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354 ONUCHIC ET AL

Equation 6, setting E = E;, we introduce errors of the order E;—E,.
Because £ in Equation 6 only appears in terms like a,— E, the error
introduced is approximately (To/(0tpaqe — Exf). This error is of the order
of the overlap between the effective donor and the acceptor states.

In order for the two-level approximation to hold, the separation between
levels one and two, 2Tpa, must be small compared to the energy separation
between these states and the bridge. Actually, the ratio of these two
quantities determines the precision of the approximation. Also, for the
Born-Oppenheimer approximation to hold, these energy separations must
be large compared to any relevant nuclear excitation energies. Finally, for
this approximation to be valid, the investigator must consider one more
time (energy) scale. As the electron tunnels from the donor to the acceptor,
it spends a certain time in the classically forbidden region (12, 18). If this
time is much shorter than the period of the vibrational modes, the atoms
stay fixed as the electron tunnels; in other words, the Born-Oppenheimer
approximation works. These approximations are reasonably good for
electron transfer in proteins, and the reader is referred elsewhere (5, 12,
635) for further details,

To conclude this section, we comment on the nonadiabatic approxi-
mation that leads to an electron-transfer rate given by Equation 2. In order
for this limit to be valid, the electronic frequency, Tpa/h, must be low
compared to that of the relevant nuclear motion. In the past six years,
many papers have addressed this subject (see 67 and references therein for
details). In long-distance electron transfer, the tunneling matrix elements
are so small that this approximation most likely is adequate.

THE PATHWAY MODEL

The pathway model of electronic coupling in proteins (3,6,7,8 11)
was developed based on earlier studies of electronic coupling in model
compounds (4, 7, 63). Tunneling is much more efficient (decays more
slowly) through bonded orbitals than through space, because the potential
barrier is effectively lower. In proteins, the bonded-path connection length
between D and A can be extremely long compared with the direct through-
space distance. Qur pathway method searches for the combination of
bonded and nonbonded interactions that maximizes the total D-A inter-
action mediated by a combination of through-bond and through-space
coupling through the protein. The tunneling pathways obtained contain
mostly bonded interactions (with occasional through-space connections).

The intervening protein could provide two distinct mediation mech-
anisms to couple D and A. One mechanism mediates the interaction by a
few very specific combinations of interacting bonds (fragments of amino
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acids) between D and A. The bonds would couple D and A through
a sequence of directly connected covalent bonds, hydrogen bonds, and

noncovalent contacts. Each of these combinations is called a physical

tunneling pathway and plays a role in the D-A coupling (8). The other
distinct way that the protein might couple D and A involves a sufficiently
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, no particular detail of the protein will greatly affect the rate.

An elaboration of the discussion of a physical tunneling pathway can
help us focus the discussion of the D-A coupling mechanism. For a single
physical pathway, one can use exact and perturbation theory methods for
calculating the coupling arising from that physical pathway, Numerical
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 (63, 64)]. Within a lowest-order perturbation theory calculation, the
per-bond decay depends only on the tunneling energy and on 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 (equivalent to higher-order
perturbation-theory corrections) for a given pathway arise from enu-
merations of bonds in the tunneling pathway longer than the shortest path
from D to A. For example, a physical pathway consisting of bonds 1, 2,
3,4, ... has the direct pathway 1-2-34 . . . and the scattering pathways
1-2-3-2-34 . . ., etc. We now discuss how one can exactly account for
the scattering pathways in the electronic-coupling calculation for a one-
dimensional physical pathway by correcting the seif energy of each orbital
on the path. 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. In the same way,
the effect of side groups appended to the physical pathway can also be
included.

For a single physical pathway, the tunneling matrix element can be
written (7, 53)

N
toa = prefactor [] . 9.

im]

Neglecting interactions between pathways within the protein bridge, T,
is & sum over 1,,s for all physical pathways. For a pathway, ¢, for each
block in the path (66) may be calculated approximately or exactly as
discussed above. The prefactor depends on details of the interaction

between the D or A with the first or last, respectively, bond of the tunneling
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356 ONUCHIC ET AL

pathway. When experimental systems with similar (or properly scaled)
prefactors and FC factors are compared, differences in clectron-transfer
rates are expected to result from differences in the coupling via the physical
pathways of the systems. The challenge in proteins, then, is to identify the
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 Equation 9.

As an example of how to compute &, we consider a lincar chain of
identical (Figure 1a) orbitals coupling the donor and the acceptor. (The
orbital energy is ap and the coupling between neighbors is o.) If back-
scattering is neglected, the decay per orbital is

e = v/(Ex—as), 10.

where v is the coupling between neighboring bridge orbitals, and « is the
orbital energy. The exact result, including backscattering, can also be
written as the product given by Equation 9. The decay ¢, between bonds i
and i+1is:

i+l

_ Gl _ v
ei(Er) = . Er—(es+ &%)’
where 8 is the site self-energy correction due to backscattering. G is the
Green’s function for a linear bridge of j orbitals. In the long chain limit
{i » 1), this result converges t0 the infinite-chain limit

1 |m_.l..RU 12

tmelE) 0

O—O—O—0O—0 +++0—0 @

11,

el E)+

...OI.O ) .

Figure1 (a)Schematic representation of a lincar bridge. Only nearest neighbors are coupled.
{b) Schematic representation of & side group coupled to an orbital in the pathway.
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We refer the reader clsewhere (66) for details about how these Green’s
functions can be calculated and for a description of our stepwise Green's
function method. , :

The effect of pendant (side) groups can also be included without destroy-
ing the pathway concept. This concept is associated with the possibility of
writing fp, as a product of es. Figure 15 suggests that pathways can include
the effects of side groups attached to a single site by modifying the self
energy of the orbital that the pendant group is attached to. Assuming that
the side chain is coupled to pathway orbital i via orbital 51, the side chain
can be climinated by renormalizing the orbital i energy:

@ = o+ 0,0 G an e 13.

G, is the diagonal matrix element of the Green's function for site 51
when only the side chain is included in the Hamiltonian. Using this pro-
cedure, many side chains can be immediately eliminated at the early stages
of the calculation, greatly simplifying the problem.

The validity of the pathway approximation only becomes suspect when
loops involving several paths appear. If interference between pathways is
considerable, contributions from independent pathways enter Tpa- in a
rather complex manner. To address this issue, we developed a stepwise
Green’s function technique, and research is underway to understand the
general applicability of the pathway concept. The simple pathway concept
without the inclusion of effects like those discussed above can still teach
us much about the mediation of electron tunneling in proteins.

Our strategy for mapping tunneling pathways in proteins involves
making approximations to the decay factors ¢, and performing computer
searches for the combination of interacting bonds with decay factors that
maximize the product in Equation 9. _

PATHWAY SEARCH STRATEGIES

The Conceptual Basis of the Calculations

The single maximum coupling pathway between two points in a protein
indicates, at the very least, the coupling strength between those regions of
the molecule. This section describes our simple approximations (based
on intuition gained from mode! compound studies) used to produce a
computationally tractable approximation to the coupling given in Equa-
tion 9 in which a product of decay factors give the contribution to Tpa
from a single pathway. Our ansatz partitions electronic mediation through
protein into three types of interactions: covalent, hydrogen-bonded, and
through-space. This division was based on the fact that bond-mediated
interactions are much longer range than through-space interactions (7).
i
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358 ONUCHIC ET AL

The barsier to tunneling through a bonded medium is considerably lower
than tunneling through vacuum (6, 10, 11) so the exponential decay of
bond-mediated coupling is slower than through-space tunneling. Hydro-
gen bonds are weaker than covalent bonds, so it was not immediately
apparent that they would be key mediators of tunneling. However, because
hydrogen bonds bring lone-pair and bonding orbitals into close Proximity,
we expect their mediation properties to be substantial (8, 64),

Bonded and nonbonded interaction energies are obviously a function
of atom type, hybridization, and orientation. However, the distinction
between bonded and nonbonded interactions is so strong that a pre-
liminary understanding of coupling pathways arises from determining the
mix of these interactions on the dominant routes. For a single pathway
consisting of covalent (C), hydrogen-bonded (H), and through-space (S)
interactions, Equation 9 can be rewritten:

Tpa oc : ec(f) z £s(f) ﬁ— enlk). 14.

Because the rate of electron transfer (Equation 2) is proportional to T3,,
we can estimate relative rates from Equation 14 for a given nuclear FC
factor. By writing the Ty, expression with a propottionality, we have
suppressed prefactors associated with D-bridge and bridge-A coupling.
These factors have been discussed elsewhere (22, 64) and for the purposes
of this discussion are assumed to be the same for all pathways. Simpler
models for electron tunneling in proteins would write Tp, {and the transfer
rate) as proportional to an exponentially decaying factor arising from a
simple one-dimensional square barrier (28):

ker(square) = A exp(—BR)YFC). 15.

The goal of the algorithm described in the next section is to find the
combination of bonds between D and A that maximizes the product in
Equation 14 given simple rules for approximating the decay factors e.
Other theoretical strategies for calculating the tunneling matrix element
are also being developed (14, 19, 46).

Coupling Decay Factors

~We now consider the range of decay parameters that are chemically access-
ible and describe the computer-search strategy for finding pathways that
maximize the product in Equation 14 for a set of specified decay factors.
Many covalently coupled D-A model compounds that undergo photo-
induced electron transfer have been constructed with both biological and
nonbiological redox active chromophores. When one translates the
reported decays of rate with bridge size to decay per bond factors of the
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tunneling matrix element, through-bond &c decay factors are calculated in
the range ~0.7-0.4 (55). We have chosen a value of 0.6 because it is a

reasonable average value for the decay per bond (see 64 for details).

Although ratios of rates depend on the choice, if all &S are assurmned to be
the same, the qualitative results of the single pathway calculations are
insensitive to the exact value chosen (because e appears as a prefactor in
all three terms). The key relationship is between ec and the through-space
decay constant. Through-space interactions are treated as stretched bonds,
with couplings that are weaker than the bonded couplings by an amount
commensuratc with the length of the interaction beyond the reference
covalent-bond length. An additional factor, usually taken as 1/2, is added
to account for the generally unfavorable orientation effects associated with
through-space interactions. The decay length, 1.7 A" for the through-
space interaction, arises from the calculation of penetration through a one-
dimensional square barrier, which drops with exponential decay constant
(2m.En/h?)"?, where m, is the electron mass and Eyis the tunneling electron
energy, about 10 eV (11), Tunneling energies chosen in the 5-10 eV range
have been explored. Again, the results are insensitive to the specific value.
The hydrogen-bond decay is treated as two covalent bonds from hetero-
atom to heteroatom, allowing one to adjust the coupling if the bond length
is longer or shorter than the reference length. Thus, we have arrived at the
following parameter set 8, 9):

&c = 0.6 i6a.
ey = elexp[— 1L.7(R-2.8)] 16b.
& = (1/2)ecexp[— 1.7(R—1.4)]. 16¢.

In these expressions, the distances, R, are in A ynits and the decay factors,
& are unitless. The reference covalent bond distance is chosen as 1.4 A (2.8
A for two bonds). These decay factors include the minimai amount of
physical detail needed to understand the structural dependence of elec-
tronic coupling in a bridge. As such, they provide a starting point for the
development of structure-function relationships that, if promising, will be
elaborated to include numerous fascinating complications arising from
quantum interference within and between pathways, bond energetic
differences, and geometric fluctuations from assumed atomic positions, to
name a few.

Finding the Best Path

How are the pathway searches actually performed? These parameters
are consistent with typical binding energies for electron-transfer localized
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states as well as theoretical and experimental studies of model compounds
(9). Each decay factor ¢ is associated with an effective distance d.q where:

dyeli) = —loge(i)- 17.

We refer both to decay factors and connection lengths throughout the paper.
The strength of the coupling arising from a single (noninterfering) pathway
is proportional to the product of decay factors for each step on the path:
Iz, The computational challenge is to analyze the highly interconnected
network of bonded and nonbonded contacts in a protein and specify
the bonds that maximize this product. This is precisely the well-known
minimum-distance-in-a-graph problem. The minimum-distance problem
addresses finding the shortest pathway between two points in an inter-
connected network. Because Equation 17 associates the decay factor with
an effective distance, we can restate our search for the maximum pathway
couplings as a search for the shortest effective distance between donor and
acceptor in the corresponding network. Graph-theory strategies for solving
the minimum-distance problem are discussed elsewhere (17).

The first step in using graph theory to find electron-transfer pathways
in proteins is to construct a labeled graph (17) corresponding to the
superset of all potential pathways. Covalent bonds (established as
described below) are first mapped onto vertices. Establishing which vertices
are to be joined by edges requires progressively more computation for
adjacent covalent bonds, hydrogen bonds, and through-space contacts.
The lengths of the edges (ie. the decays) are determined by the distances
petween the atoms and the nature of the interaction (Equation 16). The
covalent bonds are specified implicitly by the Brookhaven Protein Data
Bank files. Covalent interactions, those between bonds anchored at a
common atom, are easily identified. Commercial software is used to look
up these connections for the known amino acids and other residues, which
are then appended to the Protein Data Bank data. These amended Protein
Data Bank files are used as input to the PATHWAYS software written by
J. N. Betts, Directed by data in the parameter files, the program looks up
the model-predicted decays (Equation 16) for the various bond types
and stores them. Hydrogen bonds are identified as having acceptable: (a)
hydrogen-donor and hydrogen-acceptor groups (donors: -NHx; acceptors:
carbony! oxygens; both: -OH), (b) donor-hydrogen-acceptor angle, and {¢)
donor-acceptor distance (A). These values are specified in a parameter file.
Edges representing the hydrogen bonds are added to the connection list,
and lengths that represent these decays are added to the list of segment
lengths, Next, potential through-space connections are sought within a
limited radius of each atom, typically 6 A. No through-space connections
Jonger than 6 A contribute to significant pathways, so they are ignored
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to shorten the data-processing time. The through-space connections are
established for each atom, X, as follows. First, the investigator composes

a list, L, containing all bonds/vertices within range of X and attempts to

eliminate as many of the entries as possible. Through-space connections
are climinated between atoms that have a significantly stronger bond-
mediated connection. The first through-space connections the program
eliminates from L are those that are redundant with preexisting covalent
and hydrogen bonds. The vertices remaining in L are sorted on the basis
of their distances from X, shortest first. Next, a depth-first shortest-path
search (17) is performed with X as the root, finding the shortest distance
to atoms with potential through-space connections. The depth of the
search is limited to a length that corresponds to the through-space decay
from X to atoms within the through-space cutoff radius. If the search
returns without having located the potential atom, the through-space
contact is the shortest path to it, and the connection is thus added to the
master connection {adjacency) list, and its corresponding length is added
to the list of lengths. Otherwise, the through-space connection is discarded
and the next vertex in L becomes the new target. In this way, shorter
through-space contacts can disqualify longer ones, further decreasing the
number of connections added to the graph.

