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ABSTRACT Achieving atomic level accuracy
in de novo structure prediction presents a formi-
dable challenge even in the context of protein mod-
els with correct topologies. High-resolution refine-
ment is a fundamental test of force field accuracy
and sampling methodology, and its limited success
in both comparative modeling and de novo predic-
tion contexts highlights the limitations of current
approaches. We constructed four tests to identify
bottlenecks in our current approach and to guide
progress in this challenging area. The first three
tests showed that idealized native structures are
stable under our refinement simulation conditions
and that the refinement protocol can significantly
decrease the root mean square deviation (RMSD) of
perturbed native structures. In the fourth test we
applied the refinement protocol to de novo models
and showed that accurate models could be identi-
fied based on their energies, and in several cases
many of the buried side chains adopted native-like
conformations. We also showed that the differences
in backbone and side-chain conformations between
the refined de novo models and the native structures
are largely localized to loop regions and regions
where the native structure has unusual features
such as rare rotamers or atypical hydrogen bonding
between B-strands. The refined de novo models typi-
cally have higher energies than refined idealized
native structures, indicating that sampling of local
backbone conformations and side-chain packing
arrangements in a condensed state is a primary
obstacle. Proteins 2005;59:15-29.
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INTRODUCTION

Substantial progress has been made in the area of de
novo structure prediction; it is now possible to generate
models with correct topologies for small proteins using
several different methods, including the Rosetta de novo
algorithm.’~* In many cases, features of native proteins
such as turns, loops and relative orientations of secondary
structure elements are captured in the de novo models.
However, the overall accuracy of the models is not suffi-
cient for applications requiring high-resolution detail.
Even for small proteins of fewer than 100 amino acids, the
root mean squared deviation (RMSD) over alpha carbon

© 2005 WILEY-LISS, INC.

atoms of the native structure to the de novo models is
typically greater than 3 A. In addition, most energy
functions cannot reliably distinguish models with the
correct topology from those with non-native topologies.
This is illustrated by the CASP4 and CASP5 experiments;
while one of the five models generated by Rosetta and
submitted as predictions often had the correct topology, it
was frequently not the best-ranked model.

To increase the accuracy and reliability of protein struc-
ture models, it is necessary to develop methods that
sample high-resolution details of native structures as well
as potential energy functions that recognize the native
state as the lowest energy conformation. One approach to
this problem is to refine low-resolution models produced by
de novo or template-based modeling methods. Successful
refinement would improve de novo or template-based
models by shifting their conformations closer to the native
state; equally importantly, they would allow models with
correct topologies and side-chain packing to be distin-
guished from non-native models based on their relative
energies. Energy based discrimination of models greater
with than 3 A RMSD to the native structure is problematic
as the native side-chain packing arrangement is unlikely
to be captured.® High-resolution refinement would benefit
de novo structure prediction as well as comparative model-
ing applications, where it is desirable to generate models
that are more similar to the native structure than the
starting template.

High-resolution refinement is a difficult task that re-
quires an effective sampling strategy as well as an accu-
rate energy function to guide the search through conforma-
tional space. Attempts to refine protein structure models
into native-like conformations have been made previously.
Lee et al. used molecular dynamics simulations with an
explicit solvent model to refine Rosetta de novo models
followed by scoring with the Poisson—Boltzman surface
area solvation model.® Their results showed that native
structures could be distinguished from low-resolution mod-
els and that the native state is stable. Lu et al. used a
combination of local constraints, knowledge-based poten-
tials and molecular dynamics approaches.” While these
results were promising and showed improvements over
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previous studies using standard molecular dynamics meth-
ods,® the goal of producing models of atomic-level accuracy
was not achieved. Fan and Mark also applied molecular
dynamics methods to Rosetta de novo models.® These
authors showed that molecular dynamics methods in-
creased the RMSD value of the starting model during
short simulations, but longer simulations appeared to
generate tighter packing of helices and regularization of
B-strands in some cases.

Previously, our group developed and used a refinement
protocol to create a structurally diverse set of models with
all heavy atoms represented explicitly, and we optimized
the energy function to discriminate near-native from non-
native models.® Building on this work, in this study we
have further developed the energy function and refine-
ment protocol. To facilitate refining protein models to-
wards their native conformations, we designed four tests
of increasing difficulty and evaluated the performance of
the Rosetta refinement protocol in each of the tests. We
then examined the lowest RMSD and a low energy refined
de novo model for each of the test set proteins and
characterized the structural and energetic differences
between the native structure and the refined models.

MATERIALS AND METHODS
Test Set and Generation of De Novo Models

The test set consisted of 10 proteins ranging from 49 to
106 amino acid residues. We selected small proteins due to
the large amount of computational time required for each
refinement simulation and to ensure that a significant
number of near-native (<3 A RMSD) de novo models were
generated. Initial models were generated using the Ro-
setta de novo protein structure prediction algorithm.'*°
For each protein 10,000 de novo models were generated
with side chains approximated as centroids.

Refinement Protocol

The full refinement protocol consisted of a low-resolu-
tion step followed by a high-resolution step. The low-
resolution step was designed primarily to remove steric
clashes between backbone atoms and to improve B-sheet
hydrogen bonding in the de novo models, and the high-
resolution step was designed to sample backbone conforma-
tions more finely and search low energy side-chain confor-
mations compatible with each backbone conformation. In
the low-resolution refinement step, side chains were repre-
sented by centroid interaction centers. The parameters
defining the closest approach of centroids and backbone
atoms were taken from the 25th closest approach distance
observed in high-resolution crystal structures, and the
penalty for violating these constraints was slowly in-
creased during the simulation. The bond lengths and
angles were fixed at ideal values, and the polypeptide
chain was represented in internal coordinates as the
backbone torsion angles ¢, ¢ and w. To minimize the
energy as a function of these degrees of freedom, we
utilized a Monte Carlo minimization (MCM) strategy with
the following steps:'' (1) a random perturbation to the
current values of the backbone torsion angles, (2) optimiza-

tion of the torsion angles flanking the site(s) of the original
perturbation using the Davidon-Fletcher-Powell (DFP)
algorithm?® and (3) acceptance or rejection of the new
angles based on the energy difference between the final
minimized conformation and the initial conformation prior
to the random perturbation using the standard Metropolis
criterion. The initial random perturbation consisted of
either a series of small random changes in backbone
torsion angles or a replacement of the torsion angles of one
or three consecutive residues with those from a fragment
from the Protein Data Bank (PDB) followed by variation of
adjacent torsion angles to minimize the mean square
deviation of atoms brought about by the insertion.!

