provided the solute is

fairly spherical, inclusion oEgr in the potential energy function Mode Number

models solvent screening better than traditional models of the Figure 6. Protein reorganization energy spectrum from NMA

dielectric constant. We were able to energy-minimize Ru-Cytc calculation, as a function of frequency (a, ¢) and mode number (b, d).

in a fairly straightforward manner with appropriate centering

of the molecule (see Appendix), up to a gradient of abouf10 other words, except for the softest modes shifting toward lower

(kcal/mol)/A, required for NMA. The RMSD of the backbone frequencies, the NM4#x results were not significantly different

atoms were 2.37 A (starting and MiNconformations), 2.44  (at least, apparently) from NMA with traditional models of the

A (starting and MINk conformations), and 2.77 A (Mij% and dielectric constant.

MIN Tk conformations). 4.2. Inner and Outer SphereAP™. The crucial difference
The NMA performed for the two electrostatic models were between NMAg and NMArk arises when the mode-specific

also consistent with each other when judged from the distribution protein reorganization energie¥,®, are calculated. As seen

of the frequency densities (Figure 2). The anharmonicity test in Figures 5 and 6, the total protein contributidf?., from the

for the softest 50 modes in NM# (Figure 3) is also consistent  former is only 3.4 kcal/mol, whereas it is 15.6 kcal/mol from

with NMA results obtained with other systems: the lowest few the latter calculation. If one considers 150¢ro be the upper

modes are anharmonic with slightly steeper energy surfiices. limit for low-frequency modes cumulatively contributing to the

Similar results were found with NM#, not shown here. In outer sphereirrt, /lg[fit, and modes above this frequency
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Figure 7. Three modes in NMA calculation: (a) the most coupled low-frequency mode, (b) the most coupled high-frequency mode, and (c) a
typical low-frequency uncoupled mode. Only the &oms (thick shaded) and the red-ox sites (thick dark) are shown. The vectors are shown by
thin dark lines.

contributing to the inner sphei@™, A" the breakup of.Prot 4.3. Solvent Contribution. Before commenting on the
(NMA ) into its components yields”™ ~ 3.2 kcal/mol and A% contributions from the two models, let us first consider
Ag[ﬁ‘ ~ 12.4 kcallmol. A similar breakup ofP(NMA ,g) the calculated® values. ThelP* was calculated througBrr,

yields AP ~ 2.5 kcal/mol andA2>' ~ 0.9 kcal/mol. The the latter calculated both by numerically solving the PB
difference betweeAP(NMA ,g) andAPO(NMA1x) thus arises  equationAPk(PB), and by using the TK expression as used in
from the contributions from the low-frequency mod4s. the NMRES modeli"(TK). Both of these are pure continuum
For both the electrostatic models, the contribution from the estimates, where explicit protein or solvent dynamics do not
inner sphere high-frequency modes is very similar (2.5 and 3.2 play any direct role. Rather, the static protein conformation
kcal/mol). This value is consistent with an independent estimate used for the calculation matters. The crucial terms in determin-
reported earlier on the isolated heme moiety. This was estimateding A°* are the actual depth of the red-ox site atoms (that change
to be around 1 kcal/mdl. Adding a similar contribution from charge upon ET) from the surface and the amount of charge
the Ru(NH)s moiety, which is closer to the surface and less change on each atom. In this respect, the NMRES estimate
constrained than the heme moiety, will have a slightly higher employing the TK model is only approximately correct, while
contribution. We find the predicted”® from both the amore realistid? estimate is given bj*(PB). The estimated
electrostatic models reasonable. APK(PB) is about 22.6 kcal/mol. In a previous study, Churg et
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constants of the solvent for a fixed protein conformation through
a purely continuum expression. On the other hand, the
complementaryl?°(NMRES) incorporates protein relaxation
through explicit fluctuations of the protein atoms. The indi-
vidual 20" terms are related to the variation of the energy
differenceAE(oy) (which includes contribution froregr). Even
if the estimated Efy) is poor due to the spherical cavity shape
assumption, the differenc&E(ox), may not be so.