Two standard search strategies are used to arrive at the minimum-
distance path between two points in an interconnected network, referred
to as depth-first and breadth-first searches. Depth-first searches begin at
a specified point and step along allowed connections until no additional
forward steps remain (2 dead-end is reached) or the target site is found. If
a dead-end occurs, the search backtracks by one step and then seeks
alternative forward steps from that point, and so on until the target atom
is found. Breadth-first searches simultaneously consider ail paths radiating
from the starting point by keeping track of each vertex and its distance.
At each step of the search, a new vertex is added. The vertex chosen to be
added is always the one that minimizes the effective distance to the donor
at that stage. When the acceptor atom is the one that is added, the
minimum-distance pathway has been found. We use a depth-first
algorithm. The advantage of the depth-first search for our applications
is its pathway orientation, i.e. each excursion represents a potentially
acceptable pathway and the paths within a given factor of the best pathway
are easily tabulated and accumulated, ;

RUTHENATED CYTOCHROMES

The molecules we have employed in experiments aimed at extracting Tpa
values are ones in which ruthenium complexes are attached to surface
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histidines of structurally characterized proteins (2, 13, 22, 24, 30, 36, 40,
41, 44, 45, 49, 54, 61, 68, 73, 74, 74a, 75, 77-79). Surface modification of
a protein is expected to be nonperturbative, so the structure of the modified
protein is presumably the same as that of the native protein, Hence, the
distance and the intervening medium involved in electron transfer between
the native- and synthetic-protein redox sites are known. Altering the site
of attachment allows one to vary both the distance and the intervening
medium for electron transfer. Changing the ligands in the ruthenium
modification reagent also permits one to study free-energy effects on the
rate of the reaction.

Cytochrome ¢

HIs33 DERIVATIVES The first experimental work on the electron-transfer
reactions of Ru-modified proteins involved horse-heart cytochrome ¢
modified by coordination of pentaammineruthenium to His33 (Figure 2)
(75, 77). The rate of intramolecular electron transfer from Rua(His33)?*
(a = NH,) to the ferriheme (7 = 298 K), measured using photochemical
techniques, is 30(+5) s~ ' (Table 1). The reaction exhibits a rather small
activation enthalpy (2 kcal mol~') and a large negative activation entropy
(—43 eu). Measurements of the temperature dependences of the
Rua(His)**/** and Fe’*/** potentials in Ruay(His33)-Fe-cyt ¢ have pro-
vided estimates of AG® [—4.3(£2) kcal mol~', 298 K), AH° [— 11.5(+ 10)
kcal mol~"), and AS°® [—25(+3) eu] for the Ru(IDFe(II) intramolec-
ular electron-transfer reaction. Given these thermodynamic quantities,
and the temperature dependence (2-40°C) of the electron-transfer rate in
Rua,(His33)-Fe-cyt ¢, one can extract values of A and Ty, from Equa-
tion 2 using a classical expression for FC (51). Nonlinear least-square fits
to the data suggest that 1= 1.2 ¢V and Tp, = 0.03 cm™' (74a). This
value of the reorganization energy is quite close to that predicted by the
Marcus cross relation (59) [4,, = (4,+4,)/2] using the reorganization
energies for the Fecyt ¢ (4;; = 1.04 ¢V) and Ruas(py)**/** (13, = 1.20
eV) self-exchange reactions (15, 51).
A clear understanding of the electronic-coupling strengths in metallo-
protein ¢lectron-transfer reactions depends upon reliable values of A and
- Toa. In addition to studies of temperature dependences, analysis of the
driving-force dependence of electron transfer rates can also provide elec-
tron-transfer parameters. In the low-driving-force regime (—AG*® « 1),
the variation of rate with free energy does not strongly depend upon 4,
and it is difficult to obtain a good value for this parameter. Much better
values of 4 and Tp, can be obtained from high-driving-force measurements
(i.e. —AG° & ). In this region, the driving-force curve flattens out and
electron-transfer rates approach their maximum values.
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Figure 2 Peptide-backbone structure of Rua s(His33)-Fe-cyt c. This complex was prepared
by reaction of Rua {OH,)** with Fe(Il)<cyt ¢ for 24 h at room temperature. The pure singly
modified derivative was isolated using ion-exchange chromatography and was exiensively
characterized by spectroscopic and chemical methods (77, 78).

1t is difficult to prepare a Ru-ammine complex of Fe-cyt ¢ in which the
driving force for intramolecular electron transfer is much greater than 0.2
eV. Substitution of the native Fe center in cytochrome ¢ with Zn, however,
has led to high-driving-force intramolecular electron transfer. The lowest
triplet-excited state of the Zn-porphyrin in Zn-cyt ¢ has a 15-ms lifetime
and is a potent reductant [E° = —0.62 V vs normal hydrogen electrode
(NHE)). The rates of direct photoinduced electron transfer and thermal
recombination have been measured for three Rua sL(His33)-Zn-cyt ¢ pro-
teins (L = NH,, pyridine, isonicotinamide), spanning a 0.39-eV range in
AG® (—0.66 to —1.05 eV; Table 1) (30, 54, 74). Fits of these data yield
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Table 1 Rate constants and activation parameters for intramolecular electron-transfer
reactions of Ru(His)-modified cytochrome ¢

—AG® ker AH? AS?
Electron transfer V) " (kcal mol~") (en)
His33 Derivatives (d = 11.1 A
Ruay(His)** — Fe(IIl)* 0.18(2) 3.0(5) = 10’ 2.(5) —43(5)
Rua (isn)His)** -+ ZnP+* 0.66(5) 2.0(2) x 10° <0.5 —35%)
ZnP* - Rua(His)*** 0.70(5) 7.8 % 10° 1.4 —-27(5)
Rua(py)His)** — ZaP*" 0.74(5) 3.5(4) x 10° <0.5 —34(5)
ZoP* — Rua (pyXHisy*" 0.97(5) 3.3(3) x 10* 2.2(4) —22(5
Rua(His)** — ZaP** 1.01(5) 1.6(4) x 10* — —_
ZnP* — Rua fisn)(Hisy** 1.05(5) 2.9(3) x 10* <0.5 —30(5)
His39 Derivatives (d = 12.3 &
Rug (isn}(His)?* — ZnP* 0.66(5) 6.5(7) x 10° - 1.7(4) —~3%5)
ZnP* — Rua(His)** 0.70(5) 1.5(2) = 10° 1.3(3) —2K5)
Rua(py)His)?* — ZoP* 0.74(5) 1.5(2) x 10° — LB —37(5)
ZnP* - Rud (pyXHis)** 0.97(5) 8.9(9) x 10* 0.2(2) —2%(5)
Rua(Hig)** = ZaP* 1.01(5) 5.7(6) x 10° —0.2(2) —2%(5)
ZaP* —+ Rua,fisn)His)** 1.05(5) 1.0(1) x 107 0.2(2) —2H5)
His62 Derivatives (4 = 14.8 A
ZnP* - Rua (His)** 0.70(5) 6.5(7) x 10° 1.403) —37(5)
Rue(py)His)?* — ZnP* 0.74(5) 8.1(8) x 10° — —
ZnP* — Rua (py)His)** 0.97(5) 3.6(4) x 10* — —
Rua,(His)?* — ZaP* 1.01(5) 2.002) x 10 0.7(D —375)
* References 61, 75.
* Reference 54
< Reference 30
4 Reference 74.
* Reference 73

i=1.10 eV and Tps =012 cm-" for the photoinduced reactions, and
i=1.19 ¢V and Tps = 0.09 cm-" for the recombinations. The electron-
transfer parameters are not extremely sensitive to the nature of the reaction
(photoinduced or recombination), and these reactions can be adequately
described by a single pair of parameters: i=1.15(10)cVand Tpa = 0.1(2)
cm™! (74a).

The similarity in reorganization energies for the Ru-Fe-cyt ¢ and Ru-
Zn-cyt ¢ intramolecular clectron-transfer reactions is to be expected. The
total reorganization energy is a sum of inner-sphere (4;) and outer-sphere
(4.) elements. Inner-sphere contributions arise from nuclear rearrangements
in the Ru-ammine and metalloporphyrin complexes accompanying elec-
tron transfer. These rearrangements are rather small and have been esti-
mated to contribute no more than 0.2 eV to 4 for both Ru-Fecyt ¢ and
Ru-Zn-cyt ¢ (54). The two sources of outer-sphere rearrangements are the
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solvent and the peptide matrix. Calculations based on a single-sphere

dielectric continuum model (16) indicate a 0.6-¢V contribution to 4, from

the solvent (54). From the structures of ferri- and ferrocytochrome cs, the
peptide contribution to A, has been calculated to be about 0.2 eV (20). The
sum of these individua! components (1.0 ¢V)is in good agreement with the
experimentally derived reorganization energy for the Ru-M-cyt ¢ (M = Fe,
Zn) systems.

1539 DERIVATIVES  Ru-ammine complexes have been bound to His39 of

Zn-substituted cytochrome ¢ from Candida krusei (68, 74). Intramolecular
electron-transfer rates (Table 1) are approximately three times faster than
those of corresponding reactions in His33 derivatives of horse-heart cyto-
chrome c. The variation of rates with driving force in these derivatives
suggests a 1.2(1) eV reorganization energy, indistinguishable from that
found in the His33 complexes. The faster electron-transfer rates have been
attributed to stronger donor-acceptor electronic coupling in the His39-
modified protein (74). .

The direct D-A distances in Ru(His33)-Zn-cyt ¢ and Ru(His3%)-Zn-cyt
c are 11.1 and 12.3 A, respectively; however, the Tpa is twofold larger
for the His39 system. The pathway model is somewhat more consistent
with the data: both the His33 and His39 pathways consist of 11 covalent
bonds and 1 hydrogen bond (Figure 3). The n.y values for His33 and His39
are 13.9 and 14.0 bonds, respectively {74a).

HIS62 DERIVATIVES  Site-directed mutagenesis creates many new oppor-
tunities for studying electron transfer in Ru-modified proteins. A yeast
(Saccharomyces cerevisiae) cytochrome ¢ variant has been characterized
as having a surface histidine at position 62 (13). The Rua (His62) derivative
of this mutant protein was prepared, and the rate of electron transfer from
Ru(Il) to Fe(Iil) was found to be 1.7 s~ ! (Table 1} (13). Ruas(His62) and
Rua,(His62) derivatives of Zn-substituted S. cerevisiae cytochrome ¢ have
also been examined. The rates of the photoinduced and thermal recom-
bination reactions are more than two orders of magnitude slower than the
rates of analogous reactions in His33 derivatives of horse-heart cyto-
chrome ¢ (73). The driving-force data are more {imited than for the other
His derivatives of cytochrome ¢, but again suggest that 4 = 1.2eV. The
slower rates for the His62 derivatives are attributed to weaker electronic
coupling. The direct D-A separation is 14.8 A, while the effective number
of bonds in the pathway is 20.6 (Figure 3) (74a). Both measures suggest
that the His62 electron transfer reactions should be substantially slower
than those found in His33 or His39 derivatives.

NATURE OF THE PATHWAYS  Qualitative differences can arise in the collec-
tion of best pathways found, depending on the protein structure. We have
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Figure 3 Predicted electroniccoupling pathways in Ru(His33)-, Ru(His39), and
Ru(His62)-modified cytochrome ¢. Covalent bonds are depicted as solid lines and bydrogen
bonds as dashed lines. .

examined the paths within a factor of 10 of the best one in ruthenated

His39 and His62 cytochrome c. In the His39 derivative, three routes feed
into a single propionic acid side chain of the heme (Figure 4). The three
pathways are more or less parallel and not highly interconnected. His62
has only two classes of pathways, but paths between and within each class
have intertwined pathways near the His62 group, which are independent
at intermediate distance and connect to independent parts of the heme.
Pathway coupling calculations can be displayed in map form: Figure § is
a coupling map showing the maximum pathway coupling to each a-carbon
in cytochrome ¢. .
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Lys 42

Figure 4 The _83._8—.5 for (a) His39 cyt ¢ and (b) His48 Mb are shown. Dotted lines are
through-space contacts. Note that the best paths in cyt ¢ are structurally related to one
another, while several classes of pathways exist in Mb.

Cytochrome b

HIS2s DERIVATIVES  Three surface His residues of trypsin-solubilized bovine
cytochrome b; (Tb,) have been modified by coordination to Ru-penta-
ammine complexes (Hisl5, His80, His26) (40). Rates of intramolecular
clectron transfer from Fe(II} to Ru(TiI) have been measured in three His26
derivatives: Ruas(His26)-Tb,; mutant (Asn57 to Asp, Glnl3 to Glu, Glul |
to Gin, HislS to Asn, His80 to Asn) lipase-solubilized cytochrome by
[Ruas(His26)LMb,); and deuteroporphyrin-substituted (DP) Tb,
[Rua(His26)DPb,] (40, 41). Electron-transfer rates vary by more than an
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map for cytochrome . Amino acids directly connected to

Figure 5 Electronic coupling L
those coordinating the Fe or hydrogen-bonding to the heme are anomalously strongly

coupled in reference to their through-space distance from the heme.

order of magnitude for the three proteins (T able 2). The mn..&_ differences
in driving force or estimated D-A separation cannot readily momoE: for
the variations in rate. Driving-force data are not available for this system,
but changes in A probably could not be responsible for the differences 1n
electron-transfer rates. The pathway model has been invoked to account
for the differences in rates. A critical through-space jump (from H.omum to
the heme) in the pathway from His26 to the heme is not o.oump.wuﬁ in En
three different proteins (Figure 6). The dramatic reduction in rate in
Rua(His26)DPb; has been attributed to the absence of the heme 2-vinyl

Tablel Electron-transier rates in Ru(His26)-modified cytochrome bs*

—AG® ke d
Electron transfer V) " (1]
Fe(ll)}-Tb, — Rua(His26)™* 008) 14 121
—uoﬁ:v.—..?wwm, — Rua %:WNEN * 0.10(2) 5% 120
Fe(II)-DPb, — Rua {His26 ™ 0132y 0.2(1) 129

* Reference 41,
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Figure6 Best-pathway through-space jump from Leu25 to the heme in Ru(His26)-modified
cytochrome Té(a) and DPb; (3).

group, which is the terminus of the Leu25-to-heme through-space jump in
the other two proteins (40, 41). A longer jump to the heme 3-methyl is
predicted for Rua(His26)DPbs, leading to a slower electron-transfer rate.

NATURE OF THE PATHWAYS Pathways from His26 to the heme in cyto-
chrome b, are somewhat less sparse than in cytochrome ¢. When the His63-
Fe coupling {2.04-A bond length) istreated as a through-space interaction,
pathways through the vinyl group dominate as described above. Two other
classes of pathways can be identified. Pathways arising from through-
space interactions between the heme and residues His63 and Phe58 form
a second tier of paths with weaker coupling than those described above.