In the high-resolution step, the representation of the
polypeptide chain was the same as in the low-resolution
step except that all side-chain atoms were represented
explicitly and the side-chain torsion angles x1, x2, x3, and
x4 were included. The energy was minimized as a function
of these degrees of freedom using the same MCM strategy
as in the low-resolution refinement protocol, with the
addition of a side-chain rotamer optimization step after
the initial random perturbation. Low energy side-chain
conformations were obtained by cycling through the Dun-
brack rotamer library'® for each residue. The gradient
computation for the DFP optimization was facilitated by
an efficient recursive algorithm for computing the deriva-
tives of the orientation dependent hydrogen bonding term
with respect to the backbone and side-chain torsion
angles.!*

The high-resolution refinement step was divided into
three sub-sections. The first aimed at removing atomic
clashes while maintaining compactness of the structures.
The weight on the repulsive component of the Lennard—
Jones potential was gradually increased after each cycle of
10 attempted perturbations, starting at 5o of its final
value. Conservative backbone perturbations (“small” and
“shear” moves) were attempted, followed by optimization
of the backbone and side-chain torsion angles. During the
second part, sets of conservative and moderate angle
perturbations were attempted (“small,” “shear,” “wobble”
and “crank” moves), and complete combinatorial optimiza-
tion of the side-chain conformations was performed after
every 25 attempted moves using a simulated annealing
method described previously.’® We used an expanded
rotamer set for all repacking trials compared to our
previous study,’ and buried residues were allowed addi-
tional rotamer choices relative to exposed residues. For
residues with more than 10 side chains within 7-11 A
(dependent on amino acid type), all rotamers with frequen-
cies of occurrence of greater than .01 in the Dunbrack
backbone dependent rotamer library were included. These
conformations were supplemented with additional rotam-
ers generated by varying x1 and x2 by =1 standard
deviation for aliphatic residues and by *%5 and *24
standard deviation for aromatic residues. The number of
attempted MCM moves of each type was equal to the
number of residues in the protein. The final part of the
simulation is similar to the second part except that
side-chain y-angles were included with the backbone tor-
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sion angles in the DFP optimization to allow off-rotamer
conformations to be sampled.

Free Energy Function

The free energy function in the low-resolution refine-
ment step was similar to that used in the de novo folding
protocol'® with the addition of orientation and secondary
structure dependent backbone hydrogen bonding poten-
tials.’” The atomic radii and free energy function used in
the high-resolution step is described in Kuhlman et al.,*®
with the following modifications: the weight given to the
implicit solvation model energy was reduced from 1.0 to
0.5, the weight given to the Ramachandran energy was
reduced from 0.10 to 0.05 and the weight given to the
Dunbrack energy was reduced from 1.0 to 0.5. The repul-
sive region of the Lennard-Jones 12—-6 potential was
modified such that the energy increased linearly from 0.6 X
the sum of the Van der Waals radii to 0.0 A. This
functional form reduced the number of clashes in the
refined models relative to those generated in Tsai et al.’
(data not shown). After the first round of refinement, we
found that a large percent of the hydrogen bond energy
was derived from short-range hydrogen bonds where the
donor and acceptor were separated by fewer than four
residues, corresponding mainly to a-helices. Reducing the
weight on backbone hydrogen bonds in helices by a factor
of two in proteins predicted to be helical and by a factor of
four in all other proteins improved discrimination of
near-native from non-native models (data not shown).
These changes were incorporated into the second round of
refinement.

Idealized Native Refinement Tests (Tests 1 and 2)

The native bond lengths and angles of the native struc-
ture were replaced with ideal values, and the distance
matrix error to the native structure was minimized for
residue pairs within 10 A of each other in the native
structure by optimizing the backbone torsion angles using
the DFP algorithm.'? The resulting idealized native struc-
tures were then subjected to the refinement protocol. To
include native side-chain information, the Dunbrack rota-
mer library was supplemented with the native rotamer
conformations when the side chains were repacked. Native
rotamers were replaced by substitution if a non-native
rotamer was found to have a lower energy at that position.
To generate refined idealized native structures without
side-chain information, the side chains were removed from
the idealized native structure prior to the refinement step
described above.

Perturbed Native Refinement Test (Test 3)

To generate the starting structures, native bond lengths
were replaced with idealized values, but the native ¢ and s
torsion angles were retained. In contrast to the idealized
native structures described above, no attempt was made to
minimize structural changes. For each protein in the test
set a single starting conformation was subjected to 50
independent simulations using the refinement protocol.

De Novo Model Refinement Test (Test 4)

For each of 10,000 de novo models generated for a target
sequence, five independent simulations were performed
using the refinement protocol. For the larger and more
complex proteins in the test set, computational consider-
ations limited our ability to refine all the initial models,
and in these cases random subsets of the initial set were
chosen for refinement. The resulting refined model popula-
tions contained 25,000 to 50,000 models for each protein.

RESULTS AND DISCUSSION

With the goal of refining protein structure models to
more closely resemble their native conformations, we
devised four tests of increasing difficulty to evaluate the
effectiveness of the Rosetta search strategy and energy
function. We applied each test to a set of 10 small proteins
for which x-ray structures have been determined. The first
and second tests subjected the native structures to bond
length idealization and rotamer optimization, testing the
stability of the idealized native state under the Rosetta
energy function. They were designed to test the protocol in
the energy landscape immediately surrounding the native
state. Rosetta uses approximations such as idealized bond
lengths and angles as well as a backbone dependent
rotamer library in order to represent side-chain conforma-
tions, and these tests also allow us to assess the effects of
these approximations. The third test involved perturba-
tions to the native structures. The fourth and most chal-
lenging test applied the refinement protocol to de novo
models generated using Rosetta.

Test 1: Idealization and Native Structure
Refinement Including Native Side-Chain
Information

This test was designed to explore the effects of bond
length and angle idealization on the native structures and
determine whether the idealized native state is stable
under our energy function and simulation conditions. For
the idealized native state to be considered stable, we
required that the backbone move no farther than 0.5 A
RMSD from the native structure and that the majority of
the side chains remain in their native conformations
during the whole of the simulation. We generated native
structures with idealized backbones and native side-chain
torsion angles for each protein in the test set (described in
Methods) and carried out 10 independent refinement runs
for each idealized native structure. During the simulation,
the side-chain x-angles were replaced with rotamers from
the library'? if lower energy conformations were found.

