J. Braz. Chem. Soc., Vol. 19, No. 2, 206-210, 2008.
Printed in Brazil - ©2008 Sociedade Brasileira de Quimica
0103 - 5053 $6.00+0.00

Review

Quantum Tunneling in Biological Reactions: the Interplay between Theory and Experiments

José N. Onuchic,** Chigusa Kobayashi® and Kim K. Baldridge**

“Center for Theoretical Biological Physics, University of California at San Diego, La Jolla, CA 92093, USA

*Department of Theoretical and Computational Molecular Science, Institute for Molecular Science,

Myodaiji, Okazaki 444-8585, Japan

“University of Ziirich, Organic Chemistry Institute, Winterthurestrasse 190, 8050 Ziirich, Switzerland

Ricardo Ferreira foi o primeiro cientista brasileiro a compreender a necessidade de aproxi-
magdes tedricas solidas para explicar os mecanismos que governam as ciéncias da vida. Nesta
edi¢do em sua homenagem, descrevemos como modelos tedricos t€ém sido aplicados para guiar o
entendimento do fendmeno de tunelamento de elétrons em biologia. Durante quase vinte anos, o
nosso modelo de “Pathways” tem se mostrado o mais bem sucedido modelo tedrico para descrever
o mecanismo de tunelamento no processo de transferéncia de elétrons em sistemas bioldgicos,
particularmente em proteinas. Recentemente, o modelo de Pathways foi generalizado para incluir
o efeito da dindmica de proteinas na modulagdo do Fator Franck-Condon e dos elementos de
tunelamento da matriz. A interferéncia entre diferentes trajetérias modula as interagdes de tunela-
mento de elétrons em proteinas (particularmente interferéncias destrutivas), e efeitos resultantes da
dinamica de proteinas sdo de importancia critica. O tunelamento de elétrons pode ser controlado
por conformacdes de equilibrio da proteina, as quais parecem ser necessdrias para minimizar os
efeitos de interferéncia destrutiva. Em contraste, quando configuragdes de equilibrio apresentam
pouca interferéncia destrutiva, o tunelamento de elétrons ¢ promovido por uma (ou algumas)
etapa(s) construtivamente interferente e os efeitos dindmicos sao modestos. Este novo mecanismo
resultou na previsdo de vdrias constantes de velocidades para reacdes de transferéncia de elétrons
que foram confirmadas experimentalmente.

Ricardo Ferreira was the first Brazilian scientist to understand the need of solid theoretical
approaches to obtain quantitative understanding mechanisms governing the life sciences. Therefore,
in this issue in his honor, we decided to describe how theory has been able to guide the understan-
ding of electron tunneling in biology. During almost twenth years, our Pathway model has been
the most powerful model in terms of predicting the tunneling mechanism for electron transfer in
biological systems, particularly proteins. Recently, we have generalized the conventional Pathway
models to understand how protein dynamics modulate not only the Franck-Condon Factor but also
the tunneling matrix element. The interference among pathways modulates the electron tunneling
interactions in proteins (particularly destructive interference), and dynamical effects are of critical
importance. Tunneling can be controlled by protein conformations from equilibrium, which may
be needed to minimize the effect of destructive interference during tunneling. In contrast, when
equilibrium configurations have small destructive interference, electron tunneling is mediated by
one (or a few) constructively interfering pathway tubes and dynamical effects are modest. This new
mechanism has predicted several experimental rates that were later confirmed by experiments.
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1. Introduction

Understanding the mechanisms governing biomolecular
machines requires more than simple hypothesis. There
is a need for solid theoretical approaches and model
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development. Ricardo Ferreira realized this need early in
his career. He has made seminal contributions to many
problems, including enzymatic catalysis, biogenesis, and
chirality in proteins. Therefore, to his honor, in this paper
we decided to describe how thermal motions are important
for control in biomolecular machines. Thermal motions
may be global, affecting phenomena such as allostery, and
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folding, or local, such as in electron transfer (ET). In ET,
structural fluctuations on the picosecond time scale and
sub-angstrom structural fluctuations may be sufficient for
substantial changes in quantum interference.

