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Abstract

This is the final report of a three-year, Laboratory Directed Research and
Development (LDRD) project at Los Alamos National Laboratory (LANL).
Complex systems have become a major focus for research in physics,
chemistry, and materials science. Four aspects are essential for understanding
complex systems: structure, energy landscape, dynamics, and function.
Proteins, the building blocks of living systems, are ideal for studying the
properties and laws of complex systems. We have been exploring heme
proteins, in particular myoglobin, experimentally, theoretically, and
computationally. We have arrived at a model that combines structure, energy
landscape, dynamics, and function for an apparently simple biological
process: the binding of a small molecule to a protein. The model can most
likely be generalized to many other proteins in general and to other complex
systems. The understanding may lead to novel proteins, novel materials, and
possibly also to new insight into problems such as biological threats. The
enormous complexity of biological systems means that the extension to other
systems is not a short-term endeavor, but must be continued for a considerable
time to reap the full benefit of such studies.

Background and Research Objectives

Complex systems, from glasses to biomolecules and the immune system, all appear to
share one major property: Their ground state is highly degenerate and must be described by
an energy landscape (EL). The more complex the system, the more involved is the EL. In
"simple" systems, from atoms to nuclei, and crystalline solids, studies of the energy level‘s
have been crucial for a full understanding of the physics. We expect that similar progress
will be made on complex systems by studying the EL. At present, however, even in the least
complex systems such as glasses and spin glasses, the EL is not fully known. Even less is
known about the laws that govern the dynamics in complex systems, in other words, the
motions in the hyperspace of the EL.. Some general approximate laws have been found, but a
deep understanding is still lacking. The goal of this work is to investigate, in close contact
with experiment, the EL and the relevant reaction both theoretically and computationally.

In addition to energy landscapes we also propose to study various types of fitness

landscapes. One type of fitness landscape is the affinity landscape where to each antibody

*Principal Investigator, e-mail: frauenfelder @lanl.gov
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gene sequence an affinity for a particular ligand is assigned. Equivalently, the antibody can
be fixed and a set of ligands with differing sequences examined. In either case, depending
upon the rule of assigning affinity to sequence, different landscapes result. We will examine
the properties of different landscapes such as the number of local optima and the statistical
properties of move-rules on a landscape. For instance, if only uphill moves are allowed,
what is the probability distribution for the number of mutations until one gets trapped at a
local optimum? How does the dynamics change if the landscape has large flat regions that
arise due to the many-to-one nature of the mapping between sequence and structure? We
shall also examine the effects of correlation among the affinities of different sequences on the
ability to search sequence space for high-affinity molecules. Such searches can be conducted
in the laboratory by a biotechnology company or in vivo by the immune system during the
course of affinity maturation. We believe that elucidating the search strategies employed by
the immune system may give insights into strategies that biotechnology companies can
exploit.

The structure of a molecule influences its fitness. An interesting example of this
effect is seen in RNA viruses. If we view the rate of replication of the virus as its fitness,
then one can show that the fitness depends on the structure of the RNA molecule. We can
begin to model this effect by using RNA secondary-structure-prediction algorithms to assign
a secondary structure to each sequence, and then assign a fitness based on the degree of base
pairing in the structure. We can then ask questions about the evolution of the viral sequence
based on mutation rate and rules for fitness based-selection.

Applied molecular evolution, or molecular diversity, is a general new approach to the
discovery of useful molecules and to the analysis of structure-function relationships in such
molecules. Applications range from discovery of new pharmaceuticals, to biosensors, to the
generation of materials with novel properties. The central idea is to generate vast libraries
for potentially useful molecules. Thereafter, successive rounds of mutation, recombination,
and selection are employed to yield increasingly improved variants in a manner somewhat
akin to natural evolutionary processes. The "landscape” of the property of interest, e.g.

binding affinity, is therefore sampled at a variety of points in a structured way.
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The research objectives follow logically from the problems just sketched. In a few selected
systems, structure, energy landscape, dynamics, and function must be studied in detail and
the connections must be established. At first, this path appears to be straightforward. The
work performed under this LDRD project and research performed during the past 25 years
proves, however, that even apparently simple biological processes are sophisticated and

beautifully executed.

Importance to LANL’s Science and Technology Base and National R&D Needs
Our work contributes directly to two DOE Competencies:

Advanced Computing, Modeling, and Simulation

Bioscience and Biotechnology.

More specifically, the work performed during the past three years and the work that we hope

to perform in the future can have the following impact:

1. It will help establish a science base for work on biological threats.

2. At present, most of the work in the biosciences and biotechnology is done with limited
input from the physical and computational sciences. Our research constructs a rigorous
base for the design and function of biopolymers.

3. Young scientists working on the interface between physics, chemistry, computing, and
biology, as in our research, will form the cadre for the future DOE efforts in bioscience
and biotechnology.

4. The DOE has started a new initiative on “Complex and Collective Phenomena”. Our
work, and related efforts in other groups at LANL, will give us a head start in
contributing to this initiative.

5. The biosciences and biotechnology will be an increasingly important part of the work at
LANL, from efforts on bio-threats, to structural and functional genomics. At present,
much of this work at LANL and in other laboratories is done without strong
interdisciplinary connections linking biology, chemistry, computing, and physics. Our

work is fully integrated and can be a model for future major initiatives.
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Scientific Approaches and Accomplishments

We describe here the major accomplishments. Where the results have been published,
we will be brief. We provide details only on work that has not yet been published. The
accomplishments fall into three categories, research, workshops and conferences, and
lectures.

