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of cluster discussed in this paper. In particular, explanations
framed in the language of effective potentials for covalent clusters,
using analogies with other, simpler systems, provide an alternative
way of looking at the structures of these molecules. More
quantitative analyses may also be possible in future work. Bal-
anced structures provide a particularly helpful set of examples
because we know in advance that they must be stationary points
of some order, and the variation of the order with the type of
potential may be most illuminating. Furthermore, balanced
structures suggest possible structures for new stable species; for
example, it would be interesting to investigate icosidodecahedral
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B;oH;0%, or even Cy, to see if this structure is ever a minimum
or a transition state.
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Abstract: We implement a numerical algorithm to survey proteins for electron-tunneling pathways. Insight is gained into
the nature of the mediation process in long-distance electron-transfer reactions. The dominance of covalent and hydrogen
bond pathways is shown. The method predicts the relative electronic couplings in ruthenated myoglobin and cytochrome ¢
consistent with measured electron-transfer rates. It also allows the design of long-range electron-transfer systems. Qualitative
differences between pathways arise from the protein secondary structure. Effects of this sort are not predicted from simpler
models that neglect various details of the protein electronic structure.

I. Introduction

Long-distance electron transfer in proteins involves electron
tunneling through a polypeptide environment.! Although do-
nor—acceptor electronic interactions in many proteins are relatively
weak, they are not as weak as would be expected in the absence
of the polypeptide bridge.? Theory suggests that the transfer rate
should be sensitive to the molecular details of the tunneling bridge
in a weakly coupled donor-acceptor molecule and that a molecular
orbital approach is an appropriate one.?

Methods to calculate weak bridge-mediated donor-acceptor
interactions have been of interest for some time in chemistry.!?
We recently developed a model for the dependence of the do-
nor—acceptor coupling and transfer rate on bridge structure in
small molecules®# and proteins.> While refinements®® are being
added to the protein model (questions still remain concerning
details of the electronic structure techniques® and the density of
important pathways, see next section), the model provides a
framework for the interpretation and design of experimental
systems.

In this paper we present a numerical implementation of our
theoretical model for electron tunneling in proteins. The model
divides the bridge that assists the electron-tunneling process into
a number of blocks. The decay of the interaction across each block
is sufficiently rapid that the overall coupling can be approximated
as a product of decays per block where these decays depend only
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on the details of the particular block and the tunneling energy.’
This approximation is an oversimplification based in perturbation
theory, and strategies to generalize this treatment are discussed
in the following sections. The description of the bridge as a
combination of identifiable blocks is a useful one that applies even
beyond the perturbation theory limit.5 This is a central theme
of our model, and future implementations that take more details
of the bridge into account will be based on this description.
These blocks of orbitals between donor and acceptor define
pathways that mediate electron transfer. Due to the approximately
exponential decay of the coupling with the number of bridging
groups in a tunneling pathway, one expects relatively few pathways
to be important for coupling the donor and acceptor in a given
protein or protein—protein complex. If gating of the electron-
transfer reaction” becomes important, the calculation of the
tunneling matrix element for the relevant pathway must be
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performed. Methods for including relatively small amplitude
thermal fluctuations of groups on the pathways exist.

We seek to define the residues in specific proteins® that provide
dominant contributions to the electronic coupling between donor
and acceptor. The numerical calculation that we describe is the
simplest implementation of our model for bridge-mediated tun-
neling in proteins. It includes details of the connectivity between
atoms. The calculation distinguishes hydrogen bonds, covalent
bonds, and through space interactions. However, it ignores dif-
ferences in covalent interactions. In this paper we present nu-
merical calculations that suggest specific protein bonds in ru-
thenium-labeled myoglobin and cytochrome ¢ that dominantly
contribute to the tunneling interaction. Comparisons with ex-
perimentally derived coupling matrix elements are made. Future
work will probe the coupling between electron localization sites
in native proteins® as well as examine differences in the mediation
properties of particular protein secondary structures.’

II. The Tunneling Pathway Model

Theoretical studies of protein-mediated electron transfer typ-
ically address the hamiltonian used for the system or the method
of calculating the tunneling matrix element from a given ham-
iltonian. In earlier papers, we discussed strategies for choosing
and improving the hamiltonian®-* (e.g., by improving the param-
eters for through bond and through space coupling). Throughout
this paper, we will focus on the question of how to determine the
bonds and the interactions that dominantly contribute to the
tunneling matrix element for a given hamiltonian. The concept
of tunneling pathways is central to this issue.

