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The Nature of Aqueous
Tunneling Pathways Between
Electron-Transfer Proteins
Jianping Lin, Ilya A. Balabin, David N. Beratan*
Structured water molecules near redox cofactors were found recently to accelerate electron-transfer (ET) kinetics in several systems. Theoretical study
of interprotein electron transfer across an aqueous interface reveals three distinctive electronic coupling mechanisms that we describe here: (i) a proteinmediated regime when the two proteins are in van der Waals contact; (ii) a
structured water-mediated regime featuring anomalously weak distance decay at relatively close protein-protein contact distances; and (iii) a bulk water–
mediated regime at large distances. Our analysis explains a range of otherwise
puzzling biological ET kinetic data and provides a framework for including explicit water-mediated tunneling effects on ET kinetics.
Protein ET reactions play a critical role in biologically vital processes in living cells, most
notably photosynthesis and respiration (1).
Describing the structure dependence of intermolecular ET reactions is particularly
challenging because of the wide range of the
accessible docking geometries, and several
studies have addressed these reaction mechanisms (2–8). The factors that control unimolecular ET rates, namely the donor-toacceptor (D to A) distance and energies, the
structure of the ET-mediating protein matrix,
and the thermal atomic motion, have been extensively explored both experimentally (4–6)
and theoretically (9–14).
Intermolecular ET reactions, however, remain a challenge. In addition to the above
factors, the rate depends on the D-to-A docking
geometry, as well as on the structure and
thermal motion of the solvent (2–7). The number of structural degrees of freedom makes
quantitatively reliable theoretical calculations
extremely difficult. We show that the intervening water structure leads to one of three
distinctly different ET tunneling regimes, in
contrast to the common assumption of singleexponential distance decay (2, 5–7). The identification of these three regimes provides a
framework for understanding the mechanisms
that underlie several unexplained and seemingly unrelated water-mediated biological ET
rate processes (7, 15–19), as well as providing
a strategy for making theoretical estimates
of bimolecular rates that take these watermediation effects into account.
Water can influence the ET reaction rates
by mediating ET coupling pathways, as well
as by controlling activation free energies
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pendence of water-mediated ET reaction rates
has become the focus of intensive experimental (4–7, 13, 15–17, 20, 21) and theoretical
(18, 19, 22–24) investigation. Until recently,
experimental and theoretical analysis suggested
a single-exponential decay of the ET rates
with distance through water, with a characteristic decay constant of about 1.6 to 1.7 )j1
(5, 20, 21). In comparison with proteins that
exhibit decay constants of about 1.0 to 1.2 )j1
(5), water appeared to be a rather poor ET
mediator because of extensive through-space
links in tunneling pathways (20).
In the past few years, however, a number of important experimental observations
emerged that are inconsistent with the singleexponential decay model for water and with
the generality of rapid distance decay for
ET through water molecules. In crystals, ET
across thin aqueous interfaces was found to
be facile (7). In covalently cross-linked azurin
complexes, water dimers that formed between
the redox centers appeared to increase the
ET rate substantially (15). In DNA, the influence of water (and counterions) may be
even more pronounced, and fluctuations in
hydration were proposed to gate ET (16). In
small water clusters in gas phase or on TiO2
surfaces, hydrated electrons were suggested
to facilitate water-mediated ET reactions
(25, 26). These recent experiments all suggest
the need for a deeper unifying theoretical
framework to describe the distance and structure dependence of water-mediated ET reaction rates.
Here, we use computation to explore
how the aqueous protein environment influences ET rates as a function of distance.
Coupling interactions and rates were computed for the trypsin-solubilized bovine liver
cytochrome b5 E(27), Protein Data Bank
(PDB) entry 1CYO^ self-exchange ET reaction (27–33), which represents a broad class
of solvent-mediated ET reactions involving a-
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helical redox proteins. To explore the influence of protein orientation, we constrained the
cytochrome b5 heme-heme angles to 0-, 45-,
or 90-.
For each orientation, the molecules were
also constrained to a specified distance between the porphyrin-ring edges between 6 and
16 ). For each of the geometries, the protein
molecules were solvated in the TIP3 (34)
water; Naþ and Clj counterions were added
to establish an ionic strength of 0.2 M, and the
system was equilibrated for 200 ps using the
Charmm27 forcefield, constant pressure (NpT)
ensemble, periodic boundary conditions, and
particle-mesh Ewald full electrostatics (35).
After equilibration, another 100-ps molecular dynamics (MD) simulation was performed, and the system conformation was
saved every 1 ps, yielding 100 Bsnapshots.[
The D-to-A electronic coupling TDA was computed for each snapshot with an extended–
H[ckel-level (XH) electronic Hamiltonian;
the ET rate was estimated from the meansquare electronic coupling bT 2DAÀ in the nonadiabatic Fermi_s golden rule expression
(10, 11). The TDA calculations included the
protein atoms and the interfacial water molecules. For comparison, these calculations
were repeated without the interfacial water
(34). This computational approach provides
a reasonable qualitative estimate of the D-A
