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Energy functions for protein design
D Benjamin Gordon*, Shannon A Marshall* and Stephen L Mayof

Recent successes in protein design have illustrated the
promise of computational approaches. These methods rely on
energy expressions to evaluate the quality of different amino
acid sequences for target protein structures. The force fields
optimized for design differ from those typically used in
molecular mechanics and molecular dynamics calculations.
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Introduction

Computational protein design is a general, closed-loop
approach for finding the optimal sequence of amino acids
for a desired protein fold [1°]. A potential energy function
that represents the dominant factors, as well as the sub-
tleties, of protein stability is used to predict the energy of
each possible amino acid sequence for a target protein
structure. Current design efforts have used fixed protein
backbones as target structures, with two notable excep-
tions [2,3,4°°]. Atomic-level detail is introduced by using
statistically significant sidechain conformations, called
rotamers [5], to represent the flexibility of each amino acid.
A variety of stochastic and deterministic search algorithms
[6] are then used to find the optimal combination of amino
acid sidechain rotamers for the target structure, as ranked
by the potential energy function. Finally, the experimen-
tally determined stability and structure of the designed
proteins are analyzed and rational improvements to the
potential function are implemented.

The purpose of this review is to discuss the development
of protein design force fields and to survey the potential
energy terms that have been used thus far. The terms fall
into five broad categories. First, we discuss the energies
describing the packing among atoms that are not cova-
lently bonded. Nonbonded polar interactions are
considered next. We briefly survey internal coordinate
energies and finally examine solvation and entropy,
which are computed differently than in typical molecular
mechanics force fields.

Force-field requirements

Protein design presents a demanding task for a potential
energy function. Design potentials must be sensitive to
the subtle changes in amino acid identity that are known
to perturb the experimental stability of proteins. Design

force fields should not be overly sensitive to small varia-
tions in rotamer geometry, however, as discrete rotamers
are used to model sidechain conformations. The force
field also must be compatible with the computational
requirements of protein design. For example, most
search algorithms demand that the energy terms be pair-
wise decomposable and design problems with large
combinatorial complexity require energy terms that can
be calculated quickly.

As the energies produced by design potentials are intend-
ed to correlate with the free energy of folding, the force
field must model the unfolded state, as well as the folded
state. Experimental and theoretical studies [7] indicate
that unfolded proteins can sometimes have residual struc-
ture and mutations may alter the properties of the
unfolded state ensemble. In design calculations, however,
the unfolded state is commonly assumed to have no resid-
ual structure: nonbonded interactions among sidechains
are considered to be insignificant, the sidechains are
assumed to be fully solvated, all rotamers are modeled as
being equally probable and all sequences in the unfolded
state are isoenergetic.

Because of the demands posed by protein design, the force
fields that are widely used to perform molecular mechan-
ics calculations, such as CHARMM [8], AMBER [9,10]
and DREIDING [11], are not necessarily appropriate for
design. Similarly, the statistically derived pair potentials
that are quite effective in structure compatibility studies
[12] do not manifest the structural sensitivity that is neces-
sary for protein design. Instead, new force fields must be
developed for protein design that properly balance each
factor described by the potential energy function. Over the
past few years, the first force fields tailored for design have
been constructed. Very few potential energy terms have
been used in these force fields, however, and even fewer
have been evaluated through a comparison of design pre-
dictions and experimental results. Future progress in
protein design force fields will be realized by the contin-
ued, systematic experimental validation of the terms
comprising the potential function.

van der Waals

Packing specificity is critical to protein design. For protein
core calculations, which comprise the majority of design
studies, a force field that models only packing specificity is
sufficient to design well-folded proteins [13-16]. Although
packing can be evaluated exclusively using interatomic
distance restraints [17], most design programs utilize a van
der Waals potential. This potential provides a physical
basis for sidechain packing specificity, thereby favoring
native-like folded states with well-organized cores and
selecting against disordered or molten-globule states. The
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An example of a nonphysical hydrogen-bond geometry that can be
selected when a hydrogen-bond potential that is dependent only on 8
is used for protein design. A more restrictive hydrogen-bond potential,
described in Equations (3) through (6), correctly predicts that no
favorable interaction is present because @= 90°.

van der Waals energy, E_p, 1s typically calculated using a
Lennard-Jones 12-6 expression:
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The interatomic distance, R, is computed from atomic
coordinates. The equilibrium radii, R, and well depths,
D,, are parameters that are defined within each
force field.

