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Background: The ability to predict the native confor-
mation of a globular protein from its amino-acid se-
quence is an important unsolved problem of molecu-
lar biology. We have previously reported a method in
which reduced representations of proteins are folded on
a lattice by Monte Carlo simulation, using statistically-de-
rived potentials. When applied to sequences designed to
fold into four-helix bundles, this method generated pre-
dicted conformations closely resembling the real ones.
Results: We now report a hierarchical approach to
protein-structure prediction, in which two cycles of the
above-mentioned lattice method (the second on a finer
lattice) are followed by a full-atom molecular dynamics
simulation. The end product of the simulations is thus a
full-atom representation of the predicted structure. The
application of this procedure to the 60 residue, B do-
main of staphylococcal protein A predicts a three-helix

bundle with a backbone root mean square (rms) de-
viation of 2.25-3 A from the experimentally determined
structure. Further application to a designed, 120 residue
monomeric protein, mROP, based on the dimeric ROP
protein of Escherichia coli, predicts a left turning, four-
helix bundle native state. Although the ultimate assess-
ment of the quality of this prediction awaits the experi-
mental determination of the mROP structure, a compari-
son of this structure with the set of equivalent residues in
the ROP dimer crystal structure indicates that they have
a rms deviation of approximately 3.64.2A.
Conclusion: Thus, for a set of helical proteins that
have simple native topologies, the native folds of the
proteins can be predicted with reasonable accuracy
from their sequences alone. Our approach suggest a
direction for future work addressing the protein-folding
problem.
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Background

One of the most important unsolved problems in con-
temporary molecular biology is deceptively easy to state
— given the linear sequence of amino acids that com-
prise a given globular protein, predict the three di-
mensional structure of the biologically active confor-
mation. The solution to this problem has proved elu-
sive for a number of reasons. It requires a free energy
function that can differentiate the native state from the
misfolded conformations. This is a non-trivial prob-
lem, but substantial progress has been made recently
by using empirically determined free energy functions
[1-5]. One then has to solve the multiple free en-
€rgy minima problem [6]. Recognizing that the free
energy functions are likely to be approximate, crite-
ria for assessing the success of the procedure are re-
quired. This method should only require the amino-
acid sequence as input, with no information whatso-
ever about the folded conformation being provided;
in other words, the method should fold the protein
de novo. It should be able to reproduce known struc-
tures at an acceptable level of spatial resolution (3—4 &
rms deviation, or better, from the actual structure). The
compatibility of the resulting predicted structures with
their sequences, as assessed by inverse protein folding
algorithms that address which sequences are compat-
ible with a given structure, should be comparable to

that of the experimentally determined native structures.
Ultimately, it should be able to predict hitherto un-
solved protein structures. In this paper, we describe a
hierarchical approach to the protein-folding problem,
which satisfies the above criteria for a number of pro-
teins having simple native state topologies.

The basic idea of our hierarchical approach is to em-
ploy a reduced model that will fold a given sequence
to produce an approximately correct native structure,
and then subsequently to build the full heavy atom
description. The use of a reduced model is motivated
by practical considerations. Obviously, a reduced de-
scription decreases the number of degrees of freedom.
More importantly, it permits a discretized (lattice) de-
scription of the backbone, which uses two orders of
magnitude less computer time than the corresponding
non-lattice model. In addition, discretization tends to
smooth the free energy surface, thereby making config-
urational sampling more efficient. The use of reduced
models to describe the geometry of, and interactions
in, globular proteins has a long history [7-12). They
generally yield a manifold of compact states that, de-
pending on the local interactions that are introduced,
may or may not have any secondary structure. The re-
sulting manifold of collapsed states is very liquid-like,
with very non-specific tertiary contact patterns [8-12].
This contrasts with real proteins, the native states of
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which have side-chain contact patterns that are specific
and well defined.

