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Abstract

Nature at the lab level in biology and chemistry can be
described by the application of quantum mechanics.
In many cases, a reasonable approximation to quan-
tum mechanics is classical mechanics realized through
Newton’s equations of motion. Dr. Pedersen began his
career using quantum mechanics to describe the prop-
erties of small molecular complexes that could serve as
models for biochemical systems. To describe large mo-
lecular systems required a drop-back to classical means
and this led surprisingly to a major improvement in the
classical treatment of electrostatics for all molecules,
not just biological molecules. Recent work has involved
the application of quantum mechanics for the putative
active sites of enzymes to gain greater insight into the
key steps in enzyme catalysis.
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Figure 1 Lee G Pedersen, PhD,
Professor, Department of Chemistry,
University of North Carolina at Cha-
pel Hill, CB#3290, Chapel Hill, NC
27599, United States.
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INTRODUCTION AND EDUCATIONAL
EXPERIENCE

Dr. Lee Pedersen (Figure 1) is a Professor in the Depart-
ment of Chemistry at the University of North Caro-
lina at Chapel Hill in Chapel Hill, North Carolina. He
received his bachelor’s degree in Chemistry from the
University of Tulsa (Tulsa, OK) in 1961. His graduate
work was done in Physical Chemistry at the University of
Arkansas (Fayetteville, AS) where he focused on quantum
chemistry and the potential energy surfaces for dynamical
calculations (1965). Upon receiving a National Science
Foundation Postdoctoral award (1965), he continued his
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postgraduate training in Theoretical Chemistry with Mar-
tin Karplus at Columbia University (New York, NY) and
with a National Institutes of Health Postdoctoral award
(1966) at Harvard University (Cambridge, MA). Dr. Ped-
ersen has been an invited speaker at international meet-
ings, and is a peer reviewer for many publications and
granting agencies. He has won a teaching award at UNC-
CH and has been honored by the establishment (UNC-
CH) of the Lee G. Pedersen distinguished Professor
Chair. In addition to his roles at UNC-CH, he has also
been associated for more than 20 years with the Labora-
tory of Structural Biology at NIEHS in the Research Tri-
angle Park, NC.

ACADEMIC STRATEGY AND GOALS

At the beginning of Lee Pedersen’s career in the early
1960s, computers were slow and could solve only rela-
tively limited problems. Today, following Moore’s Law,
the size of problems that can be reduced to computation
or simulation is much larger. Throughout Dr. Pedersen’s
career he has utilized computers in a two-pronged effort
involving quantum chemistry and classical mechanics to
solve essential problems in chemistry and more recently
biochemistry. Currently, his group at UNC-CH is focusing
on building three dimensional equilibrium representations
of bio-molecular complexes (blood coagulation proteins)
in electrically neutral solvents. This work is done in con-
junction with experimentalists in the UNC-CH Depart-
ments of Biology and Medicine. His group at NIEHS is
focused on developing mathematical tools for improving
force fields for bio-molecules and on introducing quan-
tum chemical tools into the study of enzyme reactions.

ACADEMIC ACHIEVEMENTS

The following contributions highlight Dr. Pedersen’s
activities in the field of computational chemistry and bio-
chemistry.

Barriers to internal rotation

The flexibility of bio-macromolecules is determined to
a large extent by the ability of internal rotation to oc-
cur about the covalent bonds in the system. Early in his
career, Dr. Pedersen, with collaborator Keiji Morokuma,
computed quantum chemically the energy required to
rotate simple C-C, C-N, C-O, N-N, O-O bonds. This was
the first study'’ that systematically examined this problem
with ab initio techniques. They found that relatively simple
quantum chemical basis sets were sufficient to describe
the systems chosen in agreement with known spectro-
scopic data. They were also able to show the importance
of inclusion of polarization functions for certain systems.
Similar techniques are used today to parameterize mo-
lecular force fields.

Hydrogen bond

Understanding the hydrogen bond is essential to under-
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standing many intra and intermolecular interactions. Ear-
ly in his career, with collaborator Keiji Morokuma, Dr.
Pedersen computed for the first time, quantum chemi-
cally the binding energy of the water dimer in a number
of possible conﬁgurationsm. 'This calculation showed the
lowest energy form and also showed generally what was
possible with ab initio quantum chemistry. The study also
discussed the new concept of basis set superposition en-
ergy in the context of an important problem. Morokuma
has gone on to become one of the world’s leading theo-
reticians, splitting time in Japan and the USA at Emory
University.

Book of problems

With Professor Johnson CS Jr, Dr. Pedersen compiled a
large group of problems and detailed solutions, placing
them in a pedagogical order and interspersing theoreti-
cal introductions to central topics. The resulting book
made quantum mechanics much more accessible to many
thousands of students all over the world. The book has
been revised and is now a Dover classic.

Modeling a membrane surface with ions interactions

As theoretical techniques for modeling grew in the 1980s,
it became possible to think about doing simulations with
lipid models of membranes. An early realization was a
study performed with Paul Charifson for which an X-ray
structure of dilaurolyl-DL-phosphatidyl ethanolamine
was used to generate a PS/PS monolayer. Parameters
were developed for PS and PC, calcium ions and sol-
vent added, and then subsequent molecular dynamics
executed'”. The general stability of the resulting system
telescoped to a bright future with membrane model sim-
ulations, a future that is being realized today.