couplings in proteins and small molecules
(10, 11, 36, 37). The coupling was also estimated using the empirical Pathways model
(38) and atomic packing density analysis
(13). Finally, bimolecular self-exchange ET
rates were estimated by using the computed
mean square donor-acceptor interactions (as
a function of distance) in Brownian dynamics simulations (28, 29).
The dependence of bT 2DAÀ on the distance
between porphyrin-ring edges is essentially
orientation independent (35); Fig. 1 shows
the distance dependence for the 90- orientation between the porphyrin rings. Most important, rather than finding single-exponential
decay with distance, the XH results reveal
three distinct ET regimes at distances of 7 to
9 ), 9 to 12 ), and 912 ), respectively. At
7 to 9 ), the distance decay is similar to that
for intramolecular ET (5); that is, the tunneling is facilitated primarily by the protein
atoms, and water has little effect on the
electronic coupling. In the distance range
from 9 to 12 ), the coupling decay is
anomalously weak, and water is the principal mediator of tunneling across the proteinprotein interface (i.e., the plateau regime).
At distances 912 ), the distance decay is
consistent with tunneling through liquid
water.
The empirical Pathways-level analysis of
the bT 2DAÀ distance dependence also captures the qualitative features of these three
regimes (fig. S1). The atomic packing den-
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sity method does not resolve the three regimes because there is little change in the
overall packing density over the entire distance
range. Although the XH electronic structure
method is a qualitative one, we believe that the
existence of the three coupling regimes is a
robust characteristic of the solvated protein
environment.
The structural origin of these three different electronic coupling regimes is explained
by the interfacial water structure at difference
distances, as shown in Fig. 1. At small distances, there are only a few water molecules
at the interface, and they are positioned
outside of the dominant ET coupling pathways. At intermediate distances, a small
number of water molecules penetrate the
space between the hemes, establishing strongly coupled tunneling pathways. Figure 2
shows the evolution of bT 2DAÀ in the coupling
plateau region for time snapshots taken from
an MD trajectory. In a number of conformations, ET is mediated by either a single water
molecule (snapshot A) or by several water
molecules that provide multiple ET pathways that interfere constructively (snapshot
B). These constructively interfering geometries control the value of bT 2DAÀ, and the
relative abundance of these conformations
(as compared to conformations with destructively interfering pathways, snapshot C) is
characteristic of the plateau regime. This
behavior arises from the confined space
between proteins, combined with strong
protein surface-water interactions (electrostatic and van der Waals interactions), in the
plateau regime. At larger protein-protein
distances, the water configurations that lead
to strong TDA values occur much less frequently than in the structured water regime.
The electronic coupling between proteins in
the shortest-distance regime, where the gap
between proteins is too small for water to
enter the dominant coupling pathways, is
mediated by through-space tunneling. The
through-space mechanism is known to decay rapidly with distance (12, 38). These
three ET regimes are essentially independent
of protein orientation (figs. S1 and S2). We
refer to the three regimes as the direct contact
regime (short distances), the structured watermediated regime (intermediate distances), and
the bulk water–mediated regime (larger
distances). Although the extended-H[ckel
method may introduce systematic errors, we
expect it to capture the essential features of the
bridge-mediated coupling and interference
effects.
We have tested the consistency of a threecoupling regime model with ET self-exchange
rates using a Brownian dynamics framework
for computing the intermolecular ET rates
(28, 29, 35). Table 1 shows that the computed ET rates are in good qualitative agreement with experimental self-exchange rates
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Fig. 1. The mean-square electronic coupling dependence on the distance between the two porphyrin rings (90- angle between porphyrin rings): XH(P,W), proteins and water included in the
coupling calculation at the extended-Hückel level; XH(P), only protein mediation is included in the
extended-Hückel coupling calculations. The three distance ranges correspond to the direct contact
regime, structured water–mediated regime, and bulk water–mediated regime, respectively. The insets
show configurations of the interfacial water molecules typical for each regime. The error bars show
the sampling error estimated using a renormalization group-based method (39).
Fig. 2. A typical time se2 valries of computed T DA
ues in the structured water
(plateau) regime. The relatively rare conformations
that dominate the D-to-A
coupling feature either a
single dominant bridging
water molecule (snapshot
A), or several constructively
interfering water-mediated
pathways (snapshot B). In
most of the time snapshots,
the hydrogen-bonding network provides multiple ET
pathways with mixed constructive and destructive
interference, resulting in
relatively small D-to-A coupling (snapshot C). The electrostatic and van der Waals
interactions between the
water and protein surfaces
increase the probability of
generating water-molecule
configurations that provide
large D-to-A coupling, leading to the smooth distance
dependence of the ET rate
in the plateau regime. The
large peak at 94 ps arises
from a constructively interfering coupling network established by three water molecules.