Reorganization Energies and Electronic Couplings

Based on the few systems in which a reliable number has been extracted,
A =12 eV appears to be a reasonable value for Ru-ammine-modified
cytochromes (74a). Perhaps because of a lack of data and limited precision
in the derived parameters, 4 has not been found to be particularly sensitive
to D-A separation or to the site of modification. In fact, the simple Marcus
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cross relation provides a reasonably good estimate of the reorganization
fes in these reactions. .
n:ﬂ-m_ﬂrn the reorganization energy, the a_onﬁoao.oocn:u.m wqgmﬁm. in the
Ru-modified cytochromes show a great deal of variability. mb:»:o_m 15
expresses a simple distance dependence for Ty, that adequately describes
electron transfer in model compiexes with values o.m B between 0.8 and 1.2
A-'. This distance dependence, assuming 4 maximum o_ooﬁon.ﬁmnmm.o_.
rate of 10" s™! at close contact (d =3 A), is represented by the solid
(B = 1.0 A~ ") and dashed (8 = 0.8, 1.2 A~") lines in Figure 7. Estimates
of maximum electron-transfer rates (i.c. the rate at —AG® = i) for mm:-
meodified cytochromes (Table 3) are plotted as a function o.m U..> separation
(A was assumed to be 1.2 eV for the cytochrome b s derivatives). munm_._w
all of the maximum rates lie betow the values E&.ES@ by mb:ncon. 15;
there is no simple correlation. The oc&oc.m conclusion is ..&mr fora given
D-A separation, the electronic coupling in the Ru-modified proteins is
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7 Plot of logky,.x versus D-A distance (4) minus 3 > (van der Wasls contact) for
Mm._..”o&m& protcins. Solid and dashed lines represent m.nﬁnqn 15 with .u.l 0.8, 1.0, and
1.2 A-". Filled symbols indicate systems in which A was estimated from a g...oﬂ study.
Open symbols indicate that an assumed value for 4 (1.2 ¢V} was used to estimate ky.x. @,
Cytochrome ¢; A, Hisdg derivative of Mb; O, His26 derivatives of cytochrome b,.
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Table 3 Maximum rates, D-A distances, coupling strengths, and
effective bonds in pathways for Ru-modified proteins

n

Nln H.U) Ry
() AA)  (em~!) (bonds)
Ru{His3%)cyt & 14 x 107 123 0.24 14.0
Ru(His33)cyt ¢* 2.9 x 10¢ 11.1 0.11 139
Ru(Hisb2)cyt ¢ 2.0 x 10* 14.8 0.01 206
Ru(His26)Th,* 4.1 x 104 12.1 001 19.0
Ru(Hi26)L M5 2 1.2 x 19? 120 0.02 18.7
Ru(His26)DP,* 24 x10° 129 0.003 20.3
Ru(HisdR)M b* 21 x 10° 12.7 0.03 226
* Reference 74.
*Reference 54.
* Reference 73.
4 Reference 41.
* Reference 74a,

substantially weaker than that predicted by a simple exponential decay
with distance.

Our pathway model predicts the failure of exponential-decay cor-
relations based on edge-edge distances. It also predicts that maximum
electron-transfer rates correlate with the effective number of bonds in the
pathway. [Multiplying n, by a canonical value of 1.4 A/bond gives a
tunneling length (o/) that replaces d in rate-distance correlations.)
Maximum electron-transfer rates in the Ru-modified cytochromes are
plotted against o/ in Figure 8. A linear least-square fit yields the solid line
with a slope of 0.7 A~!. Though the data are limited, the intercept at one
bond (ie. 1.4 A) corresponds to a maximum electron-transfer rate of
34x10'"* 57", which is in reasonable agreement with data from covalently
coupled D-A complexes (33, 37, 76).

RUTHENATED MYOGLOBIN
His48 Dertvatives

Myoglobin (Mb) is an oxygen-storage protein with 153 amino acids and a
heme prosthetic group (1). Unlike cytochrome ¢, the heme is not covalently
bound to the protein in Mb. This feature greatly facilitates metal sub-
stitution and has enabled the preparation of Ru(His48) proteins with six
different metalloporphyrin active sites. :

For cytochrome ¢, the evidence indicated that the reorganization energy
for the electron-transfer reactions of the Zn-substituted protein would be
nearly the same as that of the native-Fe protein. This, however, is not
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t “ t “ " “ “ Table 4 Electron-transfer rates in Ru(Hisd8)-modified myoglobia ¢
— u_w , -
—AG® ker ¥
Eiectron transfer (V) " m .
H.P* —» Ruay(His)*** 0.3%(12)  T.6(8) x 10° “
Rua,(iso)(His)** -+ ZoP*" 061(£2)  14(5) x 10 i
, PdP* — Rua(His)’** 0.64(12)  9.109) x 10° .
Rua.(py)XHis)?* — ZaP*" 0.69(+2)  20(5) x 10* '
CdP* —+ Rua (His’*** 0722  45(5) % 10° =
Mgp* — Rua(His)** 0.81(£2) 9.5(9) x 10 .
" - ZnP* — Rua,(His)*** 082(x2) 70(D x IO
PdP* — Rua (py)His}** 091(+2)  9.009) x 10¢
Rua(His)™* — MgP* ¢ 091(+2) 495 x 10* :
Rua(His)** -+ C4P** 092(+2) 212} x 10° i
Ruz{His)** - ZoP*® 096(+2)  1.5(5) x 0¥ ) :
ZnP* - RuadpyXHisP*® LOX:2  20Q) x 10° ,
ZnP* — Rua,(isn)(His)'** LiTx2) 293 = 10°
0 3 : i } : } 1 Rua,(His)** — Fe(IINCN-Br)* 0.0%£2) 2.0(5
_ _ ' . _ _ . Fe(II(CN-Br) — Rua,(isn)** (His)* 0.26(12) 5.5(5)
5 10 15 20 25 30 35 40 Fe(IT) - Ruas(His)™* " 00212 400 x 107
o, A M%w.. wﬁ.wq%:::m: 0.28(+2) 2.5(5)
~ Rua (isp)Hig)'** 0.35(+2) 3.0(4)
Figure 8 Plot of logkuax versus the tunneling length, of (= x 14 Afbond), in the
physical pathway between donor and acceptor for thres Ru-modified derivatives of cyto- ._.WM.RBR nw;
chrome ¢ (@), three His26 derivatives of cytochrome b5 (O) and one Mb derivative (A). . gﬁ&.. 74a.
The solid line is a linear least-square fit to the three cytochrome ¢ points. 4 Reference T4a.
* Reference 79.
=
, £ Reference 49.
likely to be true in myoglobin: Fe(II}Mb is a five-coordinate low-spin
complex that, upon one-clectron oxidation, binds a water molecule to form ) ) o o .
a mwx_waoo_.&:wﬁ species (1). This change in coordination number should Cyanogen-bromide modification of His64 in the distal heme pocket of
be reflected in a greater reorgani tion energy in native Fe Mb, or even myoglobin inhibits coordination of a water ligand to the ferric heme
b Mon:%.ﬁamwwaﬁ lintited by ligand binding or dissociation. The ,_ (43, 56, 69). Therefore the reorganization energy for clectron transfer in
n_mx:.oﬂ.:.mnm».on reactions of Ru-modified metal-substituted MDb, ~ cyanogen-bromide-treated Wcﬂm.,ﬂmu.mo.z_u.i: probably be nearly the
however, are not accompanied by changes in .B....S_ coordination, and a - same as that of the BoS_.msvmc.Eﬂ& myoglobins. Fitting the two electron-
single set of electron-transfer parameters should adequately describe these 5_”_“?_. rates measured for this system (Table 4) to Equation 2, ,Sz-.m
reactions. The rates of 18 different clectron-transfer reactions in Ru(His48) equal to 1.26¢V, yields an electronic-coupling matrix element of 0.01 cm
e have been reported (Table 4) (2, 22, 24, 44, 45, 74a), spanning nearly . (19). As in the case of Ru-modified cytochrome c, the apparent coupling
08 eV in driving force. Fitting the u_.uoﬁmmna.:oow »Eu. thermal recom- strength in Ru-ammine-iron-heme reactions is somewhat smaller than
.c.wnwno: rates to a classical expression for FC yields 2 = 1.26 n<>w=a ”“M”MH for reactions involving Ru-ammines and metal-substituted
Tpa = 0.03 cm™ ' (748). The D-A separation in Ru(His48)Mb (12.7 A) is . ] ] )
o.smo similar to the distances in His33 and His39 derivatives of cytochrome co”moon%ﬁommn MMNMMW m__uﬁMmErE_M ﬂoﬂ %omgm& thwwwc,._.mmﬁzna
¢ and does not readily explain the smaller value of Tpa. The best pathway ganization energy fo nﬁmo Woumwuu.co a :ME wom_ b ). The Bﬂmv
in Ru(His48)Mb, however, is comprised of 22.6 effective bonds (eight more h i gy lor reactions can be st y assuming that
than found in the His33 and His39 pathways). ¢ coupling strength is the same as that found in the cyanogen bromide-
treated systems (0.01 cm ™ ') and by optimizing J. The data suggest 4 = 1.48
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eV (74a), a 0.2-eV increase over the value found in systems that have no
change in coordination number.

Nature of the Pathways

The pathways in cytochrome c are rather sparse and fairly independent
compared to pathways in His48 Mb (Figure 4). This Mb derivative has
twoor three families of pathways, one connected to the heme by a hydrogen
bond to Arg45, one connected through space to Phe43, and one connected
through space to Lys42. In contrast to cytochrome c, loops interconnect
these paths (by hydrogen-bond and through-space interactions) through-
out the protein. The limitations of the single pathway approximation
depend on the number of loops in the intervening medium, and it wili be
interesting to see (theoretically as well as experimentally) how well single-
pathway models work for proteins of varied structural motifs.

Figure 8 also plots the maximum electron transfer rate for Hisd8-modi-
fied Mb (n s = 22.6 bonds) (74a). This Mb point lies substantially above
the line based on the cytochrome c and by data, and clearly indicates a
problem with the pathway model. In the simple form of this model, a
single route is assumed to dominate the D-A coupling. The pathway-
searching algorithm tends to support this assumption in the cytochromes,
where single coupling paths stand out. In Mb, however, the pathway-
searching algorithm identifies many nearly equivalent pathways: the one
used for the point in Figure 8 represents the best route, but there are
several close competitors. The problem is again the tunneling distance:
with many nearly equivalent paths contributing to D-A coupling, n., will
be substantially below 22.6 bonds for His48 Mb. Efforts are being made
to refine the pathway model to accommodate multiple paths. If enough
paths contribute to the overall electronic coupling in a given protein, the
composition of any one path becomes relatively unimportant and tunnel-
ing lengths should closely parallel edge-edge distances.

CONCLUDING REMARKS

In addition to the utility of the pathway-mapping method in examining
couplings between pairs of points in proteins, its simplicity allows the
generation of global coupling maps from all atoms in a protein to the
redox center. Such maps reveal important characteristic effects of primary,
secondary, tertiary, and quaternary foided structure on the nature of the
coupling to a specific patch of the protein. Regions anomalously strongly
or weakly coupled to the redox center, given their distances, are easily
identified (3), and evidence of these anomalous regions should appear in
the experimental data. The simple pathway model appears to work rela-

g o
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tively well for the cytochromes, which have few pathways. The His48 Mb
data are not entirely consistent with the single-pathway analysis discussed
here. Differences can arise from inadequacy of the single-path approxi-
mation, uncertainties in fitting of the experimental data, and inadequacies
of using a simple classical expression for FC.

Our pathway technique is now being used to study other biclogicai
systems (19, 21, 29, 31, 32, 39, 57). New theoretical strategies are being
implemented to further our understanding of tunneling pathways so that
greater molecular detail can be included in the treatment of very large
systems (see 66 for a description of the methods used). The long-term goal
of this work is to obtain compact symbolic representations for proteins
that include all the relevant pathways in the protein.
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Mapping Electron Tunneling Pathways: An Algorithm that
Finds the “Minimum Length”/Maximum Coupling Pathway
between Electron Donors and Acceptors in Proteins
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Abstract: The covalent, hydrogen bonded, and van der Waals connectivity of proteins can be represented with geometrical
objects called graphs. mmmmnmmwtmmmmmmmmmpmmmm
interactions. We describe a model in which ¢dge lengths are associated with the wave function decay between interacting
painofbmds.andanﬁnimumdktanmgmphmmhalgmimmhmedmfuﬂthepamwaysthatdminaudeam

interactions in these molecules. Predictions of relative electron transfer rates can be made from these pathway lengths. The
results are consistent with many experimentally measured electron-transfer rates, although some anomalics exist. Presentation

of the pathway coupling between the donor {or acceptor) and

2 design tool for tailored clectron-transfer proteins.

Introduction

Graph theory is often used in chemisiry to describe the rela-
tionship between molecular structure and chemical properties. !
Although aiternative approaches have been used,'** traditional
chemical graphs consist of a direct mapping of atoms to vertices
as well as bonds to edges linking vertices. The graph repre-
sentations of proteins that are described here employ a slightly
different mapping wherc vertices correspond to bonds and edges
to covalent, hydrogen bond, and van der Waals interaction between
bonds. The edge lengths represent the wave function decay
through these bonded or nonbonded contacts rather than physical
lengths. Longer effective lengths represent larger decays. Min-
imum length pathways often make the dominant contribution to
the protein-mediated coupling between electron donor (D) and

acceptor (A).
Temmeling Pathways. Many biological reactions shift an electron
a considerable distance (>5 ) via clectron tunneling. Such long
distance transfers are in the nonadiabatic limit, so the rate is
proportional to the squarc of the protein mediated
coupling, Tps.> We recently developed a tunneling pathway
model for electron transfer in proteins that identifies the bonded
andnonbmdedintwmiuuthatgiverisetothecmpling.’-‘ This
model is based on an effective one-electron tight-binding ham-
iltonian. These one-electron intcraction parameters are renor-
malized couplings arising from the more complete hamiltonian.
The validity of this reduction and the simpic pargmeter set
(discussed below) have been discussed in prior papers. 4 Using
this simple hamiltonian, relative values of T}, have been estimated
for a variety of proteins using a single pathway approximation.
The single pathway parameters include corrections (in an average
sensc) due to scattering of electron amplitude in side chains
connected to the main pathway.® Alternative electronic structure
methods for computing T}, in large systems are being actively
pursued.’ The goal of this method, described in detail here, is
to apply the minimal description required to incorporate the basic
fenturesofthenwchanhmforelectmntunnelinginproteins. In
spite of these simplifications, this model successfully predicts the
relaﬁverawsofdmtmnmferinahrgenumberofcxpuimml
systems* and provides the starting point from which the com-
plicating effects of multiple pathways, loop structures in pathways,
and many-clectron effects can be investigated in a systematic
manner.

*California Institute of Technology. Present Address. Massachusctts
Institute of Technology, Mail Stop E34-201, Cambridge, MA 02139.