In the NMAm« model, up to a frequency of 150 ¢t there
are 587 modes. It is interesting to note that these low-frequency
modes do not contribute uniformly #f[o. Of these modes,

5% of the modesA{"™ > 0.1 kcal/mol) contribute 41%, 62%

Figure 8. Average deviation of the residues upon ET as predicted by (1" < 0.01 kcal/mol) of the modes contribute 7%, and the
the NMRES model. Distances of the residues from the red-ox centers remaining 33% of the modes contribute 52% to the total

are also superimposed.

al. determined.”* ~ 3 kcal/mol for the self-exchange reaction
of Cytc (without the Ru(NH)s moiety) using the microscopic
FCLD model® In Ru-Cytc, the extra contribution from the Ru-

(NH3)s moiety, being severely exposed to the solvent as opposed

to the fairly shielded heme group, will increak¥ substantially.
In addition, the fact thaAQ; is much more distributed over the
heme moiety than Ru(Ngk will render the Ru-Cytcl?(PB)
value much larger than that in native Cytc. WHgh(PB) was

recalculated with no change in the charge distribution on the

Ru(NHs)s group, it turned out to be 7.0 kcal/mol, higher than

the Churg et al. estimate. The discrepancy could arise due to

different static protein conformations used by us in addition to
using a different method.

Along with APK(NMRES), APk(PB) yields a totall of 38.2
kcal/mol, which is about 10 kcal/mol higher thag, Strictly
speaking AP°(NMRES) andiP(PB) are incompatible quanti-

AP In other words, a large number of low-frequency modes

out*

(62%) do not contribute significantly towardfs. This is
clear from Figure 6c,d. Of the modes that contribute signifi-
cantly, the first, third, and fourth stand ol > 0.4 kcal/
mol). Interms of characteristic structural fluctuations, one notes
that the relative amplitudes of the heme and the Ru moieties
(see Figure 7a) in these modes are high and the direction of
motion have a significant radial component. In any case, even
the most-coupled mode contributes only 2% of the tdtal
indicating that a number of modes, rather than a handful,
collectively contribute toward. Therefore, structural changes
(like mutation) that can affect a few modes will not charige
significantly. Extending this argument, one can also predict
that for a given protein systend, will be invariant if the
disposition of the red-ox pair is changed within the protein
matrix. This will hold true only when the solvent accessibility
of the red-ox sites does not change much. Indeed when Gray
and co-workers did experiments with three Ru@\mnodified

ties—one calculated by numerically solving the PB equation and Cytc (at His33, 39, and 62), they fouridto be invariant { ~

the other obtained by using the TK approximatieand should

not be combined. However, the point of this exercise was to

establish the reliability of the calculatd@°{(NMRES). If Abk-

1.2 eV)3
The contributions of the low-frequency moded.{) from

(PB) is to be taken to be realistic, one notes that the NMRES the NMAgr calculation are barely 1 kcal/mol. This low value

model overestimate#’™.

On the other hand, the calculated valug®¥f(TK), 7.2 kcal/
mol (for b = 21 A), when combined witiP{NMRES) yields
a total 1 that is about 5 kcal/mol lower thaie., suggesting
that the NMRES model underestimat&%°®. As pointed out
earlier, the spherical cavity assumptioniit(TK) models the
depths of the crucial red-ox atoms poorly. WHéH(TK) was
calculated for a range df values, it monotonically increased
with decreasing. The “effective”b at whichAP%(TK) matches
dexp is about 19.5 A. It is difficult, if not impossible, to
unambiguously assign a “correct” value fd¥ since it cannot
be accessed directly by experiments.

In light of the above discussion, it is fair to conclude that the
NMRES model underestimaté$k by about 5 kcal/mol. In
fact it is known that the TK energies slightly overestimate weak
interaction® which might rendedP*(NMRES) a little higher
than the actual value. In that case, the underestimatidfef
(TK) may be even more, as suggestediB§(PB). In any case,
the focus of this work is not to exactly predict a valueidf!
or APk: rather, we want to decompose thi°tinto a frequency
spectrum, as done in the next section.

4.4, Contribution from Low-Frequency Modes. Before
commenting on thell(NMRES) values, it is important to
point out the methodological differences that distinguigh-
(TK) from A"°(NMRES), also calculated using the TK ap-
proximation. The solvent relaxation i#P*(TK) is expressed
entirely through the appropriate static and optical dielectric

almost rules out any role played by the low-frequency protein
modes. Besides, having no explicit reaction field energy
incorporated in the NMAr calculation, 22°(NMA 5g) lacks
any clear physical meaning. It is to be noted that even
though the NMAgr model yielded an unacceptably low val-
ue of A2 the AP°(NMA.R) values are compatible with
AP(NMA¢). This shows the importance of the reaction field
terms in affecting the low-frequency modes preferentially over
the high-frequency ones and establishes an important role of

Err in the estimation ofl%(S"

4.5. Structural Changes upon ET. Experimental data on
structural changes upon ET are best obtained from X-ray
diffraction studie€527although recently NMR studies have also
provided valuable informatiotf. For Cytc, conformational
changes upon ET have been found to be minor and subtle. A
recent high-resolution structural analygishows retention of
all the main-chain to main-chain H-bond interactions in both
the oxidation states. There are only few alterations of side-
chain—side-chain and side-chaitwater H-bond interactions,
while the heme is slightly more distorted upon oxidation.
Although Ru-Cytc differs from native Cytc by an additional
red-ox center, the structural changes, at least around the heme
moiety, are expected to be minor.