(28). Earlier simulation of Northrup and coworkers (28) based on single-exponent models with two adjustable parameters was also
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consistent with the data. The results of the
present study lack adjustable TDA parameters, although the quantitative accuracy of the
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Table 1. Experimental (28) and theoretically estimated (Brownian dynamics) bimolecular rate
constants k2 (Mj1 sj1) for the cytochrome b5
self-exchange ET as a function of ionic strength m.
k2 (Mj1 sj1)

m (M)

Experiment
0.1
0.3
0.6
1.0
1.5

2.6
4.6
1.6
2.8
4.5







103
103
104
104
104

Theory
1.0
2.4
7.6
1.1
1.7







103
104
104
105
105

extended-H[ckel approach to electronic coupling calculation is certainly dependent on its
parameterization.
The existence of multiple tunneling regimes
also provides insight into several recent (and
otherwise puzzling) experimental and theoretical observations in biological ET reaction
kinetics. Winkler, Gray, and co-workers found
that ET across protein-protein interfaces in
protein crystals mediated by three water molecules is nearly as rapid as unimolecular ET
is over the same distance (7). Canters and
co-workers showed that water dimers between covalently cross-linked azurin complexes
could substantially enhance the intermolecular
ET kinetics (15). Similarly, Klinman and coworkers investigated the copper-to-copper ET
over about 7 ) in the hydroxylating domain
of peptidylglycine a-amidylating monooxygenase and found an unusually large electronic coupling mediated, apparently, by water
rather than by the protein or substrate (17).
Using Pathways-level analysis, Onuchic and
co-workers found that water molecules mediate the dominant ET coupling routes between cytochrome c2 and the photosynthetic
reaction center (18). Cave and co-workers
showed that water molecules between model
D and A pairs substantially enhance intermolecular ET rates as well (19). All of these recent observations support our conclusion that a
small number of structured water molecules
interposed between the donor and the acceptor
cofactors can substantially enhance ET rates.
The influence of aqueous tunneling pathways on interprotein ET kinetics has remained
a key open issue in biological ET for some
time. Single-exponential decay models fail to
describe water-mediated ET reactions properly. The existence of multiple tunneling mediating regimes identified above is evinced by a
body of recent experimental and theoretical
observations. Most importantly, the structured
water coupling regime may provide an important mechanism to facilitate ET reactions
in the critical near-contact distance range relevant to biological ET kinetics. We hypothesize that water may be a particularly strong
tunneling mediator when it occupies a sterically constrained space between redox cofactors with strong organizing forces that favor

constructively interfering coupling pathways. It
will be particularly interesting to use both theory and experiment to explore how the watermediated coupling between proteins varies
with protein-protein shape complementarity,
surface charge and polarity, and dynamical
fluctuations of the proteins and of the organized water at the interface.
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Stable Carbon Cycle–Climate
Relationship During the
Late Pleistocene
Urs Siegenthaler,1 Thomas F. Stocker,1* Eric Monnin,1
Dieter Lüthi,1 Jakob Schwander,1 Bernhard Stauffer,1
Dominique Raynaud,2 Jean-Marc Barnola,2 Hubertus Fischer,3
Valérie Masson-Delmotte,4 Jean Jouzel4
A record of atmospheric carbon dioxide (CO2) concentrations measured on the
EPICA (European Project for Ice Coring in Antarctica) Dome Concordia ice core
extends the Vostok CO2 record back to 650,000 years before the present (yr
B.P.). Before 430,000 yr B.P., partial pressure of atmospheric CO2 lies within the
range of 260 and 180 parts per million by volume. This range is almost 30%
smaller than that of the last four glacial cycles; however, the apparent
sensitivity between deuterium and CO2 remains stable throughout the six
glacial cycles, suggesting that the relationship between CO2 and Antarctic
climate remained rather constant over this interval.
The European Project for Ice Coring in Antarctica (EPICA) recovered two deep ice cores
from East Antarctica. One of the cores, located
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at Dome Concordia (Dome C) (75-06¶S,
123-21¶E, altitude of 3233 m above sea level,
and mean annual accumulation rate of 25.0
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