(a) Physical Pathways. There are two distinct mediation
mechanisms that the intervening protein could provide to couple
the donor and acceptor. One is to mediate the interaction by a
few specific combinations of interacting bonds (fragments of amino
acids) between the donor and acceptor. The bonds may couple
donor and acceptor through covalent, hydrogen bonding, and
noncovalent interactions. Each of these combinations is called
a pathway and plays an important role in the donor-acceptor
coupling. The actual role played by a specific pathway may be
determined experimentally by using molecular biological tech-
niques to modify the pathway.®!® The other distinct way that
the protein might couple the donor and acceptor involves a suf-
ficiently large number of pathways such that modifying a single
pathway in this network will have a very small effect on the net
coupling and the rate. In this case, the strategy of identifying
specific pathways is nonproductive.

To focus the discussion of the donor—acceptor coupling mech-
anism, it is useful to introduce the concept of a physical tunneling
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pathway. A physical pathway is defined as a collection of in-
teracting bonds in the medium around and between the donor and
acceptor that makes some contribution to the donor-acceptor
interaction. For a single physical pathway there are exact and
perturbation theory methods for calculating the coupling arising
from that physical pathway. The tunneling matrix element can
be calculated from the propagation of the donor (acceptor)-
localized state at the appropriate nuclear configuration.!! Nu-
merical strategies (for both exact and perturbation methods)
usually write the decay of the wave function as a product of decays
per bond (or delocalized group®®). Within a perturbation theory
calculation, the per bond decay depends only on the tunneling
energy and the nature of the particular bonds in the pathway. This
method (applied to lowest order) neglects scattering corrections
to the wave function propagation in the protein bridge. The
scattering corrections for a given pathway arise from enumerations
of bonds on the tunneling pathway longer than the shortest path
from donor to acceptor. For example, a physical pathway con-
sisting of bonds 1, 2, 3, 4, ... has the direct pathway 1-2-3-4...
and the scattering pathways 1-2-3-2-3-4..,, etc. The scattering
pathways can be accounted for exactly in the electronic coupling
calculation for a one-dimensional physical pathway by correcting
the self energy of each orbital on the path.*> Scattering pathways
are the distinct combinations of bonds that give rise to a large
number of additional paths within the same physical pathway.
Exact methods, particularly Green’s function approaches, often
write the coupling as a product as well.*° In this case, the terms
in the product explicitly include these scattering corrections. (The
simple description presented here is valid when the physical
pathways are independent—not intersecting. This approach is
adequate for the present survey purposes. The problem is more
complicated if the pathways are not simple, such as pathways with
loops. In this case, the distinction between physical and scattering
pathways is more subtle.” Approaches that attempt numerical
solution of the Schrédinger equation do not usually break the
problem into products of decays across a collection of groups.

In more complex systems that, in addition to being aperiodic
and finite, have real connections between pathways, the self-energy
correction technique can be generalized.’ However, our main
concern here is to arrive at a qualitative description of the im-
portant paths. The goal is to identify important physical pathways,
not to make firm quantitative estimates of the tunneling matrix
elements or study interference between paths. References to
pathways in this paper mean physical pathways.

In complex disordered three-dimensional systems, one might
expect the number of physical pathways of a given effective length
(i.e., coupling strength) to increase as the transfer distance in-
creases. (We use the term effective length because different
interactions in the medium contribute differently to the overall
coupling.) As the number of pathways increases, the relative
contribution of each one decreases with the effective length.!?
Further theoretical work is needed to analyze the growth in the
number of physical pathways in a protein vs the relative contri-
bution of each to the tunneling matrix element. The approach
here is dictated by the strong suspicion that few pathways dom-
inate. Further theoretical and experimental work in this area is
needed. In general, the answer to this question will likely depend
on the structure of the intervening protein and the electron tun-
neling energy. The relatively rapid decay of the tunneling in-
teraction with distance (particularly for through space decay),
the relatively low density of residues, and the anisotropic packing
of bonds in proteins suggest relatively few significant pathways.’