1 University of Pittsburgh.

¥ University of California.

everyotheramminagivcnpmtdnuacolor-codedmappmvidu

The algorithm for determining the set of bonds that dominates
this DA interaction is the subject of this paper. Although based
on a simple expression for the protein-mediated coupling, the model
successfully predicts the relative rates of electron transfer in
ruthenated cytochrome ¢,% myoglobin,” and cytochrome byt The
pathway model explains order of magnitude differences in cou-
plings for specific metal-labeled proteins despite nearly identical
D-A separation. X468

The rate of nonadiabatic clectron transfer from D to A js

(1) (s) Arteca, G. A; Mezey, P. G. Int. J. Quantum Chem. 1988, 34, 517.
(b) Mitchell, E. M.; Artymiuk, P, J.: Rice, D. W.; Willest, P. J. Mol. Biol.
1989, 212, 151. (c) Wilson, R. J; Watkina, J. J. Graph Theory, an Intro-
ductory Approach; Wiley: New York, 1990; Chapter 8. (d) Buckley, F.;
Harary, F. Distance in Graphs; Addison-Wesley: New York, 1990, (e)
Maurer, S. B.; Ralston, A. Dircrete Alporithmic Mathematics, Addison
Weslcy: New York; 1991; Chapter 3. f) Balaban, A. T., Bd. Chemycal
Applications of Graph Theory, Academic Press: New York, 1976. (g)
Trinajstic, N. Chemical Graph Theory; CRC Press: New York, 1983, (h)
Gutman, L; Polansky, O. E. Markematical Concepts in Organic CRemistry,
Springer-Verlag: Berlin, 1986,

(2) (a) Hopfield, J. J. Proc. Natl. Acad. Sei. US.A. 1974, 71, 3640. (b)
Jortaer, J. J. Chem. Phys. 1976, 64, 4860, (¢) DeVault, D. Quantum Me-
chanical Tunneling in Biological Systems, 2nd od.; Cambridge University
Press: New York, 1984,

{3) (») Onuchic, J. N.; Beratan, D. N. J., Chem. Phys. 1998, 92, 722, (b)
Beratan, D. N.; Onuchic, J. N. Photosynth. Res., 1989, 22, 173. (c) Beratan,
D. N.; Onuchic, J. N.; Hopfield, J. J. J. Chem. Phys. 1987, 36, 4488. (d)
Beratan, D. N.; Onuchic, J. N. In Electron Transfer in Inorganic, Organic,
and Biological Systems; ACS Adv. Chem. Ser. No. 228, Bolton, J. R.,
%ul‘;; ]N.. McLendon, G., Eds.; American Chemical Socicty: Washington,

(4) (a) Beratan, D. N.; Betts, J. N.; Onuchic, J. N. Science 1991, 252,
1285. (b) Beratan, D. N.; Onuchic, J. N.; Betts, J. N; Bowler, B. E.: Gra ,
H. ?}ri AI.I;I ChI;m. Soc. 1998, 112, 1915, (c) Beratan, D, Ns;sg.nuchc. I
N.; Gray, H. B. MadlwanoﬂmISmSigd,H., igel, A, Eds.;
Marcel Dekker Press: New York, 1991; Vol. 27, 97-127. (d) Omuchic, J.
N_; Beratan, D. N.; Winkier, J. R.; Gray, H. B. Annu. Rev. Blophys. Biomol,
Struct. In press.

{5} () Onuchic, J. N.; dc Andrade, P. C. P.; Beratan, D, N. J. Chem.
Phys. 1991, 95, 1131. (b) Kuki, A_, preprint, 1991. (c) Siddartk, P.; Marcus,
R. A. J. Phys. Chem. 1990, 94, 8430, (d) Broo, A.; Larsson, S. J. Phys.
Chem. 1991, 95, 4925, (c) Christensen, H. E. M.; Conrad, L. S.; Mikkelsen,
K. V.; Nielsea, M. K.; Ulstrup, J. Inorg, Chem. 1999, 29, 2308,

(6) (a) Bowler, B. E; Meade, T. J.; Mayo, S. L. Richards, J. H.; Gray,
H. B. J. Am. Chem. Soc, 1989, {11, 8757. (b) Therien, M. J.; Seiman, M.
A.;Gray, H. B.; Chang, L-J.; Winkler, 1. R. J. Am. Chem. Soc. 1990, 112,
2420. (c) Bowler, B. E.; Raphaci, A. L. Gray, H. B. Prog. Inorg. Chem..
Bioinorg. Chem. 1990, 38, 259-322. (d) Wutike, D. S.; Bjerrum, M. J;
Winkler, J. R.; Gray, H. B. Science, in presa.

(7) Cowan, J. A_; Upmacis, R. K.; Beratan, D. N.; Onuchic, J. N.; Gray,
H. B. Ann. N.Y. Acad. Sci. 1988, 550, 68.

(8) Jacobs, B. A.; Mauk, M. R.; Funk, W. D.; MacGilliveay, R. T. A.;
Mauk, A. G.; Gray, H. B. . Am. Chem. Soc. 1991, 113, 4390.

0002-7863/92/1514-4043503.00/0 @ 1992 American Chemical Society



1. A A AR 2 . A A i -

A AR

L _2&2 i

4044 J. Am. Chem. Soc., Vol. 1i4, No. i1, 1992

ker = 25/ W)\ Toal(F.C) (1)

where (F.C.) is the Franck—Condon factor associated with the
nuclear motion along the reaction coordinate. A single clectron
tunneling pathway is defined as a combination of interacting bonds
that link D with A via covalent (C), hydrogen bonded (H), or
through-space (S) connections. For a single path, the coupling
is approximated as’

Toa = €€ l;Iejs I}d:ﬂ )

The goal of the algorithm described here is to choose the com-
bination of bonds between D and A that maximizes the product
in eq 2. To provide a simple implementation of the pathway
concept, to test its validity, and to show its predictive power, we
chose the following parameters:**

< =0.6 (3a)
H = 0.36 exp[-1.T(R - 2.8)] (3b)
& = 0.6 exp[-1.(R - 1.4)] (3¢c)

The distances, R, are in angstroms and the decay factors, ¢, are
unitless. These parameters arc consistent with typical binding
encrgics for clectron-transfer-localized states as well as theoretical
and experimental studies of model compounds.’ Each decay factor
¢ is associated with an effective distance d.qx where

doy = —log ¢ {4)

We will refer to both decay factors and connection lengths
throughout the paper.

Maximum Coupling Pathways. The strength of the coupling
arising from a single pathway is proportional to the product of
decay factors for each step on the path: 1. The computational
chalknscbeforemiﬂoanalmtbehighlyinmoonnededmwork
of bonded and nonbonded contacts in a protein and specify the

addruaaﬁndinsthewpathwaybetweentwopoims
in an interconnected network. Since eq 4 agsociates the decay
factor with an effective distance, we can restate our search for
the maximum pathway coupling as a search for the shortest
cffective distance between donor and scceptor in the i
network. Gmﬂyaphtheaymwgiufasolvingtheminimum
distance problem are discussed in refs 1d and le.

Methods

‘_Theﬁntuq:inmin;mphtheotytoﬁndeharm—uumfupnthmys
inmduhwmmnhbdedmph'emupmdinsmthewpant
of all interesting potential pathways. Covalent bonds (established as
described below) are first mapped onto verti  FEstablishing which

3. The covalent bonds ase specified

Data Bank (PDB) files."® Covalent interactions, those between bonds
mchotedltaoomnmuom.,mmily identified. Existing softwarc''
ismedtolookuptbucmneﬂiomfotthcknownaminonddsmdoth«
residues, which are then appended to the PDB data. Figure | outlines
the chain of events between PDB file reading and pathway prediction.
Tbedegreeofeonmctivityinlhemultingmphiashwnfmuypical
pmteininﬁ;umz.andavanguabmtz.SoonmhnIperam These

(9)Thac:signmenumanobvimuwenimpliﬁution. Inaccuracies in
treatment of the through-space coupling are introduced by neglecting or
addinsmlonepairdeﬂmm.nthﬁn;hydrmuboundtoamaher
than heteroatoms, and suppressing through-space orientation effects. How-
eva.iflﬂofthuedfmminduded.mrrwﬁomtnﬂuwuaﬂdmywu!d
uuyudmmqmmmmmmrwmm@ammm
in the dominant paths. Erroninthethrmh-ipacedouyldomtaffectmy

. of the qualitative predictions of the pathway analysis.

(10) Bernstein, F. C,; Koetze, T. E; Williams, G. J.B.;Meyer, E F., Jr;
Brice, M. D; Rodgers, J. R.; Kennard, O.; Shimanouchi, M.; Tasumi, M. J.
Mol. Biol. 1971, 112, 515-542.

Qan Farmmﬂe.BlOGRAF.:poduﬂofBiodﬂisn. Inc., Pasadena, CA
91101, was used here.
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atomic coordinaies from Brookhaven
Protgin Daia Bank

BOGRAR ™
looks up commeclivities

sloms coordinaies plus
covaleat commoctivily
PATHWAYS-A

finds H-bomds parameter
selacts potential through-spacs isleeactions files

calculstes elecuronic decay Fectors

miomic coordinauss
covaleal comaectiond
hydrogen bomds

through-space  links
electromic decay faciors

PATAWAYS-C

finds fumily of shortest ‘:‘,‘;_‘,““":
pathways between (w0 aoms
wector files representing
individual parhways

L graphical
3D color visualizstion softwere hardcopy

PATHWAYS-B
finds shoriest pah
from each aom
in the prowin 1o single aom

coordinstes and couplings
for all atoms in protein

Figare 1. Information flow for calculating clectron-transfer pathways in
proteins. Roundedoelhrcferwdauludlqmreoelhmwoeeuupet-

formed by computer programs. PATHWAYS-A, -B, and -C are each
paﬂofthePATHWAYSprogum-nihbleﬁ'omthenuthon.“
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connections to the atoms.

amended PDB files are uscd as input to the PATHWAYS software'?
written by the authors. Onthebuisofdltainthcplnmuﬂﬁles.the
prop‘mhohuptbemodel-predictddeuys.eqS.forthcmlent
bonds and stores them.

Hydrogen bonds are identified by the following criteria:!® (1) hy-
drogen-donor and hydrogen-accoptor groups (donors, “NH,; acceptors,
carbonyl oxygens; both, —QH); (2) donor—h angle
{590°), and (3) domor—acceptor distance (3.5 A). These values arc
specified in a parameter file. Edpwﬁnsthehydmbuﬂ:m

(12) The software (PATHWAYS v. 2.2) and user’s manual are available

from D.N.B.
(13) Sex, for examplc: Stryer, L. Biochemistry, 2nd ed_; W. H. Freeman
and Co.: New York, 1981. )
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(b) Cytochrome b5

Figure 3. Pathway coupling ratio maps are shown for (a) plastocyanin and (b) cytochrome bs. Note that the antiparailel S-sheet (barrel) structure
in plastocyanin provides “hot™ spots in the strands ligating the Cu center but not in the other strands. In cytochrome by, however, the S-shect structure
(shown here behind the heme in a plane roughly perpendicular to it) does not radiate from the porphyrin, so it does not assist coupling along the full
length of the protein as it does in plastocyanin. Displayed is 11, /[A exp(—~R8/2)] where the numerator is the pathway mediated coupling to an a-carbon
:lldlht:edenomimtguisthebulﬁtuponcnﬁalexptuﬁmforTmforllla-urbonlinthcﬂltirepmtdn.mlmtedfnruchu-ﬂrbmatdilmk
Tom heme or site.

added to the connection list, and the lengths that represent these decays
areaddcdtothelinofwgmentlength:. This increase the degree of
connectivity fotthcpmtembyaboutozspuatom (see Figure 2).

Potential through-space (TS) connections are sought within a Limited
radius of each atom, typically 6 A. It was found that no TS connections
longer than this contributed to significant pathways, so the irrelevant long
distance oncs beyond this cutoff distance are climinated to shorten the
data-processing time. The TS connections are established for each atom,
A, as follows. First, a list, L, containing all bonds/vertices within range

of A is made and an attempt is made to eliminate as many of the entries
as possible. Eliminating the TS connections between two atoms baving
a significanty better alternative through-bond connection was found to
decrease the average added connectivity from about 21.3 to 1.9 per atom.
The first connections the program eliminates from L are those that are
redundant with proexisting covalent and hydrogen bonds. The vertices
remaining in L are sorted on the basis of their distances from A, shortest
first. Next, a depth-first shortest-path search! is performed (soc next
section) with A as the root, finding the shortest distance to F (the first
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vertex in L) through the already existing connections. The depth of the
search is limited to a length which corresponds 1o the TS decay from A
to F. If the scarch returns without having located F, then the TS contact
is the shortest path, and is thus added to the master connection (adja-
cency) list, and its corresponding length is edded to the list of lengths,
otherwise, F is discarded. Then the next vertex in L becomes the new

F. In this way, shorter TS contacts may contribute to favorable paths
and can disqualify longer oncs, further decreasing the amount of con-

nectivity added to the graph. The resulting change in connectivity is
shown in Figure 2.

The Search Algorithm. There are two standard search strategies for
arriving a1 the minimum-distance path betweea two points in an inter-
connected network, referred to as depth-first and breadth-first searches.'
A depth-first search begins at a specified point and steps along allowed
oumiomundlnouddiﬁauifmrdmﬂdlt(adad-uﬂismched)
or the target site is found. If a dead-end occurs, the search backiracks
byoncstepmdthennecbllmativeforwardmfmmthatpoim.and
s0 on until the target atom is found. A breadth-first scarch simultane-
ously considers all paths radiating from the starting point by keeping
track of each vertex and its distance. At each step of the secarch a new
vertex is added. The vertex chosen to be added is always the onc that
minimizes the effective distance to the donor at that stage. When the
acceptor atom is the one that is added, the minimum distance pathway
has beer: found. We usc a depth-first algorithm in this work. The
advantage of the depth-first search foc our application is its “pathway
orientation”, i.c., cach excursion represents a potentially acceptable
pathway and the paths within a given factor of the best one are casily
tabulated and accumulated.

Once the adjacency list is complete, and the lengths of the edges are
calculated, the graph is ready for shorteat-path searches to be executed.
The depth-first search algorithm used in PATHWAYS can be described
recursively in approximate terms as follows:

begin SEARCH(basc, length)

ispath({basc) = truc

branch = 1

probe = adj(basc, branch)

do while probe = 0

if hngthr+hl:n“(llz:e. probe) < sofar{probc) and ispath(probe) =
al
call SEARCH(probe, length + len(base,probe))

branch = branch + 1
probe = adj(base, branch)
end if
end do
ispath(basc) = false
return

wherelen(i.j)isul-Damyoontuiningtheleugthofthejthedge
oonneaedmvmxi.mﬁr(i)inmmywithtbcmthoﬁhem
upptmchmdewvmtmfu.iputh(i)‘ummymnmwhethu
ornotvenexiisputofﬂwmmtlymrchdpth,mdadj(ij)hthe
adjaoencylist,n2—Dmyholdinglhcnumbuofﬂnﬁhvmoon-
nected to vertex i.

After SHARCH(root, 0} is called, the sofar(f) array contains the
shmeltpnh“yfmmrommlllotherverties(mﬁgurei). In our
naualimplemenution,reeurﬁonilmtmed.mdlluckilexpﬂeiﬂy
maintained. Thisnllnmtheplthwayltobemdodmidmh.md
the scarch to be terminated more casily.

SEARCH is used several times in the program. During the process
ofhmﬁn;anddimiuﬁnsﬁmnecdm.lheunhmﬁnemsaﬂng
andreturmimmedhtclyihp-thmlgivenurgetawmi:fmnd. The
sofararuyhnotunedbetweenmrchesfromagimnom.wthe
searches accclerate progressively.”

others in the protein. Du:inasenrchuofuleentirepmtein.theroutim
is allowed to run to completion. The sofar(i) array is used to generate
luﬁsﬁumchuaregrwhnofthepathny-hwd couplings versus
through-space distance. The sofar(i) array is also incorporated in output
ﬁlﬂwhichmuudbyauunmmmphh-dilphywﬁwautomme
electronic couplings as color-coded maps (Figure 3).
Famhsbetweenspodﬁcnm,themuﬁneisaﬂwedwmnm
omnplcﬁmbutisintermptedwhmev«themgctatomilcncounwred
in order 10 record the current pathway. The criteria in this search are
rchmdusingnsloppinulpunmﬁenomnaﬂpnthswithinavaﬂnble
factor of the best one arc retained. Branches arc only skipped if the
lengthmmuhtedmmchthanhlmguthnthﬂam‘smuyintbe
ﬂmnmywmmmm:pedﬁdbymemw. In
this way, nearly equi t pathways will not prevent one another from
being found. Thus, families of pathways are recorded. After the cali to

Betts et al.