The refined models were found to be structurally similar
to the native conformation (Fig. 1, A RMSD ~0.5 A) and to
each other [Fig. 1, Fig. 2(a,c), A RMSD ~0.1 Al and to have
a narrow range of energies (Fig. 1, black points). These
results show that using idealized bond lengths and angles
is not a prohibitive constraint when attempting to accu-
rately model the finely sampled ranges of torsion angles
observed in experimentally determined protein structures.
The side chains remain in their native conformations, as
shown in Figure 2(a,c), and are not replaced with rotamers
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Fig. 2. Cartoon representations of representative 1pgx and 1b72 results from Tests 1, 2 and 4. (a—d) Native structure superimposed with the lowest
RMSD* refined idealized native structures from Test 1 (a,c) and Test 2 (b,d), showing selected buried side chains. For clarity, only four models are shown
superimposed with the native structure. The native structure is shown in black, and the models are colored. (e,f) Native 1pgx backbone superimposed
with (e) the lowest RMSD refined de novo model backbone and (f) the lowest RMSD* refined de novo model backbone from Test 4. (g) Native 1b72
backbone superimposed with the lowest RMSD/lowest RMSD* refined de novo model backbone from Test 4. The lowest RMSD* and lowest RMSD
models are identical in this example. (h) Native 1b72 side chains superimposed with the lowest RMSD/lowest RMSD* refined de novo model side chains
from Test 4. Refined model side chains that adopt the native rotamer are green, and those which adopt the incorrect rotamer are magenta. Orientation is
the same as in panel (g), and the colored side chains correspond to colored marked positions on the backbone in panel (g). For panels (e—h), the native
structure is shown in black. This figure and Figure 4 were made using Rasmol 2.7 (http://RasMol.org).

from the rotamer library, which indicates that the native
side-chain conformations are low in energy compared to
alternate possibilities available in the library. Taken
together, this indicates that the native state is stable
under our energy function given the length and conditions
of the refinement simulation.

In all 10 test cases, the energies of the native and native
structures with idealized backbones were higher than the
refined native structures with idealized backbones, which
can be attributed to small numbers of atomic clashes and
outlying &/f-angles or unusual side-chain rotamers that
are typically present in experimentally determined struc-
tures. However, the refined idealized native structures
were structurally very similar to the experimentally deter-
mined structure. Therefore, the energy of the refined
idealized native structure provides a useful standard of
comparison for the energies of the de novo models dis-
cussed later in the article.

Fig. 1. Energy versus RMSD for refined models from Tests 1, 2, and
4. Energy is plotted on the y-axis, RMSD to native on the x-axis. Black
points represent refined models from Test 1 for which native side-chain
information was included in the starting coordinates, and cyan points
represent refined models from Test 2 for which native side-chain informa-
tion was excluded from the starting coordinates. Magenta points repre-
sent the 200 low-energy and the 50 low-RMSD refined de novo models
from Test 4. This figure and Figures 4 and 5 were made using Gnuplot
(http://www.gnuplot.org).

Test 2: Native Structure Refinement Excluding
Native Side-Chain Information

In order to accurately refine protein structure models,
it must be possible to search and identify the native
side-chain conformations. This relatively simple test
was designed to assess the effectiveness of the side-
chain search procedure coupled with a fixed side-chain
rotamer library in the context of an idealized native
backbone. This test was identical to Test 1 except that
native side-chain y-angle information was discarded
prior to refinement. We carried out 10 independent
refinement simulations using the idealized native struc-
tures as starting models. The magnitudes of the back-
bone changes were in general slightly larger those
observed in Test 1 (~0.5 A RMSD). This is reflected in
the energies of the refined idealized native structures;
for all of the test proteins, the lowest energy model
produced in this test was slightly higher in energy than
the lowest energy model produced using native back-
bone and side-chain coordinates from Test 1 (Fig. 1, cyan
points). In most cases, the conformations of the buried
side chains were recovered [Fig. 2(b,d)]. The native
conformations of other side chains were also recovered,
but the displacements from the native positions were
larger than seen in Test 1 (data not shown). These
results show that side-chain conformations close to the
native conformations can be located reasonably well
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Fig. 3. Results from Test 3. (a) Comparison of RMSD values of
starting perturbed native structures and refined perturbed native struc-
tures. RMSD to native is plotted on the y-axis with the PDB code of the test
set proteins on the x-axis. Solid circles (®) represent the starting perturbed
native structure, and crosses (+) represent the 10 lowest energy refined
models from a total of 50 refined models. (b) Comparison of energies of
starting perturbed native structures and refined perturbed native struc-
tures. Energy is plotted on the y-axis and the PDB code of the test set
proteins on the x-axis. Solid circles represent the starting perturbed native
structure and crosses represent the average energy of 50 refined models.
(Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.)

given only an idealized native backbone and that the
system is stable using the same criteria defined for Test
1 and given the conditions and length of the simulation.
Approximations such as idealized backbone bond lengths
and angles as well as the use of a rotamer library'? to
represent protein conformations do not appear to be
prohibitive constraints in accurately modeling protein
structures.

Test 3: Perturbed Native Structure Refinement

The third test was designed as an easy version of de novo
model refinement (Test 4). The perturbed native struc-
tures have correct topologies and secondary structure
assignments, but the relative orientations of the secondary
structure elements are altered from the native orienta-
tions. To generate the perturbed native structures, the
native bond lengths and angles were replaced with ideal
values as in Tests 1 and 2, but the resulting coordinate
displacement was not minimized through compensating
changes in the backbone torsion angles. Native side-chain
coordinates were initially included in the perturbed ideal-
ized model, as in Test 1. In most cases, the starting

backbone conformations deviated significantly from the
native conformations [Fig. 3(a)l, resulting in significant
atomic overlaps, as can be seen from their high energies
[Fig. 3(b)]. The backbone deviations are larger than in Test
1 and Test 2, resulting in a larger conformational space
that must be searched is in order to find the native state.
We carried out 50 independent refinement simulations
starting with each perturbed native structure. The RMSD
distributions of the starting structure and the 10 lowest
energy refined models are shown in Figure 3(a). For most
proteins in the test set, the refinement protocol reduced
the RMSD between the starting model and the native
structure in many of the 50 independent simulations.
These included 1ail and 1bf4, in which the RMSD of the
perturbed native structures were 2.6 and 3.9 A, while the
RMSD of the lowest 10 energy refined models were 0.6 and
1.1 A, respectively [Fig. 3(a)]. The perturbed native struc-
tures of 1tif and 256b had unusually high energies [Fig.
3(b)], and in these cases refinement was not successful.
However, these results indicate that the refinement proto-
col can bring about significant decreases in RMSD.