(b) Contributions from a Single Physical Pathway, The rate
of electron transfer between weakly coupled localization sites in
proteins can be written!!
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Tpa is the electron tunneling matrix element arising from
bridge-mediated coupling of the donor and acceptor by all physical
pathways. It is sensitive to the energetics of the donor, acceptor,
and bridge. FC is the Franck—Condon factor that reflects details
of the coupling between the electronic and nuclear degrees of
freedom in the protein. For a single physical pathway, the tun-
neling matrix element can be written?¢4-613

tpa = prefactor ﬁe, (2)
i=

Neglecting interactions between pathways within the protein
bridge, Tp, is a sum over tp,’s for all physical pathways. For
a pathway, ¢ for each block in the path®® may be calculated
approximately or exactly as discussed above. The prefactor de-
pends on details of the interaction between the donor (acceptor)
with the first (last) bond of the tunneling pathway. When ex-
perimental systems with similar (or properly scaled) prefactors
and FC factors are compared, differences in electron-transfer rates
are expected to be due to differences in the coupling via the
dominant physical pathways of the systems. The challenge in
proteins, then, is to identify chains of orbitals that define dominant
pathways. The dominant tunneling pathways correspond to the
combinations of bonds in the protein that maximize the products
in eq 2.

It is convenient to associate ¢; with the decay from one bond
to another for typical o bonds (= systems may require a somewhat
different treatment’). In this representation, ¢, is categorized as
occurring either through bond (between two covalent bonds sharing
a common atom, or between two hydrogen-bonded groups) or
through space (between nonbonded groups).> The decay factors
associated with these interactions are eg, ey, and e, respectively.
The perturbation theory value of ¢ in a one-electron tight-binding
limit is

- Bivi
(E - af)(E - o) - 8}

(3a)

€

B; is the resonance integral between hybrid orbitals in bond #, and
7, is the resonance integral between bonds connected to the same
atom. of and o are the site energies of the two orbitals in the
ith bond, and E is the tunneling energy determined by the donor
and acceptor energetics and vibronic coupling. To emphasize the
role played by hole and/or electron tunneling, ¢ can be written

) ¥
ei_e°+eh—_E—E§2) E-Ep (3b)

E, (E}) is the antibonding (bonding) orbital energy of bond i. If
either mediation mechanism dominates for a particular bond,’

Vi
€ ~
! E—a,

(3¢)

«; is the energy of the bonding or antibonding orbital that mediates
the coupling across the particular bond.

In this paper, we implement a numerical search procedure to
identify the combinations of bonds that maximize ﬁ,e,- between
specified sites in a protein (based on the crystallographic coor-
dinates). The assumptions described in section III that are used
to calculate the pathway decay parameters, ¢, for through bond,
hydrogen bond, and noncovalent interactions (and the neglect of
interactions between paths) simplify the calculation. The kinds
of pathways that are found are not very sensitive to changes in
these decay parameters. In section IV we describe the imple-
mentation of the search for pathways that maximize [l
Correlations between effective pathway lengths and experimentally

(13) Davydov, A. S. Phys. Stat. Solidi B 1978, 90, 457.
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derived electronic matrix elements are discussed in section V.

III. Numerical Implementation of the Model

To probe the nature of the physical pathways that mediate electron
transfer in proteins and to estimate relative coupling strengths requires
a set of rules to calculate ¢'s and a strategy to search for pathways.
Estimates of decay parameters from prior theoretical and experimental
work are adequate to put us into the correct range to carry out this study.
The search procedure begins with a protein crystal structure, identifies
covalent and hydrogen bonds, calculates bonded and nonbonded inter-
actions, and searches for combinations of bonds on a path connecting
donor and acceptor that maximize 1 according to the prescription
below.

(a) Description of the Computer Model, The strategy for pathway
searches is as follows. From the crystal structure, covalent and hydro-
gen-bonded connections between atoms are established. This allows
calculation of the ¢s for pairs of bonds. Within a search radius around
each atom, noncovalent connections are established if the through space
coupling between the atoms is stronger than the through bond coupling.
In these searches, all through bond decays (¢g) are taken to be equivalent,
although flexibility to vary the coupling for specific bond types was
included in the program. Through space, hydrogen bond, and covalent
couplings are each calculated differently as described in section IIIb.
Limitations of the model are presented in section IV. An improved
calculation would include orbital energy and symmetry effects as outlined
in ref 5b. Pathways that are found are stored in a circular list. Once
the list is full, the poorest pathway in the list is replaced by the next path
found, providing that the coupling in the new path is larger than that of
the largest coupling already on the list (within a preset factor). The list
size can be varied so that there is no danger of overwriting any significant
paths.