"Two examinations of van der Waals parameters underscore
the need to tune molecular mechanics potential functions
to protein design. Lazar and co-workers [16] compared the
predictive ability of variations of Hagler and AMBER van
der Waals parameters for a set of ubiquitin variants with
redesigned cores. United-atom parameters from AMBER95
were markedly superior to the other variations when used
in conjunction with a detailed rotamer library. Dahiyat and
Mavyo [15] generated sequences by systematically varying
the scale of the atomic radii, based on the DREIDING
parameter set, and by using rotamers with explicit hydro-
gen atoms. Scaling the radii by a factor of 0.90 achieved the
optimal balance between packing specificity and
hydrophobic collapse, as represented by a solvation term
(discussed below).

Hydrogen bonding

As the majority of computational protein design studies
have focused on protein cores, electrostatic and hydrogen-
bonding terms have not been as thoroughly validated by
experiment. Nevertheless, initial forays have proven these
terms to be useful for the design of helical surfaces [18]
and for full sequence design [19°°].

Hydrogen bonds are typically represented by an angle-
dependent, 12-10 hydrogen-bond potential:

LF(©) (2)

where R, is the equilibrium distance, D, is the well depth
and R is the interatomic distance between the donor and
acceptor heavy atoms. The angle-dependence term, F(6),
is typically cos*8, where 8 is the donor-hydrogen-accep-
tor angle.

We have observed that calculations performed with the
above potential will allow rotameric arrangements with
nonphysical hydrogen-bond geometries, as shown in
Figure 1. To circumvent this problem, we employ more
restrictive hybridization-dependent angle-dependence
terms that enforce reasonable geometries [18]:

sp? donor — sp3 acceptor I = cos? Bcos? (¢-109.5)

6>90°, @-109.5° <90° (3)

sp? donor — sp? acceptor I = cos? Bcos? @ 4)
@> 90°
sp? donor — sp3 acceptor  F = cos* 6 (5)

sp? donor — sp? acceptor  F = cos? Bcos? (max[@]).(6)

The angles @ and ¢ refer to the hydrogen—acceptor—base
angle (where the base is the atom covalently attached to
the acceptor) and the angle between the normals of the
planes defined by the six atoms attached to the two sp?
centers, respectively.

A potential energy term based on the above equations
allows only physically reasonable sidechain—sidechain and
sidechain—backbone hydrogen bonds. Unfortunately, using
a highly restrictive energy term in combination with a dis-
crete rotamer library causes the force field to predict poor
energies for some sequences that may actually form good
hydrogen-bond interactions.

Electrostatics

The role of electrostatics in protein stability is subject to
debate. At moderate temperatures, favorable electrostatic
interactions are not thought to be strong enough to com-
pensate for the energy of desolvation [20]. In more
extreme conditions, however, salt bridges may stabilize
proteins [21,22]. Moreover, electrostatics may play a more
significant role in defining the specificity, rather than the
stability, of folding and of functional interactions [23-26].



Computational protein design efforts have not yet devel-
oped an electrostatic term intended to represent these
considerations. Rather, electrostatics are used sparingly,
primarily to guard against destabilizing interactions
between like-charged residues. The simplest treatment of
electrostatic interactions is based on Coulomb’s law, which
describes the energy of two charges, O; and Q,, separated
by distance R in a medium with dielectric constant &
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Our laboratory uses a distance-attenuated version of
Coulomb’s law, with an effective dielectric constant value
of 40R and partial atomic charges that give a total coulom-
bic energy of approximately +/-1 kcal/mol for the
interaction between juxtaposed charged residues. Thus,
electrostatic contributions to the total energy are only sig-
nificant when charged atoms are in close proximity. In
sharp contrast, electrostatic energy is often the largest con-
tributor to the total energy in potentials used for molecular
mechanics and dynamics calculations.