Test 4: De Novo Model Refinement

The fourth and most challenging test was the refine-
ment of de novo models generated by Rosetta. In the
previous tests, the backbone torsion angles generally
varied by only a few degrees from those of the native
structure, but the differences were much larger for de novo
models even when the topology was correct. Therefore the
conformational space that must be searched to find the
native state is larger for this test. This is especially
noticeable in loops and turns, where the conformations in
the models can be significantly different from the native
conformation even when the flanking secondary structural
elements have roughly correct relative orientations (see
discussion below).

The scale of motion produced during the refinement
simulation is small (Table I), such that we do not expect
non-native starting de novo models to sample near-native
conformations during the refinement simulation. In an
effort to decouple de novo model generation from refine-
ment, the proteins in our test set were selected such that
we could generate significant numbers of near-native de
novo models. We generated 10,000 de novo models for each
protein with a range of RMSD distributions (Table II), and
five independent refinement simulations were carried out for
each starting de novo model. The 250 lowest energy and 50
lowest RMSD refined models were selected and subjected to
a second round of refinement (see Methods, Free Energy
Function). Using the new refined population, we were able to
examine the properties of the near-native models, from
which we can determine how successful the protocol is at
achieving native-like side-chain packing and backbone confor-
mations. Examination of the non-native models can allow us
to identify shortcomings in the potential function.

Properties of Starting De Novo and Refined Model
Populations

The refinement protogol typically changed the backbone
coordinates by 1.5—4.0 A RMSD from the starting de novo
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TABLE 1. Average Change in RMSD Between Starting De Novo and Refined Models

RMSD of Refined Model
PDB <2A 2-3A 34A 454 56A 6-7A 7-8A 8 9A >9A
1ail — — 2.3 2.5 3.1 3.1 3.1 3.1 35
1072 2.1 2.3 25 2.7 2.8 2.5 4.1 3.2 2.6
1bf4 — 2.4 3.0 2.8 3.0 34 3.1 2.9 3.0
1ligh — 2.6 2.8 3.1 3.5 3.9 44 43 47
1pgx — 1.8 2.2 2.2 2.2 24 2.7 2.3 24
1r69 26 25 2.6 3.0 3.3 3.7 39 4.0 5.7
1tif — 15 2.2 2.1 2.1 2.3 2.3 2.3 2.6
1tig — 2.2 2.2 26 3.0 3.3 34 37 32
lutg — 2.3 5.1 4.0 3.8 42 41 42 4.0
256b 2.4 2.5 2.7 2.9 3.2 3.5 4.0 45 5.6
TABLE II. RMSD Distribution of Starting De Novo Models
% Models in Test Set with RMSD in Ranges
PDB <2A 2-3A 34A 45A 56A 6-7A 7-8A 89A >9A
1ail 0.00 0.00 0.04 0.39 3.74 12.20 20.61 21.10 4191
1072 6.82 34.30 39.91 12.92 357 145 0.33 0.24 0.45
1bf4 0.00 0.10 0.43 0.77 0.67 0.93 2.44 6.10 88.57
1ligh 0.00 2.37 14.89 21.95 17.45 12.93 8.78 8.04 13.60
1pgx 0.01 0.81 4.80 34.30 27.66 11.90 3.00 2.87 14.65
1r69 0.51 8.62 26.91 29.33 19.36 10.01 3.52 1.24 0.50
1tif 0.00 0.03 1.15 21.01 48.00 11.63 9.56 6.58 2.04
1tig 0.00 0.62 9.72 8.72 6.93 5.82 5.15 5.28 57.77
lutg 0.00 0.03 0.28 2.21 5.82 5.36 5.97 9.56 70.78
256b 0.43 5.45 12.15 18.37 19.46 13.74 9.37 6.50 1451

model coordinates, depending on the protein sequence and
the similarity of the models to the native structure (Table
I). In general, the magnitude of the change was smaller
when the models were <3 A RMSD from the native
structure; the 1r69 and 1igh models between 2 Aand 3 A
RMSD moved an average of 2.6 A and 2.5 A from their
starting de novo coordinates, respectively, while models
between 6 and 7 A RMSD from native moved an average of
3.9 A and 3.7 A, respectively. When starting from a
near-native conformation, the magnitude of the movement
during the refinement simulation was of the order re-
quired to sample the native state.

Two simple ways to improve the sampling strategy are
(1) increasing the number of starting de novo models or (2)
increasing the number of independent refinement simula-
tions carried out for each template. We generated 500,000 —
1,000,000 de novo models for five of the 10 test set proteins
and did not observe improvement in the RMSD distribu-
tion of the population over that observed for the initial
population of 10,000 de novo models used in this study
(data not shown). Therefore it seemed unlikely that this
approach would improve our sampling strategy. To evalu-
ate the effectiveness of increasing the number of refine-
ment simulations for each starting de novo model, we
compared the values of the lowest RMSD models from the
complete refined population (corresponding to five indepen-
dent refinement simulations for each starting de novo
model) to a subset of the refined population (corresponding
to a single refinement simulation for each starting de novo
model). For all proteins in the test set, a lower RMSD

TABLE III. Comparison of Low-RMSD Models Between
Complete Refined Population and Refined Population

Subsets

Low-RMSD Model (A) Low-RMSD* Model (A)
PDB Complete Subset A Complete  Subset A
lail 3.3 45 -1.1 6.0 6.5 -0.5
1b72 0.6 0.7 -0.1 0.8 0.8 0.0
1bf4 1.9 2.7 -0.8 2.3 2.8 -0.5
ligh 1.9 2.2 -0.3 2.1 2.2 +0.1
1pgx 1.7 2.7 -1.0 4.2 4.2 0.0
1r69 1.1 1.3 -0.2 2.2 14 +0.8
1tif 24 2.5 -0.1 4.2 4.2 0.0
1tig 2.4 2.5 -0.1 3.1 2.8 +0.3
lutg 2.3 3.0 -0.7 5.6 9.3 -3.7
256b 14 1.5 -0.1 1.5 1.6 -0.1

model was present in the complete refined population,
indicating that increasing the number of refinement simu-
lations carried out for each starting de novo model im-
proves the search strategy (Table III).

To evaluate the effectiveness of the refinement protocol
at improving the structural quality of the de novo models,
we compared the RMSD distributions of the starting de
novo models to an equal sized subset of refined de novo
models. When binned according to RMSD, for nine of the
10 test set proteins there was a larger percent of the
refined population in the lowest RMSD bin relative to the
starting de novo population (Table IV). To evaluate the
effectiveness of the high-resolution full-atom potential
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TABLE IV. Enrichments of Initial and Refined Models in

Lowest RMSD Bin

RMSD Range % Enrichment®®

of Lowgst Bin?
PDB (A) Initial Models Refined Models
lail 3.04.0 3.03 5.28
1b72 0.0-1.0 0.10 8.21
1bf4 1.0-2.0 24.89 8.92
ligh 2.0-3.0 9.15 12.86
1pgx 1.0-2.0 6.25 9.19
1r69 1.0-2.0 3.54 11.08
1tif 2.0-3.0 5.06 7.30
1tig 2.0-3.0 33.86 32.39
lutg 2.0-3.0 4.24 4.32
256b 1.0-2.0 12.92 36.93

aThe lowest RMSD bin is the lowest RMSD range in increments of 1 A
for which some models were produced.