Research-The Approach. (For details see Frauenfelder, LA-UR 95-4357. The
Complexity of Proteins.) Myoglobin (Mb), our “hydrogen atom of biology”, is a moderately
sized protein that contains a heme group with a central iron atom. This central iron atom
binds dioxygen and carbon monoxide. In the simplest version, the reaction with CO can be
written as

Mb + CO — MbCO.

Initially, this reaction was considered to be a one-step process. Our work, starting
before 1975, showed that the process is far more complicated.! By performing experiments
over a wide range of time and temperature (from about 10 to 300K) we found that the
reaction occurs in a series of steps. Despite hundreds of experimental, computational, and
theoretical publications, the process has not been fully understood until now.

The approach to study the Mb reaction is in principle very simple. MbCO is placed
into a cryostat. A short laser pulse breaks the Mb-CO bond and CO moves away from the
iron. The subsequent rebinding, Mb+CO — MbCO is observed optically. The reaction
pathway is deduced from the time and temperature dependence of this process.

Why is this reaction important? How is the problem related to the energy landscape
and dynamics? What can we learn that is relevant for other proteins and other complex
systems? What could the impact of a complete solution be for bioscience and
biotechnology? The answers to these questions are not fully known, but some aspects are
already clear.

Research — Importance. At present, the function of not even one protein is understood
quantitatively. Understanding one protein fully would help understand others and possibly
lead to the construction of mutated proteins with desired properties, a goal important for

biomaterials, medicine, and pharmacology. If myoglobin were a member of an unimportant
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class, a complete understanding would not be too exciting. Mb, however, is a member of the
hemoglobin family.? Figure 1, copied from Hardison®, shows that the hemoglobins appear
extremely widely and can have very different functions. Understanding Mb quantitatively
can be the key to many secrets.

Research — Structure, Energy Landscape, Dynamics, and Function. For many years,
proteins were considered to be nearly static structures. While a few papers pointed to the
importance of motions, the beautiful structures obtained by x-ray diffraction gave the
impression of well-ordered systems, with a unique structure and a well-defined energy. The
work in Ref. 1 proved that this impression was wrong; a given protein can assume a very
large number of somewhat different conformations, called conformational substates (CS).?
The energy landscape describes the connection between protein structure and energy. Protein
motions (protein dynamics) are described as jumps between various CS. The goal of our
work is to connect structure, energy landscape, dynamics, and function for the case df the
binding of CO to Mb. The problems to be solved are the following. After photodissociation,
the CO leaves the Mb with a high probability. When CO tries to enter again, it has to
compete with the water molecules that surround the protein. How can it compete
effectively? What are the protein motions that are involved? A complete answer to these
questions will be given in a paper in preparation, but some of the essential features are
sketched here.

A major step towards the goal of connecting structure and function was made by the
work of Joel Berendzen and his collaborators.* They measured the structure of the Mb-CO
complex at low temperature before and after photolysis Figure 2 shows the region around
the heme in Mb. In Figure 2a, the CO is bound to the heme iron; in Figure 2b, the CO sits in
the heme pocket parallel to the heme. Figure 2 also shows the existence of two pockets,
space not occupied by atoms of the protein. The so-called heme pocket is on the side where

the CO is bound (distalside), the so-called xenon pocket is on the opposite (proximal) side.
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Both pockets are formed mainly by residues that have been conserved in the course of
evolution.

The exit and entry of CO can now be described as follows. Immediately after
photodissociation, the heme iron moves partially out of the heme plane, making rebinding of
the CO difficult. For a few femtoseconds, the CO ricochets around the heme pocket and then
docks at the site shown in Figure 2b. After about 100 nanseconds, it moves out into the
solvent, either directly or through the xenon pocket. When there is no CO in the heme
pocket, a water molecule can move in. Because there are many more water than CO
molecules around the protein, the entrance of water is much more likely and water thus can
block the direct reentrance of the CO into the heme pocket. The CO therefore moves to the
xenon pocket and waits there until the water moves out of the heme pocket. It then transits to
the distal side and binds. This scenario connects structure, energy landscape, dynamics, and
function. The quantitative description in terms of these features is, of course, more intricate
and we are in the course of writing a complete version. It is intriguing to note that xenon
pockets have been found in many other proteins. Do these have an important, as yet
unrecognized, function?

Workshops and Conferences. The Center for Nonlinear Studies (CNLS) organizes a

large number of workshops and conferences each year. Some of the ones that were held

during the past three years were directly connected with the subject of this LDRD project.

These conferences establish contacts between LANL researchers and an outstanding group of

U. S. and foreign scientists. At the same time, they provide visibility to the LANL research.

We list here the two most important conferences.

1. Landscape Paradigms in Physics and Biology: Concepts, Structures, and Dynamics, 16"
Annual International Conference of the Center for Nonlinear Studies, Los Alamos, NM,
May 13-17, 1996. This conference attracted an outstanding group of researchers from a
wide range of fields. The papers from the conference appeared in Physica D 107, 117-435
(1997) and are collected in a volume edited by H. Frauenfelder, A. R. Bishop, A. Garcia,
A. Perelson, P. Schuster, D. Sherrington, and P. J. Swart and published by Elsevier in
1997.
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2. Third International Symposium on Biological Physics, Santa Fe, NM, September 20-24,
1998. This symposium, organized mainly by CNLS, was very well attended. A volume is

in preparation.

Lecture Series and Lectures. A lecture series on “Biology for Physicists” exposed many of
the LANL physicists to the basic biological concepts. In addition, Hans Frauenfelder
presented a large number of lectures, describing the CNLS work, both at national and

international conferences.
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