The coordinates generated by eq 11 yielded an RMSD of
0.31 A between the reduced and oxidized Ru-Cytc (backbone
atoms). The average deviations of the backbone atoms and the
heme moiety are 0.28 and 0.24 A, respectively. These numbers
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compare well with X-ray data of yeast iso-1-cytochroor{8.31

Basu et al.

The cumulativeAl™ contribution from all modes yielded

and 0.24 A). On the other hand, the average deviation of the APPYNMA 25) ~ 3.4 kcal/mol andiP{NMA 1x) ~ 15.6 kcal/

Ru moiety was much higher (0.94 A). Among all the residues,
the dominant deviation comes from the Ru moiety. This is
clearly indicated in Figure 8.

In Figure 8 the average deviations of the residues, including
the six water molecules, are shown (residues-10H) along
with the distances of the residues from the Fe/N and the Ru/N
centers. Apart from the large movement of the Ru-His group,

residues that show higher deviation than the average value are

proximal to the red-ox moats or charged. The correlation
coefficients between the average deviation and resided-
ox site distances are0.13 (Fe/N) and-0.54 (Ru/N), respec-

tively. Thus the charge change on the Ru moiety brings about

a larger effect on the equilibrium atomic positions than that on
the Fe moiety. Qualitatively this can be justified from the fact

that atoms around the Fe/N center, being more in the interior in determininglg .,

mol. The accompanyingP(TK), an underestimate due to poor
modeling of charge depths, was 7.2 kcal/mol. WHEKPB)
was calculated by numerically solving the PB equation, we
obtained 22.6 kcal/mol. Assuming the réd¥ to be between
these two limits, it was concluded that the estimaf@&t
(NMA k) value was reasonable.

The inner sphere and outer sphere contributioni®fdwere
separated by considering modes above 150%cim be high-
frequency modes. While the NMA model yieldedi2>' ~ 12
kcal/mol, the NMRr model predicted about 1 kcal/mol for
AP Surprisingly, thel”® contributions from both the elec-
trostatic models yielded reasonable number3 kcal/mol). We
conclude that the solvent effect through g terms is crucial

b whereas its role il is not so vital. It

of the protein, are packed and are in general not charged. Onshould be pointed out that our calculat{f" considers all the
the other hand, residues close to the Ru/N center are morehigh-frequency modesoriginating from the red-ox sites as well
exposed and so tend to be charged and packed less well. Iras the protein matrix and it includésr as wel-as opposed

addition, the changed charge distribution is more distributed

to vacuum calculations performed on isolated red-ox moats. This

over the heme moiety than the Ru/N center, making the latter way of partitioningAf™t is more natural.

more susceptible to exert conformational perturbation. Apart
from such qualitative observations, we did not observe any

subtle structural changes that were conspicuous and showed an

significant mechanistic importance.

Although a comparison of the results on Ru-Cytc obtained
from the NMRES model and X-ray or NMR data (on native
Cytc) is not strictly valid, the general trend of structural changes

observed in the experimental data is expected to be present inWill not affect 25,

Among the low-frequency modes, about 60% did not
contribute significantly toi%e. The rest of the modes con-
Yributed more or less evenly %%, although there were a
subgroup that contributed relatively more than the rest. Ex-
trapolating this to be a general trend in ET proteins, one can
conclude that minor changes affecting the low-frequency modes

Pt indirect proof for which comes from the

Ru-Cytc, too. They constitute subtle changes, such as theobservation ofiexp invariance in Ru-Cytc where the protein was

reorientation of a water molecule or a side chain to form or

modified at various His sites by Fu.The magnitude of

break an H-bond. Capture of any such change in a simulation Structural changes estimated from the NMRES model was
can be highly sensitive to the potential energy function used compatible with experimental data on native Cytc. However,
and the presence or absence of explicit solvent molecules.subtle structural changes that could be mechanistically important

Moreover, it is beyond the scope of NMA, valid only for small

fluctuations around a MEC, to reflect these changes accurately.