Once the bond-bond connections and decay factors are calculated, a
tree-like search algorithm is performed to find optimum pathways. The
program begins at a specified atom (donor or acceptor) and proceeds
along a pathway allowed by the connection list until | ] is smaller than
a preset cutoff value or the other specified atom (acceptor or donor) is
found. If the product of decays to reach a particular atom is smaller than
the cutoff, another pathway is sought from the prior atom. If this fails,
the pathway backs down the tree by one more bond and seeks another
route. Markers are left at the visited atoms, along with the largest [T,
value found to that point. Future pathways that reach the same point
with a smaller coupling (within a variable factor) are rejected (i.e., the
search backs down by one atom and continues).

The process of looking for alternate routes, backing down, branching,
and moving forward continues until the acceptor is found. When an
acceptable pathway is found, [I; is stored as the new cutoff for ac-
ceptable pathways if it is larger than the existing cutoff. Searches then
work backward toward the doner to find additional pathways. Only
pathways within a set factor of the largest 1, found so far in the search
are accepted. As the largest found [l increases (i.e., as better and
better paths are found), poor pathways are rejected progressively earlier
in their analysis. The best accumulated pathways are retained.

(b) Choice of Parameters. In this model, which suppresses differences
between covalent bond types (differences may be introduced by varying
the factor const in eq 4a), there are three key decay factors characterized
by six parameters. The decay factors are

ep = const exp[~By(R ~ RY)] (4a)
¢s = as?p exp[—B;(R — RE)] (4b)
e = oyty’ exp[By(R ~ RY)] (4¢)

g is the value of g for an equilibrium length bond (const). The 8 factors
specify the distance dependence of the interactions and the ¢ factors
specify their orientation dependence. In practice, we choose o = 1.0,
og = 0.0-1.0, By = B, = B = 1.0-1.7 AL, and const = 0.4-0.6 for
pathway surveys (three parameters). Detailed discussion of these pa-
rameters is found in ref 5b. In a standard extended-Hiickel calculation,
the B’s in eq 4 depend on the orbital binding energies. References 3 and
5b show that in the electron-transfer problem it is more appropriate to
use the electron tunneling energy to calculate 8. In any case, the path-
ways are not strongly dependent on the particular way in which the
energy is chosen.

The reason all 8’s and o’s are the same is that we intentionally chose
to neglect differences between bond types and orientations to obtain
qualitative mappings of protein tunneling pathways. The strategy for
including bond differences and angular effects is described in ref 5b.
Although angular effects require greater attention, the differences be-
tween decay factors for different bond types will not cause gross changes
in the pathways. The strategy presented here would be meaningless if
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Ru(His 48) Myoglobin
B=17A1

6S=1.0

all 211 pathways

Lys 42
Figure 1. All 211 pathways found within one order of magnitude of the
best path for Ru (His 48) myoglobin. 8 = 1.7 A™!, g = 1.0. In all
figures solid lines represent covalent bonds, dashed lines represent hy-
drogen bonds. and dotted lines represent through space contacts along
pathways.

the qualitative aspects of the predictions were dependent on fine details
of the decay parameters.

The ¢ values can be purposely varied to find pathways that exclude
through space or hydrogen bonded segments. The decay factors include
the qualitative aspects of the coupling, such as the similarity between
covalent and hydrogen-bonded coupling®® as opposed to through space
coupling. The rough choice of parameters suffices in a first attempt to
obtain a qualitative understanding of dominant pathways.

Realistic values of eg are defined by the resonance integral for the
bond and tunneling electron energy relative to the bond energy. As
discussed in refs 35, typical values of g are 0.4-0.6 for the bonds of
interest. The value of 8, the decay length of the through space interac-
tions, is determined by the binding energy of the tunneling electron.® A
10-eV binding energy corresponds to 8 ~ 1.7 A-'. Changes in the
pathways caused by varying 8 and ¢ are discussed in section I'V. Since
we only intend to classify pathways and estimate matrix element ratios,
the conclusions are insensitive to the precise values of these three pa-
rameters. The prefactors oy and o allow the inclusion of orientational
factors in an average sense for hydrogen bond and through space con-
tacts.