PThe enrichment is defined as [(the number of models in the intersec-
tion of the low RMSD population with the low energy population/
number of models in the low energy population)/(number of models in
the low RMSD population/total number of models)]. The low RMSD
population is defined as 5% of the total population with the lowest
RMSD values, and low energy population is defined as 5% of the total
population with the lowest energies. Enrichment values greater than
1 indicate an enrichment over a uniform distribution. Both the initial
models and refined models have associated energies, and we calcu-
lated the percent enrichment of both for comparison.

energy function relative to the low-resolution centroid-
based energy function, we compared the enrichments of
low RMSD models in the subset of low energy models
between the starting de novo model population and the
refined model population. For eight of the 10 test set
proteins, the enrichment was larger for the refined models
than for the starting de novo models (Table IV). Taken
together, these results show that generation of de novo
models followed by the refinement protocol is more success-
ful at producing and recognizing low RMSD models than
de novo modeling alone.

We also compared the RMSD values after refinement of
the lowest RMSD and lowest RMSD* refined models to
those of their corresponding de novo models in order to
identify structural improvement in these select models.
The lowest RMSD* model is defined as the lowest RMSD
model of the 10 lowest energy models in the complete
refined population. We chose to examine the RMSD¥*
model because we considered the energy function success-
ful if one of the 10 lowest energy models were also one of
the lowest RMSD models of the 25,000-50,000 refined
models. In all cases, the refined lowest RMSD model was
closer to the native structure than its starting de novo
model (Table IV). In nine of the 10 cases, the RMSD
improved for the lowest RMSD* refined model from the
corresponding starting de novo model (Table V), indicating
that the energy function is capable of recognizing improve-
ment of the model for some cases. This was not true for
lutg; however, the low energy models are significantly
different from the native conformation (Fig. 1) and we do
not expect the refinement protocol to sample a near-native
conformation and significantly improve the de novo model.

TABLE V. Change in RMSD between Starting De Novo
Models and Refined Lowest RMSD and Lowest

RMSD* Models

Low-RMSD Model (A) Low-RMSD* Model (A)
PDB  Start  Refined A Start  Refined A
1ail 42 3.3 -0.9 72 6.3 -09
1672 14 0.6 -0.8 2.1 1.0 11
1bf4 45 1.9 -26 45 1.9 -26
1ligh 2.8 1.9 -0.9 2.2 2.1 -0.1
1pgx 2.3 1.7 -0.6 34 29 —-0.5
1r69 2.3 1.1 -12 3.0 2.0 -1.0
1tif 2.7 24 —-0.3 41 3.9 -0.2
1tig 26 24 —0.2 26 2.4 -0.2
lutg 5.1 2.3 -28 6.2 74 +1.1
256b 25 14 -1.1 3.3 15 -138

Comparison of Limited and Expanded Rotamer
Sets

Increasing the number of side-chain conformations
made available during the refinement simulation in-
creases the chances that the native conformation will be
sampled. However, the computational requirements of
using large rotamer sets can be prohibitive. Small
rotamer sets are less computationally demanding but
are unlikely to contain the diversity of native side-chain
conformations observed in the PDB. To determine the
effectiveness of different sized rotamer sets, we re-
packed the side chains on the refined idealized native
structures and the combined population of the 50 lowest
RMSD models and the 200 lowest energy models using
reduced, standard and expanded rotamer sets. The
reduced rotamer set was equivalent to that used in Tsai
et al.,? which allowed three rotamers at buried positions
and two at exposed positions. The standard rotamer set
allowed up to 45 rotamers and included all rotamers
with a frequency of occurrence greater than 0.01.'® The
expanded set was used to supplement the standard set
with additional rotamers generated by increasing or
decreasing x1 and x2 by one standard deviation of the
variance observed in the PDB.*?

We evaluated the three rotamer sets by computing the
energy gap between the lowest energy repacked idealized
native structure and the lowest energy repacked refined
model and normalized the energy gap by the standard
deviation of the energies of the repacked model population.
The most effective rotamer set will maximize the normal-
ized energy gap between the repacked idealized native
structure and the models. The results are shown in Table
VI; a negative value indicates that the refined idealized
native structure is lower in energy than the refined
models. The reduced rotamer set was not effective, produc-
ing a positive energy gap in all but one case. The standard
rotamer set was more effective, producing a negative
energy gap in five of the 10 cases, while the expanded
rotamer set was successful in all 10 cases. For the cases in
which the energy gaps were negative, their magnitudes
were found to be larger using the expanded rotamer set.
This shows that the additional conformational space
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TABLE VI. Normalized Energy Gaps Between Lowest
Energy Idealized Refined Model and Lowest Energy
Refined Model Overall After Repacking with Different

Rotamer Sets
PDB Reduced Standard Expanded
lail —0.061 —0.077 —0.176
1b72 +0.432 +0.127 —0.028
1bf4 +0.132 —-0.034 -0.031
ligh +0.152 +0.737 —0.097
1pgx +0.662 —0.402 —-1.110
1r69 +0.927 +0.109 -0.976
1tif +0.845 —0.957 —1.666
1tig +0.064 +0.193 —0.574
lutg +0.529 —-0.012 -0.024
256b +0.759 +0.507 +0.014

searched using larger rotamer sets is important to success-
fully discriminate the native conformation from non-
native models.

Energetic Properties of Low RMSD and Low
RMSD* Refined Models

When the refined low RMSD and low RMSD* models
from Test 4 were compared to the refined idealized native
structures from Test 1, we observed an energy gap in nine
of the 10 test set proteins, with the refined idealized native
structures having the lower energies (Fig. 1). Since each
refined model represents a local minimum in the energy
landscape, the native minimum is lower in energy relative
to the other minima identified in the conformational space
search. Ideally, the energy of the refined models in the
vicinity of the native state would be lower than the energy
of those far from the native state, allowing discrimination
of native-like models. The energy function is moderately
successful at discriminating near-native refined models
from non-native ones, as shown by the correlation between
energy and RMSD for 1b72, 1bf4, 1igh, 1r69, 1tig and 256b
(Fig. 1). Little correlation was observed for 1tif (a 59
residue o/B-protein) and lail (a 70 residue elongated
a-helical protein), which may be due to the relatively poor
quality of the starting de novo model population. The
correlation of energy with structural quality of the model
as measured by RMSD is most noticeable when the
backbone conformation is less than 3 A RMSD from the
native conformation (Fig. 1). This provides an estimate of
the accuracy required for low-resolution de novo models in
order for the high-resolution atomic potential to be effec-
tive.