Our observation is that although the NMRES model can predict
reasonable values df it fails to capture subtle and probably

and have been observed experimentaflywere not observed
in this work.

In summary, we successfully demonstrated the applicability
of the NMRES model to an ET protein in this paper. The

important structural changes. A better way to model such subtle ynderlying philosophy behind the NMRES model was to

conformational changes will probably come from MD simula-
tions as mentioned in the next section.

5. Summary

In a preceding paper the NMRES motfal/as proposed that
connected harmonic protein fluctuations and their coupling to
ET through the protein reorganization energy spectrum. In this
paper the NMRES model has been applied to Ru-modified (at
His33) cytochromec, a semisynthetic protein, studied exten-
sively by Gray and co-workersidx, ~ 28 kcal/mol). The

present work was mainly intended to address two issues. By

performing an actual simulation on a system with kncwive
wanted to check the reliability of the NMRES model in
predicting the experimentadl. The other aim was to analyze
the breakup of this totdl into the protein ™) and bulk solvent
contribution 4°¥) and further look into the role played by the
individual protein modes through the mode-specific terms
/IEI’OI.

The entire analysis was performed for two different electro-
static models, one with (NM#) and the other without
(NMAg) the inclusion of Ere. In terms of the frequency
spectrum, the two electrostatic models yielded very similar
results, with the former exhibiting a slight shift toward softer
modes. On the other hand, whfi®t was estimated, NM#x
and NMAg yielded significantly different values.

deconstruct the protein matrix coupling to ET into orthogonal
collective mode components. Use of NMA was most straight-
forward toward achieving this goal, as has been done in this
paper. However, it is clear that certain aspects of the protein/
solvent involvement cannot be addressed reliably if one is
restricted to NMA in modeling the collective modes. Specif-
ically, with respect to capturing mechanistically important
structural changes and estimatithf, NMRES was not reliable.
Conformational changes can often involve multiminima energy
surfaces, inherently absent in NMA treatment. The spherical
protein cavity assumption inherent in the TK model is respon-
sible for poor estimation of®k, One way to circumvent the
first problem is to perform an MD simulation followed by a
principal component analys?3,a more realistic approach to
capture collective motion of proteins. Within the continuum
model, the best estimate 4 will come only from numerically
solving the PB equation. Computationally this is still a major
problem when incorporated with MD simulation of proteins.
The other alternative is to use a spherical cavity that contains
the protein and several solute molecules surrounded by a
continuum with an appropriate boundary potential. This strategy
has been demonstrated to work well by Beglov and Rgum.

the next phase of our work on protein ET, we plan to alter the
NMRES model along these lines.
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have
Appendix. Energies and Gradients ofEgr(TK) . ]
r, ri
The reaction field energy terffrr in the TK2 model is given —| = Oy — M (i (A9)
by 0 N M 3)(1 u
1 1 d cosb; m,) (9 cosb; m\ (9 coso;
__ = = 2 T s K ok
Ere= b ;ei%Bij ZbZei Bi (A1) ( N . O M x|, + {9k M x ),
(A10)
where
By using eqgs A9 and A10, the derivative W of eq A3 is
1 = N+ 1)Doy— Din){rir]- n obtained as follows:
Din #= (n+ 1)Dy, + nDin\ b

oV aV; oV
L [ 5ik _ n_]‘ )+ 5'k _ n_]k _1 (A11)
. . . . e f M/\ 9% /. oM\ ax [y
whereb is the radius of the spherical cavity,andr; are the

radial distances of atomisandj, cos6; is the cosine of the  \here
angle between atonisandj with respect to the center of the

cavity, andPy(cos 6j) are the Legendre polynomials of order [9V; " 1
n. Provided that no atom lies very close to the boundary, the {7, | = n(rir)” | Py(cosd;)—=(x — C) +
infinite sum inB; in eq A2 converges very rapidly and the u fi

reaction field electrostatic energies can be calculated with the 1 cosb;
inclusion of the first few terms in the infinite sum 8. Qq(cost;) rrl_(xi —CJ - 2 % = Cap| (AL2)
To perform the energy minimization with the inclusion of :
Bj in the usual force field, one needs the derivatives arising i,
from
{zP,(2) — P, _4(2)}
Vi = (rirj)npn(coseij) (A3) Q@=P/@= : : (A13)

Z-1

The derivative of eq Al2 is calculated in the SSBP routine
supplied by Roux*

Here we note that mass center of the molecGleC,, C,, is
constrained always at the center of the cavity. Therefore, the
radial distance of ator rj, and the cosine of the angle between
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