IV. Resuits

(a) Sensitivity to Parameters: Example of Ru-His 48 Myo-
globin, As an example of an implementation of the program, four
known ruthenated myoglobin derivatives®® were studied with ¢p
fixed at 0.6, oy = 1.0, and og varied between 0.01 and 1.0. B was
varied from 1.0 (~3 eV binding energy) to 1.7 A! (~10 eV
binding energy), and minor changes were found in the physical
pathways. Decreasing 3 does introduce more physical pathways.
However, the pathways generally differ in minor ways from those
found with a larger value.

The number of pathways found with a donor—acceptor coupling
within an order of magnitude of the best coupling is ~200 for
the ruthenated His 48 derivative of myoglobin (~ 13 A transfer
distance). Figure | shows that most pathways differ in minor
ways, such as in the details of the through space connections
between the Phe 43 ring and the porphyrin. By eliminating
trivially different pathways, a compact network of relatively few
bonds is found (corresponding to relatively few physical pathways).
Figure 2a displays only one path per group of calculated pathways
consisting of identical amino acids in a unique order for ruthenated
His 48 myoglobin.

Figure 2a—c shows the sorted His 48 pathways with 8 = 1.7
A-'and o, the through space orientation factor, equal to 1.0, 0.1,
and 0.01. For o5 = 0.01, all paths with through space legs are
eliminated. However, for g5 = 0.1, about one-half of the through
space contacts present in the og = 1.0 calculation remain im-
portant. These pathways have been sorted as described above.
The factor exp[-8(R - R.;)] for a 3.5 A through space contact
decreases by a factor of 7 as 8 changes from 1.0 to 2.0 A™". For
B =1.7 A", an additional 1 A in through space distance changes
the coupling factor for the interaction by a factor of about 5.
Through space contacts make significant contributions to pathways

Beratan et al.

a Ru(His 48) M bin
B=17A1
6S =1.0

presorted pathways

Asp 44

Lys 47 Lys 42
b )
u(His 4 lobin
B=17A1
oS = 0.10
presorted pathways
Arg 45
Lys 42
Lys 47 ys
c
Ru(His 48) Myoglobin
B=17A-l
oS = 0.01

presorted pathways

Lys 47

Figure 2. Pathways for Ru (His 48) myoglobin. 8 =17 A, ¢5=1.0
with pathways presorted as described in section IVa. (b) Pathways for
Ru (His 48) myoglobin. 8 = 1.7 A, ¢ = 0.1 with pathways presorted.
(¢) Pathways for Ru (His 48) myoglobin. 8 =1.7 A}, g5 = 0.01 with
pathways presorted.

when they shortcut a large number of through bond links. The
precise value of 8, therefore, defines the point at which through
space contacts replace longer through bond paths. In isomers with
an essential through space contact, the number of useful inter-
connections between through bond legs will depend on the value
of B (e.g., details of interhelix contacts are 8 dependent, for
example, in the Ru-myoglobin His 12 isomer). Figure 3 shows
the effect of varying 8 on the paths for o5 = 0.1 (see Figure 2b
for comparison).

og is expected to be quite sensitive to the relative orientation
of the groups interacting through space® and may be much smaller
than 1. Naturally, if the distance saved by making a through space
connection vs propagating through covalent or hydrogen bonds
is offset by this penalty, the through space contributions will be
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Table I. Dominant Pathways?
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through through through effective through

isomer bond links® space links space distance, A bond links Mef
myoglobin

His 48 15 (1 H bond) 1 3.26 240 4.65 X 10°¢

His 81 22 (4 H bonds) 1 3.19 316 9.76 X 10°¢

His 12 21 (no H bonds) 2 3.16, 3.19 37.5 4.73 x 107

His 116 17 (1 H bond) 1 417 29.2 3.36 x 107
cytochrome ¢

His 33 18 (1 H bond) 0 17.6 1.26 X 107

His 39 15 (1 H bond) 0 16.3 2.47 x 107

His 62 22 (3 H bonds) 0 22.6 9.74 X 10

4 Calculated with og = 0.5, 8 = 1.7 A, and counting hydrogen bonds as two through bond connections from heteroatom to heteroatom. ¢Bonds
counted from Ru to the porphyrin ring edge or to the porphyrin metal atom for paths involving a ligand of the porphyrin metal (His 33 cytochrome
¢ only); hydrogen bonds counted as two bonds. ©Relative couplings, squares give relative transfer rates assuming equal activation parameters,

donor/bridge, and acceptor/bridge couplings.