SEARCH, pathways and their lengths are output as tabular reports and
as graphics-compatible filea.

Discussion
Wchavcdeswibedawarchalsm‘ithmtofuﬂchctrmmnncﬁns
pathways with maximal coupling given 2 simple prescription for
through-bond and through-space clectronic decay. The method
hasbeenuaedwithmmtopmdicttehtiverawoftrmferin
several transition metal labeled proteins. The capability of per-
forming global searches for best pathways in a protein from a
single site (for example donor or acceptor) to all heavy atoms
aliows (1) the construction of global protein coupling mape, )
the identification of “hot™ and “cold™ spots‘® for electron transfer
atagimdktamand(S)detunﬁmﬁmofwmnda:yandwrﬁnry
motif effects on the coupling. [Hot and cold spots are defined
byﬁtﬁngﬂnpathwmcwplinpfuwyﬁteinaspedprradn

average value for that distance arc termed hot (cold).] Equipped
with improved bond and orientation dependent ¢ values, the al-
gorithm could provide lists of the Jlowest-order perturbation theory
pathways for a given level of electronic structure theory {(e.g.,
extended-Hickel).

A key test of the theory involves the attachment of transition
metal probes to residues at similar distances that are predicted
by the pathway model to have vastly different coupling® The blue
copper proteins are systems in which dramatic effects arc pre-
dicted. Figure 3 shows hot and cold spots in plastocyanin and
cytochrome bs. In plastocyanin, hot spots radiate from the §-
strands ligating the Cu. Shorter-range hot spots in cytochrome
b, are associated with amino acid/heme hydrogen bonding in-
teractions. By changing the protein interactions with the redox
centers or by modifying the clectronic structure of the ground/
excited states (heme or Cu orbitals), it should be possible to change
the rates as well (via the prefactors not explicitly in eq 2).

Theputhmymuhodhspoiuwdtoamhudecﬂmuamfu
rates in some systems, ‘% which are now being investigated in
further detail experimentally. Further application of this scarch
algorithm should provide a deeper understanding of electron
transfer reactions in proteins and aucleic acids, and the manip-
ulation of pathways may also allow the design of stabilized
high-energy charge-separated species for more efficient energy
conversion schemnes.'* The method is now being refined to include
multiple interfering pathways and bond type differences.®

Programming Eavironmsent

The software [12] was developed using Silicon Graphics
FORTRAN under the IRIX (UNIX) operating system on &
Silicon Graphics IRIS 4D/210 VGX. The software will ran on
any Silicon Graphi IRIS, and should be to maost UNIX
systems ing FORTRAN. BIOGRAF {11] is used to create
theeovalentlist.butthilfﬂeom!dalsobegcmtedbyother
means, Tining for albacore c on the 4D/210: 350
wcmeomuuctoonnccﬁonlist;hectomleulateallbutpaths
to the heme.

. This work was performed in part at the Jet
Propulsion Laboratory, California Institute of Technology and
was sponsored by the Department of Energy's Catalysis/Bioca-
talysis Program (Advanced Industrial Concepts Division), through
an agreement with the National Aecronautics and Space Admin-
istration. J.N.O. thanks the National Science Foundation {Grant
No. DMB-9018768) and the Department of Energy's Cataly-
sis/Biocatalysis Program (through a rescarch contract {rom the
Jet Propulsion Laboratory) for support of this work. The pathway
search software, written in the FORTRAN for Silicon Graphics
IRIS computers, is available from D.N.B. JN.O is in residence
at the Instituto de Fisica ¢ Quimica de S&io Carlos, Universidade
de St Paulo, 13560, S&o Carlos, SP, Brazil, during the summers.

Registry No. Cytochrome b, 9035-39-6.

(14) Beratan, D. N,; Betts, J. N; Onuchic, J. N. J. Phys. Chem. In press.

¥ ¥4 .BE



. N LT e e e P LT — . _ - . - . .
et N R e S T, T M T e e et e ey A T A D e T R T e S e

AR

e e R A S e R R R R e s et B

Reprint Series

[
31 May 1991, Volume 252, pp. 1285-1288 SCIENCE

Protein Electron Transfer Rates Set by the Bridging
Secondary and Tertiary Structure

D. N. BERATAN, J. N. BeTTs,* AND J. N. ONUCHIC

Copyright © 1991 by the American Association for the Advancement of Science



- A

- &

A NE A&z

i 4

Protein Electron Transfer Rates Set by the Bridging
Secondary and Tertiary Structure

D. N. BERATAN, J. N. BerTts,* J. N. ONUCHIC

mmdbng-disunccdecumumsfcrinpmtdmmpidlydefrumwi&dm

predict that the

mwammnmmumww
proﬁcin’ssuucturalmoﬁﬂThchclixmdsbectcmmMofapmtdnmdd:cterﬂary
amngcmmtofﬂwoesecondarysmxmrduniudcﬁncthedismdzpmdcmeof
ehcuoniccwpﬁngind\atpmmimlhccalaﬂaﬁomuuamndingpam“ymodcl

or weakly than average for their distance.

ANY BIOLOGICAL ELECTRON

wansfer reactions involve charge

transport over considerable dis-
tance (>5 A). Therefore, clectron tunneling
occurs through the protein, and the rate of
transport is proportional to the square of the
clectronic coupling between donor and ac-
ceptor species (1). We recently developed a
tunneling pathway model for clectron trans-
fer in proteins that identifies the dominant
bonding and nonbonding interactions re-
sponsibie for the donor-acceptor coupling
(2). The model successfully predicts the rel-
ative rates of clectron transfer in ruthenated

2w
km?;MMWQ) (1

where Tp, is the clectronic tunneling ma-
trix element between donor and acceptor
localized states and (F.C.) is the Franck-
Condon factor determined by the activated

ngllsiml.zbonmry.(h}iﬁmﬁa
A asadena, CA 9X109, and The
i ia Instinme of Technology,

Laboratory, Califotnia Insti-
, Pasadena, CA 91109.
J. N. Onuchic, of Physics, University of
California, San Dicgo, La Jolla, CA 92093,

#Present address: Woods Hole
E34-201, Woods Hole, MA 02139.
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(ot tunncling) nuclear processes coupled to
the transport. A physical tancling pathway
is defined as a combination of interacting
bonds that link donor with acceptor. Scg-
ments of the pathway are characterized as
covalent (C), hydrogen-bonded (H), or
through-space (S), depending on whether
the bonds share a common atom (C), are
linked by a hydrogen bond (H), or arc in
van der Waals contact (S). The pathway
model assumes that nonintcracting tunnel-
ing pathways dominate Tp,, and the pu-
merical implementation of the model socks
those dominant paths (3). The contribution
to the donor-acceptor electronic coupling
mediated by an individual physical tunncl-
ing pathway is as follows (2):

faBph
(E — «lXE — ab) — B]

Nc Ns Ny
g&ﬂ#ﬂ& )

where a! and a} are the orbital energies of
the two hybrid atomic orbitals in the first
bond of the pathway, and the subscripted
values of B are coupling matrix clements
between orbitals at the chain ends (2, J3).
The energy of the tunneling clectron is E.
We recently implemented a graph-search
algorithm to detcrmine the dominant wn-
ncling pathways in proteins and to calculate
their relative clectronic couplings. The fol-
lowing values of the decay parameters in Eq.
2 were used (3):
€ =06 (3)

=036 xexp[-1.7(R-2.8)] (3b)

S=06xexp[-1.7(R-14)]  (3¢)

The distances, R, are in angstroms, and the
decay factors, €, arc unitless (4), We estimat-
ed the through-bond decay factor by using

data from existing model compounds and

factor ariscs from i
bond as two stretched covalent bonds (2, 3).
The parameterization neglects bond type
differences, but for mapping the residucs in
pmteinsdutmediatcmnnelingandcsdmat-
ing relative couplings, this method is ade-
qmnc.Diﬁ‘ercrmindmeva.hmforvarious
bond types are small enough that this ap-
proximation is adequatc for these initial
calculations. In fact, the naturc of the pre-
dicted pathways is insensitive to the details
of the parameters if they arc chosea in a
physically realistic range. The model ex-
plaimasubsmnﬁalamountofcxpcﬁmcnul
data that are inconsistent with simpler single
exponential decay expressions for Tpa -
Typically only 2 few viablc pathways or
families of pathways exist becausc of the
rclatively weak interaction between non-
bonded groups.

Earlier cstimates of coupling matrix cle-
nmtsinpmtcinsrclicdonﬂlccalctﬂationof
mnmlingbarriahcighmbasedonopﬁal
propertics or clectronic structure calcula-
tions on simplified systems (5). More recent-
ly,mmgicsd\atmdcuihofﬂnc poly-
pcpﬁdcclecumlicstmmnthavcbwnundcr
study (3, 6). The pathway scarch method
outlined above is the first to
allow global scarches from a single center
(forcnmplc,Cuauxn,Fe-Sdusmr,or
metalloporphyrin) to every other (nonhy-
dmgm)amindwpmndn.'l‘hueswchcs
mpossiblebecameofthc:daﬁvtsimpﬁdty
of the model. The calculation is broken into
two phases. Pirst, bonded and nonbonded
connections within a radius (usually 6 A) of
is calculared. Local through-space connec-
tions are eliminated if stronger bonded links
cxist between the atoms. More than half of
the computing time is spent establishing and

ing the local connections. The connec-
tion-coupling list is used by the program to
seck pathways between the donor and acoep-
tor that maximize the product in Eq. 2.

An expanding sct of experimental data is
now emerging for electron transfer in pro-
teins between residues at fixed distanacs. Sur-



Table 1. Best fits of pathway couplings to
exp[—{B/2)Rp,]. Distances in heme proteins
arc measured to the closest atom in the
porphyrin ring. The 95% confidence limits on
B/2 are £0.03 A~'. The standard deviation of
the decay length fiv for each protein is o 9.
The structures were taken from the Brookhaven
Protein  Data  Bank coordinate files of
Pseudomonas cytochrome c¢g5, (351c and 451c),
sperm whale myogiobin (Imbo and Smbn),
Bovine cytochrome by (2b5¢), albacore
cyrochrome ¢ (3cyt and Scyt), Chromatiam high-
potentiat Fe protcin (lhip), Alaligenes azurin
(2aah1; some residuc dara not availabk), and
poplar plastocyanin (Ipcy and Spcy). Values of
ﬁf2fordmoﬂdjzcdmp(icyredtmdpscytr{1ctumofa
single  protein  (for cyrochrome ¢ and
%astocyamn) differ by no more than 0.01 A-L
c same is true of B/2 in o obin and
deoxymyoglobin. ymyogh

Protei /2 o Helix  Sheet

CEL AT @y %) (%)
Cytochrome  0.76 0.22 51

Cs51
Cy;ochromc 0.73 0.22 57 29

5
Myoglobin 0.71 0.22 79
Cytochrome  0.61 0.21 51

c
HiPI_P 0.60 0.16 11 16
Azurin 0.55 0.16 14 47
Plastocyanin =~ 0.49 0.19 5 62

known bridging structures (7) to which this
method can be applied.

For tunneling through a structurejess
one-dimensional barrier between localized
vibronic states, the rate is

ker = A%xp(~BRpANEC)  (4)

where Ry, is the donor-acceptor distance
and the tinneling matrix clement is T, =
4 exp(—RpAB/2). Experimental data from a
variety of proteins with different donors and
acceptors are often fitted to this expression
to estimate B. The barrier height is deter-
mined by the redox potentials of the donor
and acceptor and the electronic structure of
the protein. To connect our method with
this common formulation of the rate, and to
calculate the average decay length resulting
from the pathway analysis of 2 specific pro-
tein, we calculated the best fit exponential
decay constant for T, , using the couplings
calculated with the pathway model. The
pathway coupling for a specific metallopro-
tein was calculated between the transition
metal sitc and every other nonhydrogen
atom in the protein (846 sites in albacore
cytochrome ¢). Myoglobin, cytochrome ¢,
cytochrome cg5;, cytochrome bg, high-po-
tential iron protein (HiPIP), azurin, and

.
Flg. 1. Labeled traces of the ce-carbons in azurin (A) and B ing the of the
pathway coupling (Eq. Snm'm:rm)r"‘l Otﬂy)mdnc(bl)w: Cumg (r);h;mng lgmﬁssuongmgﬂ,cmphng,

blue weak, and green intermediate), which decays
shown are the sites with “hot” (red), “cold” {bluc), or “average” (green) chectronic

ximatcly exponentially with distance. Also
coupling to the Cu

or heme ceneer given their separation (Eq. 5) in azarin (C) and cytochrome ¢ (D). Residues in the g
bamlofaminm“hot”or“oold”ford‘ldrdismu:c(dcpcndingonwhcﬂ\erornotd)csmmdoontains
3 strong connection to the Cu), while those in the a-helical region of the protein are weakly coupled
fordlcirdismxcc.lncytochmmcc,mﬁnoaddsnca:dlcporphyﬁnmal ligands, the porphyrin covalent
bmndsmdmpmmh;mddxporphpinhydmgmbondsmdmpmhmmmng}ycmxplcddm
cxpected for their distance. Amino acid numbers are shown.
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plastocyanin were examined (8). We firted
the single exponential expression for each
protein, using the largest pathway coupling
found between the native charge localization
site and each other nonhydrogen atom (cor-
relation cocfficients ~0.85 to 0.90). The
atomic positions were fixed at the crystalio-
graphic coordinates. The matrix clement
decay factor B was found to be protein-
dependent; the results appear in Table 1.
The variation in B arises simply from con-
nectivity differences in the protcins. This
effect is distinet from others that might arisc
from differences in the electron tunncling
energy or the atom types and hybridization
between proteins (5). The pathways arc
calculated from the point in the heme ring
cdge nearest to the target atom, from the Cu
sitc to the target atom, or from the Fe-S
cluster to the target atom (the HiPIP values
are averages of cight independent scts of
searches from each atom in the Fe-§ cluster).

The values chosen for € (0.6) and the
through-space decay factor (1.7 A™') in Eq.
3 determine the maximum and minimum
possible values for B; coupling can decay no
faster than it would decay purcly through
space and no more slowly than it would if
there were a fully exrended bonded chain
between donor and acceptor. For a covalent
chain, € = 0.6 gencrates B/2 = 0.42 A!
(wc assumc tetrahedral atoms). The calculat-
ed pathway-mediated values of B/2 vary
from 0.76 t0 0.49 A=, or 73 to 95% of the
bond-mediated value.