Particle mesh Ewald development for molecular
dynamics

In early struggles while attempting to perform long time
molecular dynamics at the 1990-level of development on
charged proteins, Tom Darden, Darrin York and Lee Ped-
ersen found generally that aberrant behavior occurred-f3
sheets melted, helices unwound-proteins fell apart. A ma-
jor part of the problem was discovered to be the manner
in which electrostatic forces were computed at that time.
Dr. Darden was a mathematician who had an unusual
(for a mathematician) bent toward practical problems
and his skills were applied to this longstanding problem.
His efforts led to the development and application of the
particle mesh Ewald method by our groups at NIEHS
and UNC-CH. Two of the papers™ resulting from this
work have been cited more than 6500 times. This meth-
od, and the methods derived from it, was implemented
into most molecular dynamics codes with the result that
simulations on large systems could be performed accu-
rately and much more rapidly. York is now a Professor of
Chemistry and Chemical Biology at Rutgers University
and Darden is at Open Eye Research, a think-tank-like
company in Santa Fe, NM.
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Figure 2 A solvent-equilibrated model of human factor Va/tissue factor/
factor Xa. Left: Factor VlIa (FVIa)-the SP domain is green, while the EGF2-
EGF1-GLA domains are blue. Right: F Xa-the SP domain is maroon, while the
EGF2-EGF1-GLA domains are yellow. Center: Tissue factor-the two domains
are shown in dark gray. The gold colored spheres are Ca” ions. The three resi-
dues that define the active sites of the serine protease domains are shown by
space filling atoms. There is no experimental structure to date for this complex.

Fva

Figure 3 A solvent-equilibrated model of human factor Valfactor Xa/Il.
factor Xa (FXa) is on the left in green, F Va is on the right in blue and 1I (pro-
thrombin) is in the center in gray. There is no experimental structure to date for
this complex.

Coagulation proteins

The Blood Coagulation cascade is a set of sequential re-
actions of enzymes that describes the phenomenon of
blood clotting, Our view of what this set of reactions is
changes continually. Many of these reactions involve com-
plexes of enzymes and cofactors that react on the surfaces
of cellular units such as platelets. Since the early 1990s,
X-ray crystal structures of single enzymes have begun to
appear, as well as complexes of the enzymes with each
other and/or bio-molecular cofactors. These structures
are often missing key segments and are not equilibrated in
realistic solvent. The Pedersen group at UNC has devel-
oped all-atom, solution equilibrated structures for many
systems, including tissue factor (TF)/factor Vlla (FVIa)/
factor Xa (FXa) (Figure 2)"" and factor Va (FVa)/FX
a/prothrombin(1l) (Figure 3)” and has recently presented
a kinetic/structural model for the activation of prothrom-
bin, the penultimate step in the coagulation cascade. The
figures are for all-atom models for which there is as yet no
experimental structure determination.

K
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Analysis of gene expression data

Analysis programs for noisy gene expression microarray
data taken from tumors were developed at NIEHS with
collaborator Dr. Leping Li, Dr. Clarice Weinberg and
Dr. Tom Darden"""". These programs were based on a
genetic algorithm/k-nearest neighbor (GA/KNN) ap-
proach that allowed differentiation between multiple sub-
types of the same cancer. Part of the motivation for the
approach was derived from our earlier successful appli-
cation of genetic algorithms to noisy NMR data. The
gene analysis programs have been avidly downloaded and
used worldwide.

DNA repair models

As X-ray crystal structures of binary and ternary com-
plexes of DNA polymerases have become available, the
opportunity to understand the chemistry of the repair
process through modeling has arisen. The Pedersen
group, working with crystallographers and kineticists at
NIEHS, has been able, vz quantum mechanical/molecular
mechanical (QM/MM) calculations, to perform all-atom
model scenatios of bond forming/bond breaking that
mimic the insertion step of DNA repair. Such calculations
have been carried out when the inserting NTP is correctly
or incorrectly matched to the template strand of DNA.
The model calculations, reported in the Proceedings of
the National Academy™, show the cost of energy for
incorrect insertion and also show the intricate details of
proton transfer that characterizes the reaction.

Electrostatic potentials

The molecular electrostatic potential (MEP) at the nucleus
of an atom in a molecule is a fundamental quantum me-
chanical property. In collaboration with Dr. Shubin Liu at
UNC-CH, Dr. Pedersen has recently been able to uncover
a fundamental correlation of the MEP of electrostatic at-
oms in a molecule with acidity (i.e. the pKa) and to derive
relationships that provide an understanding of why this

. . 5,160
correlation holds over many orders of magnitude'*""!.

CONCLUSION

The dominant variable in the career of Dr. Pedersen
has been the exponential increase in the power of high
performance computing over the past 50 years. It was ap-
parent even in the 1950s that the theoretical framework
provided by quantum mechanics would be sufficient to
describe most chemical and biological systems and ulti-
mately be predictive. The contributions on rotational bar-
riers and the hydrogen bond were useful as they provided
a taste of the future-the impact of quantum chemistry
on biochemical problems. The ability to now examine the
core of enzyme reactions with QM/MM simulations is
most fulfilling. Of special importance has been the devel-
opment of the particle mesh Ewald method for perform-
ing accurate and rapid computations of the electrostatic
forces in large biological systems. These methods allow us
to predict the equilibrium structures of solvated bio-mo-
lecular systems, including blood coagulation complexes.
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