ET reactions occur in many important mechanisms
in living systems. ET is involved in the early steps of
bioenergetic processes, such as photosynthesis and oxidative
phosphorylation, enzymatic catalysis, DNA damage and drug
metabolism. Typically, the protein environment mediates
biological ET and tunneling takes place over large separations
(510 20 A), leading to a weak tunneling coupling between
the donor (D) and the acceptor (A) sites. This coupling is
termed the electronic matrix element (7},,). In this weak
coupling regime, the ET rates are in the nonadiabatic regime
and may be written in a perturbation theory expression as
the product of the square of 7, and the probability of the
donor and acceptor forming a resonant activated complex.!?
This latter term is the well-known Marcus theory for electron
transfer.® In the early 1990’s, Beratan and Onuchic developed
the Pathways method to estimate values of 7, , , and to explain
the physics behind the mechanism of tunneling through
proteins.* Pathways demonstrates that tunneling occurs via
a dominant pathway tube (a family of similar pathways),
and that the decay through this tube can be quantified as
a product of contributions from covalent bonds, hydrogen
bonds, and through-space jumps.

This original Pathways description, although very
successful in explaining many experimental results and
enabling design of novel ET proteins, is only applicable
when a single tube dominates the reaction. In 2000,
theoretical work by Balabin and Onuchic demonstrated that,
when ET reactions are dominated by a single pathway tube
(or a few tubes that interfere constructively), the protein can
be treated “statically” and effects due to protein dynamics
are minor and therefore can be ignored.’ The situation is
exactly the opposite when ET involves multiple tubes with
destructive interference. 7,,’s become extremely sensitive
to structural details and therefore protein dynamics cannot
be ignored. If only the crystallographic conformation is
included, the incorrect tunneling matrix element will be
computed. In this case, tunneling is dominated by far-
from-equilibrium conformations that minimize destructive
interference; in this case again one or few tubes dominate
ET. Marcus theory explains how protein dynamics is the key
in modulating the energy gap between donor and acceptor
sites in protein electron transfer reactions. Complementary
to this view, we have now shown how thermal control goes
beyond Marcus theory and can actually be needed when
determining the tunneling matrix element. To exemplify
this result, below we show calculations of tunneling matrix
elements in the protein Azurin.
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2. Electron Tunneling Mediated by Azurin
Protein

In the early work by Balabin and Onuchic,” we have
shown a real biological situation where fluctuations far-
from-equilibrium are important in explaining experimental
results. How have these calculations been successful using
very simplified quantum chemistry approaches? The goal
here is to answer this question. We wish to show that the
dominating tunneling elements occur when destructive
interference is dominant, and in this situation a single
pathway tube (or a few tubes that interfere constructively)
control ET. In this regime, even simplified quantum
chemistry methods are sufficient to compute the tunneling
matrix element. The simple Azurin is a great system
to demonstrate this result. Since it is simple enough, it
permits calculations at different levels of complexity. This
conclusion not only explains the success of the Pathways
method but give us hope that tunneling calculations in more
complex protein systems are now possible.

The answer to this question came in 2003 in paper
by Kobayashi and collaborators.® Combining molecular
dynamics with semi-empirical and ab initio (Hartree-Fock)
quantum chemistry calculations, we have tested quantitatively
how differences in protein dynamics and the quality of the
electronic Hamiltonian impact the value of the tunneling
matrix element. As described above, Azurin has been chosen
because it is a system for which the Pathways results are well
understood and is small enough for sophisticated quantum
chemistry calculations. We have chosen tunneling through
Azurin that is dominated by either one, or at most, a few
constructively interfering pathway tubes.

Before presenting the results, we summarize the formalism
that is used to quantify these results.® In the electron transfer
(ET) process, the medium between donor and acceptor sites
is referred as the bridge. The Green’s function matrix of this
isolated bridge system describes the “virtual” propagation of
the tunneling electron between the donor and acceptor sites
of the protein. To explore how the protein bridge affects the
tunneling matrix element, we calculate the Green’s function
matrix as a function of the bridge nuclear coordinates and
electronic states. The tunneling matrix (T, ) is calculated
using the standard Lowdin partition’ as proposed earlier by
Beratan and collaborators,®

bridge _

1
TDA (Erml ) = z ﬁDd (Etmzs - Hbridge) ﬁAu
d,a

where B, and 8, are the electron interactions between
the D(A) orbitals and the bridge orbitals. And H is

bridge
the Hamiltonian of isolated bridge system. The Green’s
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function of the isolated system is defined as,

(N; = @‘tuns - Hbridgc B
G =SGS

In effectively chainlike bridges, ET coupling can be
characterized by observing the decay per bond, which is
represented by,”!°

G,
€ = ﬁ (J > i)
Gi,j

As such, we can use the decay of the Green’s function to
estimate how propagation of the tunneling electron actually
occurs though the bridge system.