The marked difference between the heme
and blue Cu protein distance dependence
arises from secondary and tertiary structure
differences. One can understand this differ-
ence by examining the atoms that arc espe-
cially strongly or weakly coupled (for their
disrance) in the proteins. The ratio ({,,) of
the largest pathway coupling 1o site N to the
coupling calculated with the average value of
B2 firred for that specific protein, identifics
sites that are more strongly or more weakly
coupled than average for their distance.

e
A exp[—RpnBi2]

Aroms with {,, > 1 are called “hot” spots, and
those with {, < 1 arc called “cold” spots.
Maps of {,, and the pathway couplings ap-
pear in Fig. 1. In the heme proteins, the
smallest values of {,,; are found for amino acid
atoms in mid-helix, and the largest values of
{ occur for amino acids directdy coupled to
the porphyrin or near tuens between helical
scgments, In the blue Cu p-barrel proteins, B
strands coordinated to the Cu have many
atoms with {,, > 1 in the entire strand, and
the ratio is generally somewhat less than one
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in the other B strands.

The greater anisotropy of {y in the sec-
ondary structural units of helical proteins
compared to B-barrel proteins is also re-
flected in the larger standard deviation of the
fitted value of p/2 (Table 1} for the helical
proteins as compared to thosc of B-barrel
structures (9). In the B-barrel proteins, a
considerably smaller standard deviation is
associated with cach single (ncarly lincar)
strand that spans the seructure from the top
of the barrel to the bouom. :

Another way to understand the anisot-
ropy of electronic coupling in the helical
versus B-barrel proteins is to consider
searches from all atoms in the protein to 2
single probe atom (with the probe not at the
Cu or heme site). We have carried out such
scarches in azurin and myoglobin. In azurin,
the fitted value of B/2 is insensitive to the
probe atom position when it is in the B-bar-
rel structure (slightly smaller values for Bf2
occur for probe atoms near the top or
bottom of the barrel and slightly larger
values occur for probe atoms near the cen-
ters of the strands). This differs from the
result in myoglobin, in which B/2 depends
on the location of the probe atom in the
helix. Even in azurin, if the probe atom is in
the helical segment of the protein (Al for
example), B2 increases o vatues typical of
the heme proteins. These calculations ilhus-
trate that helical and B-barrel motifs differ in
both their efficiency and anisotropy as tun-
mlingmediatom.'Ihcoriginofdmsmx-
tural cffccts lics in the accessibility or inac-
cessibility of the chosen residue to all other

A g &

AN N O
(©)
") ./ N -

Fig. 2. Large differences in average coupling
probe site (D) and the rest of the

i occurmhdic:llprotcimwhmthcprobcis
nzhclixoenw(A)ornammbctwemmliml
regions {B) because of the differential accessibility

Amino acids at turns arc, Off 2VETage, more
suonglyooupbdmdxcmtoflhcpmindxm
those in other positions. Small diffcrences in
avmg:oouplingutseminﬂ-bam:lpmtcinsfor
apmbcindicnﬁddlcofasmnd((:)vetsusdic
rmurn between strands (D).
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groups through cfficient pathways (Fig. 2).

The three-dimensional structure of a pro-
tein sets limits on the average decay of the
tunneling matrix clement in the protein.
Simple models give the upper limit of the
decay as proportional to the square root of
the binding energy of the transferring clec-
tron, that is, the decay for wnneling

throughvacuum.'l‘lwlowcrbmmdondlc-

decayisrdatcdmdmciemoniccwpling
between ncighboring covaknt bonds and
the tunncling cncrgy relative to the bond
energics (2, 3). The decay of the coupling
matrix element in specific proteins falls be-
tween these two values and depends on the
secondary and tertiary profein structurc. If
the unique charge localization site (the Cu,
porphyrin, or Fe-S center) is embedded in a
highly interconnected P-sheet structure or is
at the turn between a-helical chains, it cou-
ples more strongly with the protein than if it
were cmbedded in the middle of an a-helical
segment. A substantial qualitative difference
is scen, therefore, between the average cou-
pling of heme and bluc Cu prowins. More-
over, amino acids in B strands direcdy li-
gated to the Cu in the B-barre} proteins arc
predicted to be morc strongly coupled than
those at a nearly identical distance but on §
strands (or helical segments) not coordinat-
ing the Cu.

Amino acids exist in clectron transfer pro-
teins that are anomalously strongly or weak-

lycmlpled(t,\,mudllargctorsmaﬂctﬂlan‘

l)for-dmirdisunocﬁbmd)cchargclocal—
ization sitc. Experimental evidence of this
behavior was recently reported in ruthen-
ated cytochrome ¢ (3, 7). In those experi-
mcms,dxcpad'nwaymodclaocoumsforob-
served rate differences not predicted with

sctofprominpati'lwaywnplingsdutpm-
duced the average decay constants in Table 1
were used to produce coupling maps and
maps showing anomalously strongly or
wmklywuplcdresiduufmdwirdimmc.
Figurclshamdmcmapsforqmdmmmcc
and azurin. The coupling maps display the
roughiyexponcntialdmyofcmplingwith
distance. In the ratio maps (Eq. 5), amino
acids predicted to be “hot” ({v > 1) or
“cold” (L < 1) with respect to clectron
transfer (given their distance) arc casily
identified. These figures show. a-carbons
color-coded according to the pathway cou-
pling or {y value (tubes connecting the
a-carbons show the connectivity of the pro-
tein and arc color-coded according to the
value for the a~carbon nearest the COOH-

terminus of the protcin). The extent to
which the protein sccondary and tertiary
structure provides relatively direct (almost
lincar) pathways that radiacc from the
charge localization site 10 2 particular amino
acid detcrmines whether it is “hot” or
“cold.” For example, cytochrome b consists
of 29% B sheet, but the sheet structure runs
in a planc i to-the porphytin
and is not well connected to it, so the
avcragcdismxccdocay(’l‘ablc 1) is closc to
that of the other highly helical protcins, and
no particularly “hot” spots exist in the
B-sheet region. The heme in cytochrome
c55,isthcmostwcaklyoouplcdofaﬂd1c
proteins studied, apparcatly becausc of the
relatively short and randomly oricnted heli-
cal segments in the protein.

Improved cstimates of € for specific
bonds are cmerging from quantum chemical
calculations (10), as arc new methods for
summing the contributions to Tpa from
intersecting pathways (11). This work
should produce more reliable predictions of
Tpa for proteins. The reported trends in
B/2 arc expected to be generic because the
values of € and their decay with distance
were chosen in a physically reasonable
range, and many protein pathways are not
highly interconnected.

Bimolecular electron transfer in proteins
may be mediated by interactions in a single
docking jon or a family of config-
urations; in cither limit, the pathway model
can yicld testable predictions of the cou-
plings. Onc might expect the specificity of
clectron transfer reactions to be controlled,
to some extent, by the structural motifs of
the proseins that surround the redox centers.
Proteins with differeat motifs arc predicted
to display average distance dependencics
pling at a given di is expected to be
somewhat anisotropic. The availability of

REFERENCES AND NOTES

1. R A Maras and N. Sutin, Biockim. Biophys. Acd
811, 265 (1985); D. DeVault, Quantum Mechanical
Tunneling in Biological Systems (Cambridge Univ.
Press, New Youk, od. 2, 1984).

2. J. N. Onuchic and D. N. Beratan, J. Chem. Phys.
nm(IWO);D.N.Eu'muIl].N.Onndﬁc.
Photsywth. Res 22, 173 (1989); LI L




intreference cffects have boen considered and appear Miliext, Biochemissry 28, 8659 (1989); O. Farver sion Laboratory, Califomnia Instinute of Technology,

to be of limited importance when one uscs these and I. Pecht, FEBS Lew. 244, 379 (1989); M. P. and was sponsored by the Deparment of Energy's
qualitative arguments. Jackman, ]. McGinnis, R. Powls, G. A. Salmon, A. Catalysis/Biocatalysis Program (Advanced Industrial
5. J. J. Hoplicld, Proc. Nad. Acad. Sei. U.S.A. 71, G. Sykes, J. Am. Chem. Soc. 110, 5880 (1988); B. Concepts Division) through an agreement with the
3640 (1974); ). Jorter, Biachim. Biophys. Acta 594, A Jacobs et al., ibid., in press. Narionat Acronautics and Space Administration. We
139 (1980); D. N. Beratan, J. N. Onuchic, | 8. Heteroatom were added to the aysallo- thank the National Science Foundation and the
Hopfickd, J. Chem. Phys. 83, 5325 (1985); D. N coordinates of the other atoms using the Consclho Nacional de Des cnvolvimento Cientiico
Beratan and J. J. Hophield, J. Am. Chem. Soc. 106, software BIOGRAF: BioDevign, Inc., Pasadena, ¢ Tecnoldgico (Brazil) for a binational research
1584 (1984) CA9I10L. S ] grant that allowed international visits during which
6. A. Kuki and P. G. Wolynes, Science 236, 1647 9. We define the standard deviation of p/2 this work wat initiated. Work in San was

o) =‘{(UN) z [InA;‘hnr;_ g]lllﬂ © sion Laboramry, supported by the Department of

(1988); B, E. Bowk, T. J. Meade, . L. Mayo, J. H. where @, is the pathway coupling o sitc i in The patway search softwarc, written in FOR-
Richards, H. B. Gray, J. Am. Chem. Soc. 111, 8757 protein, which contains N nochydrogen atorms. TRAN for Silicon Graphics IRIS computers, is
(1989); M. J. Therien, M. A. Sciman, H, B. Gray,  10. V. Balyi, L. Ng, K. D. Jordan, M. N, Paddon-Row, available from DNB. at the Beckman Instimuee
L-]. Chang, J. R. Winkler, ibid. 112, 2420 (1990); H. K. Pamncy, J. Am Chem. Soc. 109, 6957 (1987). address. J.N.O. is in residenoe ar the Instituto de
S. E. Petersoo-Kennedy, J. L. McGourty, J. A. 11, J. N. Onuchic, P. C. P. Andrade, D. N. Beratan, J. Fisica e Quimica de $30 Carlos, Universidade de Sio
Kalwei B. M. Hoffi ibid. 103, 1739 (1986), mmﬂmm; CGolclman,Phys Rev. A Pauk), lSSGO,Sio(hrhs,SioPaub,Bnﬁldudng
D. W. Conrad and R, A. Scott, ibid 111, 3461 43, 4500 (1991). the summezs.

(1989); B. Durham, L. P. Pan, J. E. Long, F. 12. This work was performed in part at the Jer Propul- 19 November 1990; acccpeed 14 March 1991

1288 SCIENCE, VOL. 252




A ®A B N A . . e— == - - -

- C ww w Y YWEF



CETART S mIan s A e et T i e st e Aoy

1 T B RS ot T P e R e T R e, R L W A S SR e B X,

Electron tunneling pathways in proteins: A method to compute tunneling

matrix elements in very large systems
José Neison Onuchic and Paulo C. P. de Andrade

Department of Physics, University of California, San Diego, La Jolla, California 92093 and Instituto de
Fisica e Quimica de Sao Carlos. Universidade de 5ao Paulo, 13560 520 Carlos, 5 P., Brazil

David N. Beratan

Jet Propulsion Laboratory and Beckman Institute, California Institute of Technology, Pasadena,

California 91109

(Received 14 January 1991; accepted 5 April 1991)

Aﬁght—bindingﬂamﬂwnimmdbym'seqmﬁmmethodmducﬁbedthndlowthe
compuuﬁonofthemnndingmuixehnenubawemdecumdmorandwwptorﬁmina
protein. The method is exact and computationally tractable. The Green's function matrix
elements of the bridge are computed using a strategy that builds up the bridge one orbital at a
time, allowing inclusion of all orbitals on proposed tunneling pathways and clsewhere. The
tunneling matrix element is determined directly from the bridge Green's function. A simple
representation of a helical protein segment is used to illustrate the method and its ability to
include contributions from high-order backscattering and multiple pathway interference in the

donor-acceptor coupling.

1. INTRODUCTION

Electron transfer rates in chemical and biological com-
pounds are modulated by electronic and nuclear factors.'
Recent work has emphasized the separability of these factors
(Born—Oppenheimer and Condion approximations), and re-
duction to a two-level electronic system.'->*®) If these

approximations are valid and the donor and acceptor states

are energetically separated from the other electronic states, a
two-level electronic model is valid. The effective renormal-
ized Hamiltonian is

Hn=Tma,+-;—50,+Hg. (1)
o, and o, are the Pauli matrices. 0, = 1 1 i8 associated

with the donor and acceptor localized states, H,, provides

the nuclear dynamics, § is the instantancous encrgy differ-
ence between the reactant and product states, and T'p,, is the
tunneling matrix element between the donor and acceptor
clectronic states.'™

In this paper we analyze the electronic part of this prob-
lem and its reduction to a two-level system composed of lo-
calized effective donor and acceptor sites coupled by a tun-
neling matrix element. (In the above approximation, the
tunneling matrix element is computed with frozen nuclear
coordinates such that & = 0). For most proteins, the elec-
tronic coupling is small enough that the rate is nonadiaba-
tic,** so the transfer rate is proportional to T'5,.

Recently, we developed a model to compute tunneling
matrix elements and map key mediating bonds in proteins by
generalizing approaches used on small molecules.” Weusea
one-¢lectron tight-binding Hamiltonian [see Ref. 5(d)1],
with mixing between the donor(D) and acceptor(A) sites
provided by a bridge. The effective donor and acceptor orbi-
tals in the two-state approximation are a linear combination
of all of these orbitals, but are dominated by the D and A
sites.! )2 The electronic Hamiltonian for D, A, and bridge is
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H, =apabap +a,aha, + ; vp,, (aha, + alap)
n .

-+ Z Ve, (a}, a, + a,*‘a‘ )

+ ; a,ala, + ; vy(ala; +afa;), ()
B

where the @}, (4, ) creates (destroys) an electron in the uth
orbital. The first two terms in the Hamiltonian represent the

- donor and acceptor sites. The third (fourth) term contains

the coupling between the donor (acceptor) and the bridge.
Bridge orbitals coupled to the donor (acceptor) are labeled
ip (i, ). The last two terms are the bridge Hamiltonian. We
have not yet converted to the effective donor and accepior
states from which T, is calculated. The Hamiltonian is gen-
eral in the sense that each orbital can be coupled to any
bridge orbital. Each bridge “site” may have one or more
orbitals localized on it, and a basis of atomic or bonding/an-
tibonding orbitals can be used. _

This electronic Hamiltonian can be reduced to a two-
level system if the splitting between the donor and acceptor
localized states is small relative to their energetic distance
from the bridge (delocalized) states. All electronic transi-
tions (except the donor to acceptor transition) must occur at
a large energy compared to nuclear energies coupled to the
transfer. For example, the reorganization energy has to be
small compared to this energetic distance. If this is not the
ase,mspmtoftheehcummishtruuhinekcmicexci-
tation of the bridge itsclf.>* In this limit, the effective clec-
tronic Hamiltonian is® ‘

HJ =agabap +afaa,

+ Tm(aLan +a,'.ap). 3)
where

a‘;u, =a&pay + Boeays (4a)
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AD(A) = 2 vb(A)iGg (E)Ujpu)u (4b)
]
and

Toe =3 Gy (EDvyy. (5)
[¥]

The necessity of reducing to a two-level system to calculate
T, has recently been reemphasized.™*’ G is the Green's
function for the bridge, i.c., the Green’s function® associated
with H,, without the donor and acceptor terms, and E is the
tunneling electron energy. It is important to note that E is
typically neither the effective donor or acceptor state encrgy,
but is some intermediate value st by vibronic coupling,*®’ a
detail often suppressed when reporting tunneling matrix ele-
ments obtained from molecular orbital calculations. For ex-
ample, if all of the vibronic coupling is on the donor, the
tunneling energy is a’f. Computation of G is the subject of
Secs. II and T1I. The electronic Hamiltonian is written in
second quantized rather than spin notation for convenience.
For example, the operator aha, + a%a, in Eq. (3) is equiv-
alent to the spin operator o, .