Ru(Hjs 48) Myoglobin
B=10 A-1
6S =0.1

presorted pathways

Lys 47

Figure 3. Pathways for Ru (His 48) myoglobin. §=1.0 A™, o5 = 0.1
with pathways presorted.

much less important. For example, in the Ru-myoglobin system,
decreasing os to 0.1 in the His 48 derivative shuts off many of
the through space pathways within an order of magnitude of the
best pathway (Figure 2b).

(b) Analysis of Other Ruthenated Myoglobin Derivatives,
Pathways with limited through space or hydrogen bond connections
can be found by changing the prefactors, og and ay. Using og
= 0.5 and 8 = 1.7 A7), we have analyzed the three other ru-
thenated myoglobin isomers. As mentioned in other communi-
cations,*# His 116 and His 12 derivatives lack fully covalent/
hydrogen-bonded paths. The requirement for through space
coupling may make the net interaction quite small. This result
is of particular interest from an experimental point of view (see
section V).

Figure 4 shows the sorted pathways in His 12, His 81, and His
116 ruthenated myoglobins. The His 81 isomer has two parallel
sets of pathways that utilize a-helix and contain significant co-
valent/hydrogen-bonded pathways. The His 12 isomer involves
two segments bridged by Trp 14 or Leu 76. No significant purely
covalent/hydrogen-bonded pathways exist for this isomer.
Pathways in the His 116 isomer are along a single segment of
a-helix, but all pathways into the porphyrin involve through space
connections.

(c¢) Analysis of Ruthenated Cytochrome ¢, Ruthenated de-
rivatives of cytochrome c labeled at His 33 (horse heart), His 39
(C. krusei), and His 62 (S. cerevisiae) provide an interesting case
study. In these isomers,'®!* there are roughly one order of
magnitude fewer paths than in the myoglobin derivatives because
of differences in protein secondary structure. All of the dominant
cytochrome ¢ pathways involve covalent and hydrogen bonds. The
smaller amount of a-helix in cytochrome ¢ produces few nearly

(14) (a) Therien, M. J.; Bowler, B. E.; Selman, M. A.; Gray, H. B. In
Electron Transfer in Inorganic, Organic, and Biological Systems; Bolton, J.,
McLendon, G. L., Mataga, N., Eds.; ACS Symposium Series; American
?hemical dSociety: Washington, DC, in press. (b) Beratan, D. N.; Onuchic,

. N., Ibid.

equivalent hydrogen bond mediated pathways compared to
myoglobin. None of the cytochrome ¢ derivatives has as large
a number of pathways as myoglobin for a comparable donor-
acceptor distance. The density of pathways to other surface
residues in cytochrome c is also low.

The through space (ruthenium to porphyrin ring edge) distances
in the His 33 and 39 derivatives are about the same (~13.2 and
13.0 &, respectively).'® The pathways in 39 are predicted to be
about a factor of 2 better coupled (the paths differ in effective
length by one bond). Typical constant potential barrier models
(simple exponential decay models) would assign couplings differing
by no more than 10% (see Figure 5) (see refs 10 and 14). In
contrast, the His 62 derivative, with a distance 2.5 A longer (i.c.,
15.6 A), is predicted to have a path with an effective length 4—6
bonds longer than the His 39 and His 33 derivatives.®!* This
difference should result in a coupling difference of about a factor
of 10. This is also a larger coupling difference than typical
exponential decay models would predict.

Table I summarizes the pathway lengths, their characteristics,
and the relative coupling strengths for the best paths in the ru-
thenated derivatives of myoglobin and cytochrome c.