As discussed above, many interesting protein systems
are too large to perform full ab initio calculations.
Therefore, how can we be sure that more simplified
methods are sufficient? With this goal in mind, we have
work towards developing a computational protocol that,
while computationally affordable, is numerically reliable.
Azurin has proven to be the perfect test system for this
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work. Our results have shown that reliable calculations
can be performed with a carefully chosen semi-empirical
methodology that is coupled together with Molecular
Dynamics. We concluded that a modified-AM1 semi-
empirical methodology method is sufficient. In a standard
AMI method, a neglect of diatomic differential overlap is
observed, often implying the use of a unit overlap matrix,
which can be a rather severe approximation, particularly
for applications of the type considered here. To perform
these calculations we have reformulated the AM1
implementation in the GAMESS," program to include
differential overlap, in order to carry out more accurate
Green’s function calculations. This implementation
was successfully tested and validated with the Azurin
calculations.®

These calculations showed that tunneling through these
beta strands in Azurin is controlled by a single pathway
tube or a few tubes constructively interfering. Figures 1 and
2 show that, although the tunneling matrix elements vary
wildly, the conformations with larger coupling dominate
the rate. Recall that the rate varies quadratically with the
coupling. For these dominant configurations, the value for the
electronic coupling is robust and calculations performed with
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Figure 1. Green’s function matrix elements for the bridge system through a single beta strand (mostly mediated by covalent bonds): The top figure shows
the Green’s function matrix elements that have been calculated for several different conformations obtained from a molecular dynamics trajectory. The
bottom graphics shows the matrix elements decays for the strongest and the weakest element conformations.
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Figure 2. Green’s function matrix elements for the Azurin bridge system composed of two neighboring beta strands. As shown in the figure, the dominant
pathway has to include a hydrogen bond in addition to the covalent bonds. The top figure shows the Green’s function matrix elements that have been
calculated for several different conformations obtained from a molecular dynamics trajectory. The two bottom figures show the matrix elements decays
for the strongest and the weakest element conformations for the pathway through two different hydrogen bonds, respectively.

simple Hamiltonians quantitatively agree with sophisticated
calculations utilizing a full ab initio approach;® calculations
performed with full Hartree-Fock are in good agreement with
semi-empirical results using AM1 non-ZDO.

Another important result from Figures 1 and 2 is the
dependence of the electronic coupling on the protein
dynamical fluctuations. The Green’s function elements were
calculated for the two pathways. In Figure 1, the pathway
is through a single beta strand and is basically dominated
by covalent bonds. In Figure 2, that pathway needs to jump
between two neighboring strands and therefore needs to
include hydrogen bonds across the strands to facilitate this
motion. The Green’s function elements fluctuate wildly
for different protein conformations; the coupling varies by
about 2-3 orders of magnitude. In this particular test system,
the dominant coupling conformations are equilibrium ones,
but in more interesting biological systems, where most
of the equilibrium conformations interfere destructively,
tunneling will mostly occurs in less-likely structures that
offset this effect. These far-from-equilibrium configurations
dominate the rate.

The calculations for Azurin enable us to develop a new

protocol that combines AM1 non-ZDO semi-empirical
calculations with molecular dynamics to quantitatively
calculate electron tunneling matrix elements in more
interesting proteins and protein complexes where relevant
biological electron transfers take place. These calculations
would be impractical if a full ab initio approach was needed,
but our results show that for the dominant pathways a
simpler method is sufficient.

3. Conclusion

This manuscript in honor of Ricardo Ferreira shows
an example of how theory can be used to understand
biological processes that require the level of quantum
mechanics for sufficient detail in molecular processes, as
well as inclusion of protein motion via molecular dynamics.
Ricardo has pointed out the importance of theory to help
understand biology many years ago. Today, this is accepted
by most of the scientific community, but Ricardo was the
visionary that predicted this need many years ago and has
performed some of the seminal contributions of theoretical
applications in biology.
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Our ET example demonstrates how biology in some
cases may utilize thermal fluctuations to maximize the
tunneling rate. This need was shown for some ET in
photosynthesis by Balabin and Onuchic.’ In this manuscript
we show that, since for dominant ET conformations the
rate is controlled by a single pathway tube or a few tubes
constructively interfering, the procedure developed above
is sufficient for theoretically studying the biologically
relevant processes, thus providing a reasonable theoretical
strategy for studying large interesting protein systems that
are typically beyond full out ab initio methods.
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