Other Green’s function strategies for calculating Tp,
have been communicated recently.” One uses a Green's
function based perturbation theory to calculate cou-
pling.*® Another method, similar to that used here, calcu-
lates the exact coupling for a simple linear chain.> The
method described below is both exact and able to include a
large number of orbitals without restricting their connecti-
vity.

We defined a physical tunneling pathway as a collection
of interacting bonds between and around the donor and ac-
ceptor that makes some contribution to the donor—acceptor
coupling.**!! The single pathway contribution to the tun-
neling matrix element is

Na Ny Ny .
tar = prefictor T ‘f“”,[l. &) J] e, (6)

where ¢ is the tunneling matrix element decay across a cova-
lent bond (B), hydrogen bond (H), or nonbonded contact
(S). Approximations to these decay parameters allowed the
mapping of specific pathways in synthetically modified pro-
teins and the successful correlation with experimental rates
(not I1:;1_'1:>2vided by simple exponential expressions for
Tod):

The contribution to the tunneling matrix element from a
single pathway [Eq. (6)] is equivalent to reducing the
bridgetoaselectedchainofsituintheprotdnbetweenthe
donor and acceptor. Strategics to derive improved cxpres-
sions for the €'s used to calculate t,, for a single tunneling
pathway have been sketched.! For example, the interaction
panmetemcommontoextended-ﬂﬁckcltheory and a per-
turbation approach can be used.”®’ A substantial improve-
ment is described in this paper, namely a method that allows
(1) inclusion of multiple intersecting physical pathways in
the T, calculation and (2) exact, not perturbation theory,
calculation of the coupling matrix element.

This paper describes a method to calculate Tp,, Ap, and
A, for any extended-Hiickel or tight-binding Hamiltonian
with a very large number of orbitals, The method is particu-

larly useful for large systems because it generates the cou-
pling matrix element without requiring diagonalization of a
large Hamiltonian matrix followed by the calculation of a
vaymﬂmgymtﬁxehnmtbyaddinshrgenumbem
of different sign [see Eq. (16)]. The method builds up the
decnyingtunnelingmuixelunentl'sipmductofdecay
factors for each “block” of the bridge. This is advantageous
because it allows computer experiments to determine the
effects of specific theoretical protein mutations and provides
comparison between single pathway calculations and more
detailed ones.

Schrodinger equation approaches to the 7, calcula-
tion rely on the ability to calculate eigenstates of the bridge
and to sum their highly oscillatory coefficients with suffi-
cient accuracy to generate the coupling matrix element that
decays approximately exponentially with the distance sepa-
ration between donor and acceptor sites [Eq. (16)]. The
generation of a decaying function is a generic aspect of the
Green's function method which is not lost if errors are intro-
duced to the calculation of specific €’s. Finally, the numeri-
cal method that utilizes Dyson’s equation progressively adds
sites to the bridge Hamiltonian and recalculates the Green's
function after each addition. Hence a relatively small
amount of information must be stored during the calcula-
tion, especially for systems with limited interconnectivity
(see Sec. I1). The computational demands of conventional
eigenvalue and eigenvector evaluation scale as ¥ 3, where N
is the number of cigenstates. The Green'’s function strategy
scales as a a°N, where g is average number of local connec-
tions.

II. THE STEPWISE GREEN'S FUNCTION METHOD

Consider the general one-electron tight-binding bridge
Hamiltonian:

H= 2: a,ala, + ; v,(ala; + ala;). N
» i

Each orbital can be coupled to any other one, and atomic,
bonding/antibonding, or molecular orbitals can be used as
the basis.!'® As described in Sec. I, several authors have
applied the Green’s function approach to the electron trans-
fer problem.® Their calculations, however, were limited to
specific kinds of bridge. The method described here is gen-
eral for any one-electron tight binding Hamiltonian and can
be applied to clectron transfer in proteins and other complex
systems.

We now calculate the bridge Green’s function matrix
clements needed for the two-level T, calculation and the
effective donor and acceptor energics. The bridge consists of
N orbitals. We begin our calculation with orbital one and
continue adding one new orbital in each step of the calcula-
tion. G 'is the Green’s function after the ith orbital is includ-
od. This is related to the (i — 1)th orbital Green’s function
by Dyson's equation

GizGi-l_‘_Gl-—lViGl, (8)

where
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» )jv,t{a}ak +ala), 9
H-'—aa*a and G '=(E—gq,)""""
(10)

i
H = Z aja}aj+
J=1
Vi=H —

The calculation begins with i = 1 (only one site), and the
final Green’s function is obtained when i/ = N. T, is calcu-
lated from the Green’s function matrix clements. In the first
step, there is just one orbital, s0 G|, = (E—a,) ~'. In the
following steps, the matrix elements for a given value of i are

i—-1 -1
i—1

z: ul'mek vlu] »

LIAER

i—1
G:I=G:|(Z Dfmer;_fl)! J?é'r

G§;=[E-a,- (11a)

(11b)

i—1
G,=Gi '+ G?:( S Gun'vnidy

i—1
+ ;: Gl 0mita Gl '), n#i. (11c)

- |
In these calculations, the orbital numbering is unimportant
and G; = G,;.

Tp, is calculated from thc matrix elements G,,, for the
bridge orbitals / and /n that are coupled to the donor and/or
acceptor. The other matrix clements are unnecessary for the
T,, . calculation. For this reason, we do not need to calculate

i. for all orbitals / and m at each step. Only the matrix
elements G! . for orbitals [ and m coupled to the denor
and/or acceptor, or to any orbital that has not yet been in-
cluded, are needed. This makes the computation much less
numerically demanding than direct diagonalization of the
full Green’s function or Schrodinger equation. A schematic
representation of the elimination procedure for a square lat-
tice bridge is shown in Fig. 1.

D ane X _A .
1 2 i-1 i i+l N-1 N
'..B -ctg (b
D eww en e —A
1 2 i-1 i+1 N-1 N

FIG. 1. (a) Schematic representation of a square Inttice bridge; (b) after all
orbitals of column 7 — 1, §, and i 4 1 are included, the orbitals of column §
can be eliminated because they arc not coupled to any other orbital not yet
included in the calculation or to the donor or acceptor.
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1. INTERPRETATION OF THE METHOD AND ITS
NUMERICAL ADVANTAGES

" The two-level electronic state description of electron
transfer is appropriate because the donor and acceptor are
weakly coupled in the long distance clectron transfer prob-
lem. Electronic couplings between pairs of orbitals separated
by vacuum decay roughly exponentially with distance and
have a decay related to the binding energies of the states. >
Interactions mediated by intervening orbitals have a consid-
erably softer distance decay. It has been shown in a variety of
models that the direct electronic coupling between distant
sites (greater than about 5-10 A) is orders of magnitude
smaller than the intervening orbital mediated interaction.’

Typical exponential coupling decay constants for orbi-
tal mediated interactions (the decay of 7, ) in proteins are
0.5-0.8 A ' in the tunncling matrix clement (1.0-1.6 A"
in the rate),*'® much smaller than the direct through space
coupling constants. Hence the electronic structure is well
described by including interactions between groups within a
rather small cutoff radius. This simple observation, mir-
rored in many electronic structure calculations, is central to
the strategy presented in Sec. II: stepwise introduction of
coupled orbitals. As an example of the range of the interac-
tions, covalent and hydrogen bond connections within a seg-
ment of a-helix are relatively strong, but interconnections
between different helical segments are relatively weak.'*™
Indeed, the weak dominantly through space coupling be-
tween segments of helix, compared to other secondary struc-
tural motifs, recently led to qualitative prediction of the
range of electronic couplings in proteins with distinct sec-
ondary and tertiary structure. '*®

Methods used to calculate T, "> utilize ¢ither per-
turbation theory (and, implicitly, a pathway concept) or
“exact” one-electron calculations on a limited portion of the
protein judged to mediate the coupling.'* These methods
can be understood to include coupling along a main physical
pathway corrected to some order by the effect of wave func-
tion backscattering in the system. (This backscattering am-
plitude can be visualized as shown in Fig. 3, Sec. IV.) Reli-
ablepredncnonsmbcmadeabomthcpropngmonof
amplitude in a periodic bridge because the bridge Bloch
states (¢ — E relations of Ref. 5) include all orders of back-
scattering. Such calculations, applied directly to (finite)
model compounds, provide reasonable approximations be-
cause of their proper treatment of backscattering within the
section of bridge between donor and acceptor. Each order of
backscattering is associated with a perturbation theory term
in the coupling.""""

When applying the infinite chain results to finite chains
the error introduced is very small compared to completely
neglecting backscattering. The infinite chain calculations
yield €= (E), the energy dependent decay per bridge repeat
unit.® While finite calculations can be carried out, €= (E)
provides an excellent approximation to the bridge mediated
decay and shows bridge symmetry effects. To demonstrate
the effects of finite bridge length on € consider a linear bridge
consisting of identical orbital repeat units with interaction v
between nearest neighbors. The decay factor-energy rela-
tion is’

J. Chem. Phys., Vol. 95, No. 2, 15 July 1991
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e (B4 ——=E (12)

€ (EY v
The finite chain length equivalent of the decay factor €”
between bonds i and i + 1 is
G i+1
s () = ——, (13)
Gl
where the Green’s functions are defined in Eq. (11) [Ref.
9(d) solves the finite linear chain with one orbital per unit
and nearest neighbor coupling]. This is the ratio of T, for
donor and acceptor attached to bridges of lengthiandi + 1,
and it converges rapidly to the infinite chain limit Eq. (12)
with differences of order (v/E)¥. For typical organic mole-
culies, very few bonds are needed in the bridge for € and
€2, to be nearly identical.
The lowest order (1.o.) perturbation theory expression
for the decay across a site is

mite __ i

fec=g (14)
The exact value of ¢, falls between the infinite chain limit
(upper limit) and the lowest perturbation theory limit (low-
er limit). For most organic bridges, the infinite chain limit is
superior to the 1.0. approach for estimating ;. €~ produces
nearly exact ratios of matrix elements for the finite chain.
The deficiency of the lowest order perturbation result is that
it does not include any scattering between orbitals (see Fig.
3). It is not necessary to include very high order scattering
terms; corrections that arise from scattering in the “nearby”
bonds are adequate for excellent estimates of ¢;. For this
reason, the infinite chain approximation works very well for
estimates of €, in the corresponding finite periodic chains.

Even for finite aperiodic chains, the decay of the wave
function can be written exactly as a product of €, 'g, 39 Use
of Eq. (6) to map tunncling pathways, which writes the de-
cay through a protein as a product, was motivated by this
fact. For a linear aperiodic chain, which approximation is
best to compute €, the lowest order perturbation or the infi-
nite form? A very good approximation is to use the analog of
the infinite chain result for each orbital in the chain,

€ +—=—". (15)
€ Yigvni

This approximation works for two reasons. Backscattering
is important but only nearby bonds are relevant. Therefore,
the distant bonds in a long periodic system do not make
important contributions to €;. Second, although a, varies for
different bond types, these fluctuation are generally small
relative to an average E — a.

We have shown the importance of backscattering when
~ computing tunneling matrix elements through pathways.
Two other points are yet to be discussed: how side groups
appended to the main pathway modify it and, more impor-
tantly, how physical pathways interfere with one another. A
side group is defined as a collection of atoms bound to the
physical pathway at a single orbital (see Fig. 4inSec. IV). A
collection of atoms bound to the main pathway by two or
more atoms creates multiple physical pathways. The inter-

sections between physical pathways create loops (see Fig. 5
in Sec. IV). The side groups can be casily eliminated; they
renormalize the site energy of the orbital in the main path-
way to which they are bound (a self-energy correction).”
The physical pathway remains intact, but some of the orbital
energies are slightly modified by the side groups. Loops,
however, create alternative interfering pathways. Questions
concerning multiple pathways are addressed in Sec. [V, and
this new method will allow their further study.

To include all of the physical pathways, side chains, and
loops in complex bridges naturally requires numerical calcu-
Jations. The conventional numerical approach to calculating
the tunneling matrix element of the corresponding two-level
system by matrix diagonalization is to compute the eigen-
states of the isolated bridge and, from them

c,.C
Tou = E Dé E v ay ] » 16
DA & v [ L E—e, Usq (16)

where ¢, is the energy of bridge molecular orbital v. This is
identical to Eq. (5) where the Green’s function is written in
a basis diagonal in the eigenstates of the isolated bridge.
Equation (16) is the expression evaluated in one-electron
calculations of Tp,.""*™ As mentioned in Sec. I, the tun-
neling energy E is determined by the vibronic coupling on
the donor and acceptor.

While Eq. (16) is valid in principle, it is difficult to cal-
culate the summation reliably for a large number of deloca-
lized bridge states. The source of this problem is that a large
number of oscillating coefficients are added to give a very
small number. The numerical problems with the summation
get worse as the tunneling encrgy moves further from the
bridge states because the energy denominators of all terms in
the sum are the same order but the sign of the numerator
varies. The new Green’s function method, however, cap-
tures the roughly exponentially decaying nature of Tp,. The
exponential decay arises because the coupling between sites
(v in the tight-binding Hamiltonian ) is only appreciable for
orbitals close in space. The method described in Sec. 1I ex-
ploits the local connectivity that gives rise to T'p,. This
makes the numerical method described in Sec. Il much more
accurate than methods that do not refiect this fact. Also,
because the orbitals are only locally connected, the strategy
discussed at the end of Sec. II minimizes the number of inter-
mediate Green's function matrix clements that need to be
retained during the calculation, Using the elimination proce-
dure discussed in Sec. II, the number of orbitals at any stage
of the calculation is much smaller than the total number of
orbitalsintheprotdn.'rhisshmndmakethecdcuhtionof
mnnelinsm:trixelemmtsinveryhrgeproteimponible.

The numerical advantage of the stepwise Green’s func-
tion method vs eigenvector/cigenfunction evaluation and
sum over states is shown in a model problem. Consider a
chain of N orbitals with the same site energy (a = 0) cou-
pled 10 nearest neighbors and calculate G,y with the two
approaches as a function of chain length, N. The calculation
is performed for E /v = — 2.5 (e” = —0.5). In the one or-
bital calculation, the bridge states extend from 2/vto — 2/v
andthecnergyzeroisthesiwenergyofthebddgebasis
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orbital. Figure 2 shows the results for the two calculations
using single and double precision arithmetic. The wave func-
tion coefficients for the finite bridge c,, are known analyti-
cally so there are no errors associated with matrix diagonali-

zation in this case. It is intriguing that the sum on states
expression for the Green's function matrix clement [Eq.