V. Discussion

This paper presents a simplified numerical implementation of
the electron tunneling pathway model.*> We predict qualitative
differences in the nature of tunneling pathways in different proteins
as well as in different ruthenated isomers of the same protein. The
calculated size of the decay factor product (eqgs 2 and 4) predicts
an effective tunneling pathway length for each isomer. This
effective length is directly related to the relative electron transfer
rates in the isomers, provided that changes in FC factors are
accounted for. In some instances, experimental reaction rate vs
free energy studies have led to determinations of the coupling
matrix elements and direct comparisons with theory,!0:14

The ordering of the predicted coupling is the following: His
39 cytochrome ¢ ~ His 33 cytochrome ¢ > His 62 cytochrome
¢ ~ His 48 myoglobin > His 81 myoglobin ~ His 116 myoglobin
~ His 12 myoglobin. It is encouraging that this ordering is in
accord with the available experimental information.®1014 Notably,
the pathway calculations predict the small observed differences
between the His 33 and His 39 couplings as well as their relatively
large size compared to His 62 cytochrome ¢, which has a transfer
distance ~4 A longer but an effective pathway length ~ 5 bonds
longer.'* Both the experimental values and theoretical estimates
of the couplings for cytochrome ¢ are more reliable than those
for myoglobin.

The ruthenated His 116 and His 12 myoglobin isomers lack
fully covalent/hydrogen-bonded pathways.*8 The through space
linkages in the His 12 and 116 isomers may lead to smaller net
couplings than in the His 81 isomer, despite the quite similar
transfer distances in the three derivatives. Recent work suggests
that the His 116 myoglobin intramolecular ZnP* — Ru?* elec-
tron-transfer rate may be smaller than previously estimated.'*

(15) Upmacis, R. K. Unpublished results.
(16) Kuki, A.; Wolynes, P. G. Science 1987, 236, 1647,
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Figure 4. (a) Pathways for Ru (His 81) myoglobin. 8 = 1.7 A}, o5 =
1.0 with {athways presorted. (b) Pathways for Ru (His 12) myoglobin.
8 =1.7 A", g = 0.5 with pathways presorted. (c) Pathways for Ru (His
116) myoglobin. 8 = 1.7 A-!, g5 = 0.5 with pathways presorted.

Additional experiments are needed on both the His 12 and His
116 isomers to resolve the intramolecular contributions to the
observed ZnP* — Ru’* rates. It is also possible that distance
fluctuations in through space contacts could be “frozen out” at
low temperatures. The intramolecular rates in His 12 and His
116 isomers should be examined carefully to see if they exhibit
unusual temperature dependences related to temperature-de-
pendent pathways.

The systematic pathway analysis presented here serves several
purposes: (1) to provide design guidelines for engineered elec-
tron-transfer proteins, (2) to suggest significant physical pathways
for further detailed theoretical analysis, (3) to provide interpre-
tations of experimental electron transfer experiments in native
and mutant proteins,®1%14 (4) to provide a basis for interpretation
of theoretical models for electron transfer in proteins that explicitly
include contributions from all paths,®!¢ and (5) to test the de-
pendence of the pathways on specific aspects of the electronic

Beratan et al.

a Ru(His 33 toch:
B=17A-1
6S =05

all pathways

b
His 39
c
Ru(Hi tochrome ¢
His 62 B=17A-1
68 =05

all pathways

Figure 5. Pathways for ruthenated cytochrome ¢: (a) Ru (His 33)
cytochrome ¢; (b) Ru (His 39) cytochrome ¢; (¢) Ru (His 62) cytochrome
¢ B=17A" o5 =05 Note the limited number of paths and the
rather direct ones into the x-cloud of the porphyrin for the His 39 isomer.
The coordinates were generated with use of the tuna X-ray structure,
substituting the appropriate amino acids, and performing an energy
minimization.'® The low density of pathways eliminated the need for
sorting the output paths.

structure of proteins. The method has succeeded in providing
guidance in the ruthenated protein research and in providing some
understanding of the origin of electronic coupling differences in
several myoglobin and cytochrome ¢ isomers. The pathway
calculations are now being used to design proteins with or without
hydrogen bonds along putative pathways.'

We reiterate our prediction that relatively few pathways con-
tribute to the donor-acceptor coupling and recall that this ob-
servation is consistent with our understanding that the coupling
decays rather rapidly with distance and is very sensitive to details
of the interactions along the pathway. This concluison is ex-
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perimentally testable with modern synthetic peptide techniques.”

If many pathways are important, the rate should be weakly de-
pendent on the details of the intervening medium.