Qualitatively, the refined models do not appear to have
as tight side-chain packing as the hydrophobic cores of
native proteins (data not shown). The attractive compo-
nent of the Lennard—Jones potential may provide a mea-
sure of the quality of side-chain packing and is also likely
to be the most important optimization target for compact
near-native models. To test this, we examined the correla-
tion of RMSD with the attractive portion of the Lennard—
Jones energies for the refined idealized native structures,
the 50 low RMSD refined models and the 200 low energy

models for each protein. For all proteins in the test set, the
refined idealized native structures had lower Lennard—
Jones attractive energies than the refined models. The
energy gap in most cases was more pronounced than seen
for the complete energy function. In several cases, the
refined model backbone conformations approached the accu-
racy of the refined idealized native structures (256b, 1r69,
1bf4 and 1b72), and for 1b72 the RMSD values of the models
overlapped those of the refined idealized native structures.
The energy gap was also present in these cases, however,
indicating that although the model backbone was native-like
the side-chain packing was not optimized. This suggests that
it may be useful to increase the weight given to the Lennard—
Jones attractive potential during refinement.

Structural and Energetic Differences Between
Refined Models and Native Structures

We have shown that the refined idealized native struc-
tures are energetically distinct from the refined de novo
models. For each protein in the test set, we compared the
lowest RMSD refined model (the most accurate) and the
lowest RMSD* refined model (corresponding to the lowest
RMSD model out of the 10 lowest energy models) to the
corresponding native structure in order to correlate struc-
tural differences with differences in energy. We examined
backbone and side-chain conformations to identify struc-
tural features of native proteins that are not well captured
in the models. For cases where the lowest RMSD* refined
model was not among the most accurate models, we
attempted to identify deficiencies in the energy function
that prevented discrimination of near-native from non-
native models.

One particularly successful case was 1b72, where the
low RMSD* model was also the most accurate (0.6 A
RMSD), and most of the buried side chains adopted the
native conformations [Fig. 2(f)]. While the model was
structurally very similar to the native and the refined
idealized native structures from Test 1, the energy of the
model was higher. On closer examination of the buried
side chains, we found that F44 adopts incorrect x1 and x2
torsion angles. This conformation is not compatible with
the native conformation of the exposed R48, which packs
against the protein surface and makes contacts with L.21
in the native structure. The backbone conformations of the
refined idealized native and the model are very similar;
therefore incorrect side-chain conformations are likely the
major source of the energy difference between the model
and the refined idealized native structure.

For 1pgx, several near-native models had low energies;
however the lowest RMSD refined models were not among
the lowest energy models. The structural differences be-
tween the lowest RMSD model and the refined idealized
native structure are largely due to incorrect side-chain
conformations and small offsets in the backbone. The
native rotamer for 17 is rare (x1 = —47°, x2 = 95°) and
therefore infrequently incorporated into models. A more
common rotamer was chosen at this position in the refined
model [x1 = —60°, x2 = 171°, Fig. 4(a)]. I7 makes extensive
interactions with Y3, L5 and F52 in the hydrophobic core,
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Fig. 4. Comparison of selected structural features from models produced in Test 4. In all panels, the native structure is shown in black. (a) 1pgx low
RMSD refined model. Native side chains are shown in red, modeled side chains in blue and the rare-rotamer 17 side chain is shown in yellow. (b) 1r69
H3/H4 loop. Native side chains are shown in red, and selected incorrectly modeled side chains in blue. (c) A cluster of structurally similar refined low
RMSD 1utg models, showing an expanded conformation. The backbones of the refined models are shown in gray for this panel and panel (d). (d) A
cluster of refined low-energy 1utg models, showing a compact conformation. (e) Native 1tig backbone showing irregular strand pairing between strands 3
and 4. Hydrogen bonds in this panel and panel F are drawn in dashed lines. (f) Refined low RMSD* de novo model showing regularized strand pairing
between strands 3 and 4. (g) 1tif helix/strand packing and conformation of the core residue L43. The low RMSD* refined model is shown in red, with the
low RMSD refined model in green. (h) 1tif loop containing P52 and K51. Coloring is as in panel (e). (i) 256b, cluster of incorrectly modeled side chains
(shown in red, orange and gray). (j) Low-RMSD refined model showing accurate arrangement of secondary structure elements. The helices H1, H2, H3
and H4 are shown in blue, green, orange and red, respectively. (k,|) Clusters of incorrectly predicted side-chain conformations in the low-RMSD 1ig5

model.

and the rotamers for these side chains are also incorrectly
assigned in the model due to steric clashes with 17. The
buried side chains F30, Y45 and W43 are assigned correct
rotamers, but the backbone is shifted and slightly ex-
panded in these regions in order to accommodate the
incorrect Y3, L5 and F52 rotamers. The most notable
difference between the low RMSD* refined model and the
refined idealized native structure is an offset in the
register in B-strands 1 and 2 that arises from a two residue
displacement of the connecting B-turn. The strand register
was correctly predicted in the low RMSD model.

In the case of 1r69, several accurate models were
produced but did not receive low energies (Fig. 1). In the
native structure, the loop connecting the third and fourth
helices (H3/H4 loop) contains a proline residue at position
42 (P42), which adopts a B-conformation, but it adopts an
a-helical conformation in the lowest RMSD model [Fig.
4(b)]. The incorrect proline conformation is not compatible
with the native conformation of the H3/H4 loop, and
furthermore it disrupts hydrophobic core packing in the
low RMSD model. Fragment insertion moves were at-
tempted in the refinement protocol and were found to
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correct the proline error, but such large backbone adjust-
ments were accepted infrequently. Analysis of the back-
bone ¢ and ¢ angles at this position in the starting de novo
model population compared to the refined model popula-
tion confirmed this; only 0.05% of the proline residues at
this position in the starting de novo models changed
conformation during refinement (data not shown). The
lowest RMSD* model (2.0 A RMSD) contained backbone
angles that deviated from the native conformation in the
H3/H4 loop including P42 and additionally contained
errors in the H1/H2 loop.

