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Proteinmorphosis is a physically-based interactive modeling system for simulating
large or small conformational changes of proteins and protein complexes. It takes
advantage of the cross-linked one-dimensional nature of protein chains. The user
can, based on her chemical knowledge, pull pairs of points (lying either on a single
protein or on di�erent molecules) together by specifying geometric distance con-
straints. The resulting conformation(s) of the molecule(s) of interest is computed
by an e�cient �nite element formalism taking into account elasticity of the protein
backbone, van der Waals repulsions, hydrogen bonds, salt bridges and the imposed
distance constraints. The conformational change is computed incrementally and
the result can be visualized as an animation; complete interactivity is provided to
position and view the proteins as desired by the user. Physical properties of re-
gions on the protein can also be chosen interactively. The conformational change of
calmodulin upon peptide binding is examined as a �rst experiment. It is found that
the result is satisfactory in reproducing the conformational change that follows on
peptide binding. We use Proteinmorphosis to study the cooperative hemoglobin
oxygen binding mechanism in a second, more sophisticated, experiment. Di�erent
modeling strategies are designed to understand the allosteric (cooperative) bind-
ing process in this system and the results are found to be consistent with existing
hypotheses.

1 Introduction

The change of conformation of a protein, as it binds to ligands and other pro-
teins, is crucial to its function. Our goal is to create fast and interactive com-
putation with large proteins, to complement the very detailed, computationally
intensive microscopic modeling familiar from molcular dynamics. We achieve
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this by using a macroscopic, civil engineering a approach to the problem. The
protein chain is viewed as a structural frame: mostly one-dimensional, elastic
objects with cross-links due to hydrogen bonds, salt bridges and the like. The
elastic properties of its backbone may be described by a formalism analogous to
that of thin rods 1, although the protein backbone usually has a geometrically
constrained set of degrees of freedom. While torsional angles can typically un-
dergo large changes, bond angles and bond lengths along the backbone change
very little, and some bonds are very rigid. Including breakable cross-links is
equivalent to a nonlinear frame structure in civil engineering 2. We approxi-
mate protein conformational changes adiabatically by pulling a small number
of points to prescribed interatomic distances, as a passage through successive
equilibria until the �nal conformation is reached, under the action of appro-
priate intermolecular forces. We also developed a convenient approach for the
visualization of large, complex proteins in a dynamic, interactive environment.

2 Mechanical Model for Protein Complexes

2.1 Incremental energy minimization

Our method for determining the conformational change is one of incremental
energy minimization. We assume that, before binding, both protein and ligand
reside in their folded equilibrium conformations with the lowest energies. Dur-
ing the binding process, hydrogen bonds and salt bridges break and form, and
other interaction energies are introduced between the protein and the ligand.
In the process, the energy landscape in terms of the total set of conformational
degrees of freedom of the protein-ligand complex changes. If the time scale
for equilibration is fast enough, the overall conformation may be taken to be
instantaneously an equilibrium, or local minimum energy state, of this moving
energy landscape.

Thus, it is essential to �nd a stable pathway along which the protein and
the ligand change their conformations from one low energy equilibrium state
to another. For allosteric proteins3, this pathway becomes a stable transition
between initial and �nal states with corresponding alterations in quaternary
structures.

This is the conceptual underpinning of incremental energy minimization.
The binding process is modeled as the incremental application of a set of
distance constraints, with the system correspondingly reaching a local, nearby
energy minimum. Throughout the process, due to the incremental nature of the

aThis term to describe the approach was coined by Professor George Rose of Johns
Hopkins University, who also suggested this problem to us.
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