Finally, we emphasize that this theoretical work is of a survey
nature aimed at providing design and interpretation guidelines.
Interpretation of transfer rates requires corrections due to dif-
ferences in reaction free energies, reorganization energies, and
tunneling matrix element prefactors (donor—first bridge orbital
and last bridge orbital-acceptor coupling factors) prior to at-
tempting a correlation with pathway length. From a theoretical
point of view, interference between multiple pathways, high-order
(multiple scattering) corrections, bond orientation, and energetic
effects have been neglected. The importance of these effects in
causing qualitative changes in the pathways and quantitative
changes in the couplings is being investigated. In spite of the
limitations of the calculations, this work describes the physical
mechanism for electron tunneling through the protein environment
and it provides a tool to guide the design and interpretation of
new protein-electron-transfer experiments. Preliminary results
from this study, especially on cytochrome ¢, are encouraging since
effective tunneling pathway lengths correlate very well with ex-
perimental estimates of the tunneling matrix elements.!4

VI. Software

Software was developed with the Digital Equipment imple-
mentation of FORTRAN 77 to run on Digital Vax and Microvax

(17) Raphael, A. L; Gray, H. B. Proteins 1989, 6, 338.

machines. The source code and users manual are available from
the authors.'®* The program inputs parameters from four data
files and one BIOGRAF! structure file derived from the X-ray
crystal structure. The software outputs an ascii file listing the
pathways and a BIOGRAF vector file with their coordinates.
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Abstract: A novel method for analyzing molecular dynamics trajectories has been developed, which uses digital signal processing
techniques to eliminate unwanted motion and retains only motions of interest. In particular, it is possible to filter out the
high-frequency motions and focus on the low-frequency collective motions of molecules. The trajectories of each of the atoms
in the system (or any subset of interest) are Fourier transformed to the frequency domain, a filtering function is applied, and
then an inverse transformation back to the time domain yields the filtered trajectory. The validity and merits of the filtering
method were studied in detail for acetamide and N-acetylalanine-V-methylamide as models for peptides and proteins. Initially
the technique was tested for fluctuations around one local minimum. The normal modes obtained by diagonalizing the
mass-weighted second-derivative matrix were combined to generate a well-characterized “normal-mode trajectory”. The frequency
distribution of this trajectory approximates a é function with a peak for each of the frequencies in the normal-mode analysis.
By use of a filtering function that retains only one peak of the spectral distribution, a single mode was extracted. This filtered
mode had all the characteristics of the original normal mode. Technical aspects such as the effects of simulation length and
sampling frequency were also examined by using normal-mode trajectories. The method was then applied to “real” molecular
dynamics trajectories. We have shown that information about the structural mobility at the vicinity of a minimum, traditionally
obtained from normal-mode analysis, can also be extracted from molecular dynamics simulations by using the filtering technique.
In addition, molecular dynamics simulations that include conformational transitions, such as ag — C$*, were used for evaluating
the merits of the filtering technique in anharmonic regions. We concluded that with this technique it is possible to characterize
the important motions of a molecule in a way analogous to normal-mode analysis, without confining the study to harmonic
oscillations and one local minimum energy conformation. The filtering technique is very flexible and can easily be applied
to sections of a molecule or whole molecular systems, and various types of motion can be selected by designing the appropriate
filtering function. Since it is also not very demanding computationally, it can serve as a powerful tool for the characterization
of the dynamic behavior of small and large molecular systems.

Introduction

Molecular mechanics calculations have been used since the late
1960s'? as an important tool for understanding the structural and
energetic preferences of molecules.’* In recent years the theo-

(1) Lifson, S.; Warshel, A. J. Chem. Phys. 1968, 49, 5116.
(2) Allinger, N. L.; Sprague, J. T. J. Am. Chem. Soc. 1972, 94, 5734.
(3) Ermer, O. Struct. Bonding (Berlin) 1976, 27, 161.
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retical (and experimental) study of the dynamic behavior of
molecules expanded as well. In particular, the flexibility and
internal motion of biomolecules such as proteins (enzymes, re-
ceptors, etc.) or nucleic acids (DNA and RNA) are of importance

(4) Burkert, U.; Allinger, N. L. In Molecular Mechanics; ACS Monograph
Series 177, American Chemical Society, Washington, Dc, 1982.
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