For 256b, the low RMSD and low score predictions were
1.3 A and 1.4 A RMSD from the native structure, respec-
tively. The side-chain accuracy was high for both models,
with only one cluster of incorrect side chains (Y105, F61
and L48) seen in both models that caused shifts in the
backbone conformation from the native structure [Fig.
4(i)]. For 1bf4, the lowest RMSD* model was also the most
accurate (2.0 A RMSD). The overall backbone errors were
small, but the W23 and R24 rotamers were incorrect in the
model and resulted in a small displacement of the C-
terminal helix.

For 1tig, the lowest RMSD* model was also the lowest
RMSD model (2.4 A RMSD). The structure consists of
two parallel helices packed against a four-stranded
sheet of topology 1243. The regions containing the
largest coordinate error in the model are the outside two
strands (S1 and S3), the loop connecting S3 and S4 and
the long loop connecting S2 to H2. In the native struc-
ture, S4 contains a central proline residue (P72), which
in addition to E69 form bulges in the hydrogen bonding
network typically seen in regular B-sheet structures
[Fig. 4(e)]. The potential energy function attempts to
regularize B-sheets through enforcing hydrogen bonding
networks, and as a result the outside strand in the
refined low RMSD/low RMSD* model is more regular
than the native strands (Fig. 4f).

For 1tif, the starting de novo model population was
structurally more distant from the native conformation
than for other proteins in the test set (Table II). The low
RMSD and low RMSD* models are 2.4 and 3.9 A RMSD
from the native structure, respectively. The high energy of
the low RMSD model is due primarily to the Lennard—
Jones repulsive energy; 143 faces the interior of the
protein as in the native structure but does not adopt the
correct side-chain conformation and therefore clashes with
other side chains in the hydrophobic core [Fig. 4(g)]. In the
low RMSD* model this side chain is oriented towards the
solvent and does not make close atomic contacts [Fig. 4(g)].
Atomic overlaps between K51 and P52 also contribute to
the high Lennard—Jones repulsive energy. Although the
overall RMSD is higher for the low RMSD* model, the loop
containing K51 and P52 in the low RMSD* model is in a
more native-like conformation [Fig. 4(h)]. The 1tif native
structure contains a twisted and irregular four-stranded
B-sheet, and, similar to the 1tig example, the low RMSD*
model contains regularized strand pairings, particularly
in strand 4.

The low RMSD and low RMSD* 1igh models are 1.9 A
and 2.1 A from the native structure, respectively. The
regular helices of the low RMSD model are closely
superimposable with those of the native structure [Fig.
4()]; however the C-terminus of H1 is one turn shorter
in the model relative to the native structure. The
secondary structure prediction for the C-terminal region
of H1 is not confident, resulting in a diverse population
of fragments that were inserted at that position in the de
novo models and creating a loop connecting H1 and H2
that is too long in the low RMSD model. Other devia-
tions in the low RMSD model from the native structure
include minor discrepancies in the backbone torsion
angles in the loop connecting H2 and H3, which are
localized to G41 and P42 [Fig. 4(j)]. The side-chain
predictions are overall are accurate, but an incorrect
rotamer for Y12 is accompanied by an incorrect rotamer
for L30 [Fig. 4(k)], and an incorrect rotamer for 148 is
accompanied by an incorrect rotamer at L68 [Fig. 4(1)].

Many of the lail de novo models contained secondary
structure errors. Transitions between secondary structure
assignments require large angle changes, which are rarely
accepted during the refinement protocol. The secondary
structure prediction methods which bias fragment selec-
tion in the Rosetta de novo simulations predict residues
44-54 to be a long loop, which is consequently seen in the
majority of models produced for this protein. However,
residues 44-49 are helical in the native structure. The
native structure consists of three elongated helices with
the C-terminal helix at a 90° angle to the N-terminal
helices. The energy function favors compact globular struc-
tures and thus creates breaks in long helices. Partially as a
result of these mistakes, the proportion of near-native
starting de novo models in the population was low, and the
energy function failed to discriminate near-native from
non-native models.

For 1utg, the low RMSD* model is more compact and
buries more hydrophobic residues than the low RMSD
model or the native structure. Certain properties of the
native structure are not currently modeled by the
energy function; it forms a homo-dimer in solution, and
many residues that are exposed in the monomer are
buried in the dimer interface. The dimer is a globular
protein with a hydrophobic core, but the monomer is
elongated. Only approximately 10% of the side chains in
the native monomer are buried, which is less than half
the amount seen in typical globular proteins in our
benchmark set. The complete refined population shows
two distinct populations (data not shown), one low in
energy but non-native and the other adopting the native
topology but higher in energy [Fig 4(c,d)]. The energy
function rewards models with typical protein-like fea-
tures such as hydrophobic burial and compactness;
therefore it is not surprising that the non-native models
received lower energies than the near-native ones.
Despite the less compact topology, the attractive compo-
nent of the Lennard—Jones energy is more negative for
the native and refined idealized native structures than
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for the non-native low RMSD* models, similar to other
proteins in the test set (Fig. 5).

Discussion

The four tests we have designed provide insight into
both the energy function and sampling problems, and we
discuss these two issues as well as the strengths and
limitations of our method in the following sections.

Energy Function

The Rosetta energy function involves considerable ap-
proximations, such as modeling solvent implicitly rather
than explicitly, and neglects long-range electrostatics.
However, these approximations do not appear to be a
primary limitation to successful model refinement. This is
illustrated by comparing the energies of the models gener-
ated in Tests 1, 2 and 4, in which the refined idealized
native models from Tests 1 and 2 are lower in energy and
RMSD than the refined de novo models from Test 4 (Fig. 1).
In addition, for the cases in which the refined de novo
models from Test 4 are closer than 3 A RMSD to the native
structure, their energies are lower than those of the
non-native refined de novo models. Test 3 shows that the
refinement protocol can recover the native state for the
perturbed native structures (Fig. 3), and the results from
Test 4 show that the low RMSD and low RMSD* refined de
novo models are generally shifted closer to the native
conformation and energy from their starting unrefined
models. Poor results might be expected for proteins that
dimerize or bind ligands, but the results are surprisingly
good for the calcium binding protein 1igh, the DNA
binding proteins 1bf4 and 1b72, the heme binding protein
256b and the dimeric protein 1utg, which was modeled as a
monomer in our tests and has an extensive exposed
hydrophobic surface in the monomeric state. In many
cases the one of the 10 lowest RMSD* models is also one of
the most accurate in the population. These results are an
improvement over previous model discrimination tests
carried out using Rosetta.?!?