(16) ] is intractable after fewer than 100 states for typical
values of €, even in double precision. Using the Green's
function method, we find very small numerical errors in just
the single precision calculations for more than 300 states,
and errors appear in the fourth or fifth significant figure.

If ail of the coupling energies between orbitals in the
Green's function calculation are small compared to the ener-
gy difference between the tunneling energy and the orbital
energies, numerical difficulties arising from division by very
small numbers will be avoided. For example, these condi-
tions are met with bonding/antibonding orbitals but not nec-
essarily with simple atomic orbitals.!' In the latter case, the
tunneling energies may be extremely close to the bridge
{atomic) orbital energies.

IV. THE PATHWAY CONCEPT

Our recent cffort to compute T,,, for proteins uses the
concept of a physical tunneling pathways (see Sec. I). The
pathway concept is useful if a “small” number of paths
dominates the tunneling matrix element. In the limit of
many pathways, changes in a specific one will have a small
effect on the rate. Therefore, if a large number of pathways is
important, no specific details of the protein will influence the
rate. In this section, we describe how to define effective path-
ways and the conditions that must be met 30 that a smal]
number of them determines the tunneling matrix element.
We show how the method presented here can be used to
predict these effective pathways, and their contribution to
the tunneling matrix element.

As discussed in the previous section, a physical pathway
has many scattering pathways associated with it. For exam-

10.5 T
eq. 15 eq. 15

80 single ision do_ul:le/pmcision
55 | : ., ¥ H
| mew method : by

30 /

Ln-l

Q@ os
!?J 2.0

45 |

10 | '

9.5 L g e :

0 20 40 60 80 100
Number of bridge units

FIG. 2. Cakculation of G, /G, _, for E/fv= —2.5,(¢_ = —OSO)t'or

the new method described here and the standard matrix

method of Eq. {15). Plots using Eq. (lS)mdnplayedfotbothnnglund
double precision calculations. The results from the new method for long
chains converge to the infinite chain limit without any noticable numerical
differences. In the one orbital per repeat unit system there is an analytical
result for G| /G, ,_, a8 discussed in the text.
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ple, if we consider the donor coupled to the acceptor via a
single physical pathway, and we compute the tunneling ma-
trix element to fowest order in perturbation theory, this is
equivalent to neglecting scattering corrections. The scatter-
ing corrections for a given pathway arise from enumerations
of orbitals in the tunneling pathway longer than the shortest
path from donor to acceptor. The importance of backscatter-
ing can be observed by considering a chain of N identical
orbitals coupled by nearest neighbor interactions. G,y can
be computed exactly using Eq. (11), but to clarify our dis-
cussion we present it as a series in powers of (v/E)* (v is the
coupling between nearest neighbors and « is set to zero, the
origin of the energy scale)

vN—l v 2
1+ (V=12
5 '+ = 0(F)
+N=1) +N=-2)
— — 4
L l)z(N 2) (1)

GI.N =

-|-] (17)

Figure 3 shows some of the scattering pathways to order
(v/E)*. The important conclusion is that although the first
correction to the Green’s function goes as (N — 1) (W/E)?,
cach individual orbital is only responsible for (¢/E)>. The

‘reason for this is that there are N — 1 scattering pathways

giving corrections of this order, but each of them involves a
different scattering orbital. Equation (14) gives the exact
expression for ¢, and we see that for |E/v|>2.27
(le,, | <0.6) it converges to the infinite chain limit (better
than 5% accuracy) just by including scattering with first
and second nearest neighbers. For this reason, finite chains
are well approximated with infinite chain values for €. Scat-
tering is important, but only nearby orbitals have an effect.
We now describe the effect of pendant (side) chains on
Tp, and on the pathway concept. Figure 4 shows that path-
ways including the side chains must be included when com-
puting the tunneling matrix clement, but that their effect can |
be incorporated with a self-energy correction to the pendant
group attachment site. Assuming that the side chain is cou-

(a)
—
—— ®
e (c)
—

FIG. 3. Sentenngpnhmy:foralmmbnd;e(mﬂymephymdpnm-
way). (a) Main pathway; (b) examples of pathways that generate corree-
tions of order (/ K)* to the coupling; (c) examples of pathways that gener-
ate corrections of order (v/E)* to the coupling,
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FIG. 4. Pathways in a bridge with a side group. (a) Main pathway; (b)
wdmmuymmmdmwm'mm
mha(c)anwkdmmmwm&m
(/E)* to the coupling.

pledtopnthwnyorbiuliviaorbitalsl,thesidechainmbe
eliminated by renormalizing the orbital / cnergy.

o =a, + v, G alas (18)
G:,,,isthediagomlmltﬁxelemeutofthec}mm'sfunction
forsitzslwhmonlythesidechainisincludedintheﬂnmil-
tonian.Usingthisprocedure.mmysidechnimmbeimme-
dhtelydiminatedatthemnofthecalcnhﬁon.gruﬁysim-
plifying the problem.

The effects discussed to this point, scattering in a single
phyﬁcdpathwlyandinthetidechlim,mbeimorponted
inthepathwayconoept.Theeﬁec&vepathwayisducn’bed
mingeﬂ'ectivesiteenergiu.‘lhenmnelingmmixelmt
takes into account scattering pathways and side chains by
modifyinsthuelf-enugiuohituonthephysicdpﬂhmy.
This situation becomes more difficult when loops of orbitals
connect two atoms in a physical pathway.

Whmlooplexilt,theidenﬁﬁuﬁonofspedﬁcphysial
puthwaysmyhelususd’nlfromthemndpointoﬁdenﬁfy-

, insdomhtﬁtoonﬁibuﬁoname.To.ddrulthispoint

eonerewly.wecomideruqumhtﬁoebridge(seeFig.l).
This bridge has many loops because it is highly interconnect-
ed.Aldinw-edinSec.Il,tlleexntloluﬁmforGismmh
limpliﬂedbyoolumndimimﬁon.Fonheiniﬁlldm
lbridgceompondofjnstmlmnlldintuconnectedmm
withequalcouplin;betwemﬁghboﬁngsitesilmﬁdmt
(Fig.S).Inmhgywiththeuuumntforabridgewm-
poaedofasin;lemw.munexpdeminpowmof
(w/EY

! N(N-1 v\
Gin= G [l+[(N-—l)+N+——-—-—( 3 )](_E)

2
+[9N +:N—l4+N(N—1;(N—2)

NN—D(N-2DN=-3](rY,...]
+ ](E) + ] 9)

24

Loops that make contributions to G, v of order (W/E)? are
shown schematically in Fig. 5. The lowest order contribu-
tions from loops enter as N %, rather than linearly in N. Fig-
ure6showsaplotofG._~(E)insevernllimiu.Allofthese
plots are made for v= —04 ¢V and E=2.0 eV
(WE = — 0.2). For these values, some corrections become
ofo:derunityorhrgerforb?.WeueinFig.ﬁthatnm
thisvalnetheappmximatecnlcm&onsbeoomeapooresﬁ-

| 1 (b)
FIG. S.Moppnhwmﬁ:quehﬁwmmddmhﬂ. {=) Main

pathway; (b)mmpludpthnylthﬂmnﬂmﬂiﬂndq’du
(v/E)? to the coupling.

mate.Thisumllvalueofn/Ewucbomwthatthceﬁ'ectof
hacksunaingwouldbemall.Theﬁgureshomtheimpor-
taneeofincludinsbopsforhighlyinmconnectedbridge&
Insuchcues,theremnodomimntpathways.Aparﬁcuhr-
lyinteruﬁngrsult,ahowinzhowloopwtndemoytberel-
evance of specific pathways, is shown in Figs. 7(a) and 7(b).
Haethcbridgeisoompowdoftwormoftenorbitalsmh.
The central bond in the lower row (main pathway) of Fig.
7(a) is eliminated and in Fig. 7(b) the central bond of the
upper row is eliminated. Performing the Green's function
calculation we obtain

LY 0.4 (20a)
GI.N' )
and
& .
Gin _os, (20b)
Gin

‘where G,  is the exact result if no bonds are climinated. If

singlepathwaysweredomimnt.the‘emxﬂtswonldbeap-

ot
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lcl.
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i
i1
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N

FIG. 6. |G, 4 (B} (eV"]forthenqmmhtﬁuebridwdFlg.Sinmull
Hmmmmemhpmei',minmAﬂof
these plots are made for v =« —~0.4eVand E= 2.0eV, 00/E= —0.2.For
mevﬂumedhuqmmmdudﬁunﬂyawﬁf
mv.mmmmmmmﬁmmw.
pooruﬁmuﬁ&l‘himuﬂvdmdafﬂwndwmnthﬂthelwtdhwk—
mmummmdmmmmﬁm
loops.

J. Chem. Phys., Vol. 85, No. 2, 15 July 1891




Onuchic, de Andrade, and Beratan: Electron tunneling in proteins

(b)

FIG. 7. Square lattice bridge for N = 10 with one bond eliminated. (a) Cen-
tral bond in lower row {main pathway) eliminated; (b) Central bond in
upper row eliminated.

proximately 0.04 and £.0, respectively. By eliminating one
bond in the lower row, the main pathway is increased by two
orbitals, and by eliminating one bond in the upper row, the
main pathway remains the same. The discrepancy between
the exact result and the “pathway” result occurs because the
bridge is highly interconnected, i.e., it contains a large num-
ber of loops. In this case, it is not productive to discuss con-
tributions to T, in terms of single pathways.

When more rows are added to the bridge, no substantial
change occurs. Rows further from the one that the donor
and acceptor are bound to are responsible for still higher
order corrections. [ The lowest order corrections for row i is
proportional to (v/E)*]. For this reason, a fixed chain
length N causes G, y to approach a limiting value as the
number of parallel rows is increased. This is expected as long
as the tunneling electron encrgy remains in the gap between
the highest occupied and lowest unoccupied molecular orbi-
tals of the bridge. Recall that for an infinite one chain bridge

with equal coupling between neighboring sites the bridge

states occur between 2v and — 2v (corresponding the group
of bonding or antibonding states in a molecular system). An
infinite 2D bridge of the connectivity shown in Fig. 1 has
twice the bandwidth. Therefore, energies that were associat-
ed with localized states in the 1D case may be in the band for
the 2D bridge. As rows are added to the 2D bridge, thereisa
transition between these two limiting widths, but as long as
the tunneling energy is associated with a localized state, G, »
saturates after a few rows are included.

From earlier work (see the discussion in Sec. V), we
noted that tunneling matrix clements in proteins can be
dominated by few or many pathways depending on the sec-
ondary and tertiary structure of the protein. '™ Theoretical
and experimental work aimed at defining when the pathway
concept is valid continues. '®'? This new method permits the
quantitative determination of when the tunneling matrix ele-
ment is indeed dominated by a few pathways and how pro-
tein secondary and tertiary structure might influence this.
As an example of the potential of the method in this regard,
we performed a calculation on a bridge composed by N sim-
ple model amino acids in an alpha-helix for different values

1137

N C
1 5 10 15 z1
l 3
e HB4
HB2 ‘
HB1

FIG. 8. Schematic representation of an alpha-helical bridge for ¥ = 7 ami-
no acids. Each covalent bond is representod by just one orbital in the calcu-
iation (E/v= — 227, €, = — 0.6). Hydrogen bonds are treated as two
normal covalent bonds.

of N. The bridge is shown schematically in Fig. 8. Each bond
is represented by one orbital and coupling between neighbor
backbone orbitals is equal.>®™* Hydrogen bonds are repre-
sented by two additional bonds between sites / and 7 + 3.
Calculations were performed for E/v= —2.27
(€, = — 0.6). The results arc presented in Table I, which
shows the importance of the hydrogen bonds. G, ;5 , for
N = 3m + | with m integer is dominated by a short pathway
involving the hydrogen bonds. This conclusion can be dem-
onstrated by disconnecting some bonds in the chain for
N = 10, see Table I1. Elimination of hydrogen bonds in the
main pathway reduces the coupling about 1 order of magni-
tude.

V. CONCLUSIONS

An open question in the field of protein electron transfer
is whether or not a small number of physical pathways be-
tween donor and acceptor dominates the tunneling matrix
element. The answer to this question will depend on the level
of connectivity (loops) in the specific protein. The concept
of a pathway is not invalidated by the presence of multiple
nonintersecting paths, since their contributions to the tun-
neling matrix element enter as a simple sum.

TABLE L. Value of G,y , {c¥ ") for & bridge of ¥ amino acids in an
aipha-helix. A single orbital per bond model is wsed. E/v= —2.17
(e, = ~0.6)and E=20¢V.

Number of

amino Linear path

acids N (No H bonds) Best path Exact result
1 —-0.273 —0273 —-0.529

2 +0.563 10" 4+0.563x10"" +0732x10°!
3 —0.121x10-"} —0.121x10-" —0.103x 10"
4 4+ 0.026x 10" +0202%10! +0.202x10"'
5 —0.056x 10} —0.435x 107 —0519x10-?
6 +0.121x10-? +091x10-* 4+2.269%10"?
7 —0.026x107? —1.563x10-* —1.182x10-*
8 4+ 0.056x10°* +3371x10-* 443961071
9 —0.121x10-3 ~7.264%x10-* —19.512x10"°
10 4+ 00261073 +12.117x10-* +8581x10°°
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TABLEIL Value of G, , _, (¢V ") for abridge of N = 10 amino acids in
an alpha-helix. Parameters are discussed in the text and Table 1.

Exact result Removing Removing Removing
H-bond 1 H-bonds 1.4 H-bonds 1,4,7

+8.58%10°%  4299%107° +195x10°° —0.70%x107°

ﬁ—i

Previous work has applied a graph search method to
map physical pathways and estimate their contribution to
the tunneling matrix clement. The new method described
here provides a way to calculate the contribution to T, for
each physical pathway, and to examine the role of loops,
which has not been thoroughly investigated.

Pathway searches in heme, blue copper, and iron-sulfur
proteins have suggested that the density of pathways and the
prevalence of loop structures varies from protein to pro-
tein.'%'® For example, in cytochrome ¢ the number of
physical pathways with significant contributions to the tun-
neling matrix element is relatively small and the number of
loop structures is also rather limited.'® This contrasts with
the case of clectron transport through a glassy medium
where the large number of intersecting physical pathways
should climinate the possibility of single dominant ones. In
proteins such as cytochrome ¢, the pathway model is expect-
ed to be quite useful for interpreting experimental tunneling
matrix clements and intervening protein structure may sub-
stantially affect the rate. Indeed, such specific effects have
been observed experimentally and are consistent with the
existing theory. The new Green's function method described
here can be used to calculate the coupling for physical path-
ways that have been predicted. It can investigate the impor-
tanceofsidegroupsattachedtothemainpathmys (sup-
pressed in the simple model), loops, and multiple pathways.

The stepwise Green’s function approach provides a nu-
merically robust strategy for calculating tunneling matrix
elements in very large systems. In contrast with existing
methods, ™ one does not have to select “important™ resi-
dues to include in an energy splitting calculation. Also, the
influence of specific orbitals or contacts on the tunneling
matrix clement can be probed by performing the calculation
with and without these orbitals or interactions in the Hamil-
tonian. For example, the Green’s function method can test
the proposal that hydrogen bonds form essential connec-
tions in the dominant physical tunneling pathways of ruth-
enated cytochrome ¢.'™
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