Internal coordinate terms

"Typical molecular mechanics force fields have terms that
evaluate bonds, angles, torsions and inversions among atoms
that are covalently attached. These internal coordinate or
‘bonded’ energies must be considered when generating
rotamers or modifying the protein backbone and, in some
cases, have been used for protein design [4°°,16]. The use-
fulness of these terms for design, however, has not been
rigorously demonstrated. As rotamers derived from the sta-
tistical analysis of protein structure databases generally have
good internal coordinate energies, many design potential
functions do not include them at all.

Solvation

Because the hydrophobic effect drives protein folding [27],
modeling solvation effects is critical to a protein design force
field. The computational expense of explicitly modeling pro-
tein—solvent interactions for all the sequences under
consideration is, however, prohibitively expensive.
"Therefore, several groups have employed approximate meth-
ods utilizing octanol-water and gas—water free energy of
transfer data for each amino acid [28,29]. The experimentally
measured free energies of transfer are correlated with the
molecular surface area [30], as shown in Figure 2. These ener-
gies are either used directly for residues in the protein core
[31] or they are scaled by the change in the solvent-exposed
surface area that is associated with protein folding [14,32].

The energy required to transfer a sidechain from a solvat-
ed, unfolded protein to a partially or completely
desolvated position in the folded protein is not necessarily
the same as the transfer energy from water to gas or to a
nonpolar solvent. But, the approximate linear relationship
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Pairwise calculation of buried surface areas. (a) Unfolded or reference-
exposed surface areas of two sidechain rotamers. (b) Folded, exposed
surface area for the rotamer pair. (c) Buried surface area for the
rotamer pair, calculated by subtracting (b) from (a).

between transfer energy and the change in surface area
should be correct for both cases. Dahiyat and Mayo [14]
determined the optimal values for polar and nonpolar
atomic solvation parameters by fitting them to the experi-
mentally determined stability of designed proteins. The
inclusion of a hydrophobic burial benefit and a polar burial
penalty in the protein design force field provides a signifi-
cant improvement in the predictive power compared with
a force field with only a van der Waals term.

"Two other considerations have affected the formulation of a
protein design solvation potential. First, a negative design
term that penalizes the exposure of nonpolar surface area is
sometimes used [15,33]. Although nonpolar exposure should
not destabilize a protein, it can lead to aggregation or mis-
folding. Therefore, a nonpolar exposure penalty is required
to limit the amount of exposed, nonpolar surface area at
boundary and surface positions [34°]. Second, many opti-
mization algorithms require that energy terms be pairwise
decomposable, but the pairwise calculation of buried surface
areas leads to significant overcounting. Street and Mayo [35]
have developed a pairwise expression with one scalable para-
meter that closely reproduces both the true buried area and
the true exposed solvent-accessible surface areas.

Entropy
A simple entropy term is sometimes incorporated into pro-
tein design potential functions [31,32]. The change in
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sidechain entropy upon folding is modeled as the change
in the number of rotatable bonds, making the assumption
that conformational freedom is completely restricted in the
folded state. The unfolded state entropies are calculated
either by assuming that all the rotamers are equally popu-
lated or by fitting to semi-empirical estimates [36]. The
inclusion of an entropy term based on the number of rotat-
able bonds did not significantly improve the correlation
between the predicted and observed stabilities of the
GCN4-p1 coiled-coil core [14]. This simple model for
entropy may have failed because it neglects residual
sidechain entropy in folded proteins and possible residual
structure in the unfolded state.

Looking forward

Protein design force fields have been successful, in part,
because of their stringency. Restrictive functions, such as
the van der Waals and the hybridization-dependent hydro-
gen-bond potentials, in particular, result in a very high
rejection rate and a significant false-negative rate.
Fortunately, many design force fields also show a low false-
positive rate. Therefore, sequences that are selected in
protein design studies tend to fold properly, even though
many other equally acceptable sequences are rejected.

As a result of the high false-negative rate, potential func-
tions derived through protein design efforts may not be
suitable for folding studies. In order to gain a deeper
understanding of the determinants of protein stability, it is
therefore important to lower the false-negative rate.
Softening the restrictive potentials could result in design
models that more accurately describe the fundamental
relationship among sequence, structure and stability.
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