The free energy function fails in some cases, assigning
higher energies to the near-native models than to the
non-native models. These cases primarily involve native
structures that are not globular, such as lutg, or that
have differences in helix and sheet content between the
native structure and the unrefined de novo models, as in
lail. Frequently, low energy models with an excess of
helical secondary structure relative to the correspond-
ing native structures are favored by the free energy
function. There may be several explanations for this
phenomenon, one of which is that initial configurations
of helices are well modeled by fragments inserted during
the de novo protocol. Well-formed helices are compact,
contributing more favorable Lennard-Jones attractive
energies, and have hydrogen bonding networks, contrib-
uting favorably to the overall hydrogen bond energy. In
order for B-strands to achieve the same energetically
favorable structures as helices, they must pair with
adjacent strands. This process involves searching a
considerably larger conformational space than for heli-

ces; therefore there is a lower probability of forming
energetically favorable structures containing B-strands.
We have attempted to compensate for this by modifying
the weights on the short-range hydrogen bonds relative
to other hydrogen bonds, but capturing the subtle
differences in backbone torsional free energies is clearly
a challenging problem.

Sampling

While the energy function shows adequate performance
in each of the four tests, the sampling protocol appears to
be a considerable limitation. The rotamer search protocol
and the backbone conformational search algorithm are
reasonably successful in the relatively simple tests (Tests
1, 2 and 3); however, refinement of de novo models (Test 4)
is less successful. To identify the major deficiencies in our
search algorithm, we analyzed the non-native structural
features in the refined low RMSD and low RMSD* models
generated in Test 4. We also examined the energies of the
models in order to correlate the non-native structural
features with the energy gap between the models and the
refined idealized structures. Consistent with the generally
poorer packing in the refined model structures compared
to the native structures, the refined de novo models have
consistently worse Lennard—Jones attractive energies (Fig.
5) than the native and refined idealized native structures.
This indicates that the refinement protocol does not effec-
tively minimize the Lennard-Jones attractive component
of the energy function, and this is a target for future
research.

The structural differences between the refined models
and the refined idealized native structures consist of
errors in local backbone conformation, errors in side-chain
conformation and errors in strand alignment. The first two
problems are most prominent when the native structure
contains an unusual feature, such as a strained side chain
or local backbone conformation. The problems associated
with irregular backbone features in the native structure
are illustrated by the 1tif and 1tig examples. The struc-
tures contain twisted and irregular four-stranded B-sheets
with unusual hydrogen bonding networks. The B-sheets
formed in the low RMSD* and low RMSD models for these
proteins resemble canonical B-strand pairings and contain
more favorable backbone torsion angles. An example of
sampling problems associated with rare rotamers in the
native structure can be seen in the 1pgx low RMSD model
from Test 4. A common rotamer was chosen at position 17
rather than the unusual rotamer seen in the native
structure, thus attributing a high energy to the low RMSD
model. In general, the most frequently sampled conforma-
tions in the simulations will reflect the most common
features of native proteins, while the unique and unusual
features, perhaps relating to functional constraints, will be
sampled rarely.

However, even in the absence of unusual features, the
size of the conformational space is problematic. The
1pgx example described above also illustrates the chal-
lenging combinatorial problem associated with rotamer
selection. The incorrect rotamer choice at position I7
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causes a cascade of incorrect rotamers to be chosen for
nearby side-chains due to steric clashes with 17 [Fig.
4(a)l. As evident from the energy gap between the
refined idealized native structures and the refined de
novo models, it appears that for the energy to decrease
substantially almost all core side-chains must adopt
roughly the native conformations. Many of the refined
de novo models generated in Test 4 have correct topolo-
gies but considerably higher free energies than the
refined idealized native structures; this is perhaps not
surprising given the importance of the precise jigsaw
puzzle-like packing of side-chains in protein hydropho-
bic cores. Even subtle differences in the backbone confor-
mation are sufficient to prevent native-like side-chain
packing, which is illustrated by the 1b72 example. A
subset of the 1b72 refined de novo models are in the
same RMSD range as the refined idealized natives but
have incorrect side-chain conformations and higher
energies. It is possible that each correct backbone
feature was sampled individually but unlikely that the
correct conformations were sampled simultaneously.

Local backbone conformations containing glycine and
proline present challenges to the refinement protocol. Both
residues are frequently found in loops and turns, which
adopt a wider range of conformations in the PDB than
regular secondary structure elements. In at least two
cases, 1r69 and 1ig5 [Fig. 4(b,i)], the most notable mistake
in the low RMSD model is an incorrect loop conformation
due to non-native proline torsion angles. Significant
changes to the backbone torsion angles, such as those
accompanying changes from alpha to beta conformations,
are difficult to achieve for other residues as well, as
illustrated by the lail helix example. Clashes between the
side chain and backbone atoms limit the range of motion
that can be achieved through small angle adjustments.
Fragment insertion moves are included in the refinement
protocol and can cause larger backbone changes by replac-
ing the torsion angles of several residues simultaneously;
however, these changes are not frequently accepted.'! The
examples discussed above highlight the difficulties of
sampling a large volume of conformational space in the
context of a compact polypeptide chain.

CONCLUSIONS

We have shown that the extent of sampling can be
improved somewhat by increases in the number of
independent refinement simulations starting from each
unrefined de novo model. There are a number of avenues
for improvement of the sampling protocol itself. First,
the constant-temperature Monte Carlo minimization
procedure may profit from a replica exchange approach
in which different trajectories are carried out at differ-
ent temperatures, and at intervals exchanges in energy
are allowed. It should be noted, however, that Monte
Carlo minimization is in a sense a zero-temperature
approach, as minimization is carried out at each step, so
the thermodynamic analogy to a multi-canonical en-
semble no longer holds. Second, the side-chain packing
algorithm uses the same potential function with a steep

Lennard-Jones repulsive component as the overall re-
finement procedure; hence rotamers may be rejected
that could with small adjustments lead to significant
energy decreases. As the steep repulsive Lennard-Jones
potential was one of the primary sources of improved
discrimination of refined native structures from models
compared to our previous results,® a softer potential in
the overall protocol is not desirable. However, it may be
useful to use a softer potential in the repacking step.
Alternatively, it may be useful to increase the strength
of the attractive Lennard-Jones potential during the
repacking step to favor the formation of tightly packed
cores, which are absent in most of the refined model
structures generated in this study. In addition, prelimi-
nary results suggest that briefly minimizing the energy
of each rotamer in the context of other fixed side-chain
conformations during the packing procedure increases
the probability of selecting the correct rotamer.'® Fi-
nally, a direct enumeration approach in which the
distribution of local structural features in the de novo
model population are systematically sampled may prove
useful in tackling the combinatorics of searching back-
bone and side-chain conformations.
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