To eliminate this fundamental flaw and to reproduce
the cooperative transition from the molten globule in-
termediate state, where substantal regions of native-
like secondary structure occur but where side-chain
packing is non-specific [13-14], to the native state, in
the model we introduce cooperative side-chain—side-
chain packing interactions [15]. These cooperative
terms are generic in the sense that the patterns of
contacts that are favored can occur in «, f§, or mixed
o/P proteins, and allow native-like patterns to emerge
when appropriate. Our model has the following addi-
tional novel features. First, there is a cooperative hydro-
gen bonding scheme between a-carbons (Cas)[15-16]
that reproduces 90 % of the hydrogen bonds in real
native proteins, as defined by Kabsch and Sander [17].
Second, there is an amino-acid pair-specific potential
that describes the angular correlation between side-
chain centers of mass. This term is responsible for the
predicted local conformational preferences [18]. The
aforementioned set of phenomenological potentials al-
lows the de novo folding of the sequences described
below.

In what follows, we use our hierarchical method to pre-
dict the three-dimensional structures of the B domain
of staphylococcal protein A [19-20], which adopts a
three-helix bundle in solution [21], and the structure
of mROP [22], which is an engineered version of the
ROP dimer. The native state of the ROP dimer is a
four-helix bundle comprising two helical hairpins, each
containing 63 residues [23]. The modified 120 residue-
long sequence of mROP is designed to adopt the left
turning four-helix bundle geometry. For protein A, the
predicted structures are on the level of 2.25-3 A rms de-
viation from the known NMR solution structure for the
backbone atoms. This marks the first tme that struc-
tures of this quality have been predicted simply from
their sequence, without recourse to any sequence or
structural homology modeling techniques. In the case
of mROP, the crystal structure is not yet solved, so we
have compared the predicted mROP structure with the
set of equivalent residues in the ROP dimer, and we
find that the two differ by 3.6-4.2A rms deviation for
the Cas. The two structures differ mainly in their degree
of supertwist, with the simulations predicting that less
supertwist will be observed in mROP. This prediction
awaits experimental verification.

Results and discussion

Description of the method

Our hierarchical approach starts with a reduced de-
scription of the unfolded protein and takes advantage
of the greatly improved conformational sampling ef-
ficiency that is afforded by using reduced models to
produce folded structures with Co rms deviations in
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Fig. 1. Flow chart depicting the hierarchical approach. Folding
commences on the coarse lattice using the protein sequence
and a random chain conformation as input. The set of folded
structures is then refined using the fine lattice to produce better
packed, native structures. The system is then pulled off lattice, the
virtual Cet bonds are regularized, an analytic procedure rebuilds
the backbone heavy atoms, and tentative side-chain conforma-
tions are assigned based on the position of the side chains in the
parent lattice structure. The lattice structure also provides the set
of predicted side-chain contact pairs and secondary structure as-
signments (helix, turn, and so on) that serve as target functions for
the full atom rebuilding procedure. The initial compact confor-
mations are subjected to molecular dynamics (MD} simulations
that produce a family of full-atom maodels. The average confor-
mation after a series of ten such refinements is the final output
of the de novo folding protocol.

the range 3-S5 A from the native structure. In practice,
the protein consists of a set of Ca backbone atoms
that are restricted to a set of lattice points and a set
of side chains that are not confined to the lattice. Each
side chain is represented by a single ball located at
the side-chain center of mass. As discussed in greater
detail in Materials and methods, and as outlined in
the flow diagram of Figure 1, Monte Carlo dynamics
on a coarse lattice are used to generate the approx-
imate fold [15-16,24]. Then, before building a com-
plete atomic model, the structure is refined using a
lattice with finer spacing between the lattice points. The
resulting structures exhibit better side-chain packing
and backbone geometry and provide a set of predicted
secondary structure and side-chain contact constraints
that serve as target functions in molecular dynam-
ics simulations [25-26], which are designed to pro-
duce whole-atom models. Finally, to ascertain whether
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the predicted structures exhibit the sequence-structure
specificity that is exhibited by real protein structures,
the quality of sequence-structure fitness is evaluated in
the context of an inverse folding algorithm [4].

Folding simulations of Protein A

Recently, the solution structure of the 60-residue frag-
ment comprising the B domain of protein A has been
determined [21]. It adopts a three-helix bundle in
solution, with the first helix (I) running from residues
10-19, the second helix (II) running from 25-37, and
the third helix (1II) running from 42-55, with the re-
mainder of the sequence structurally undefined. Inter-
estingly, helices II and III adopt an antiparallel hair-
pin conformation, whereas helix I crosses the carboxy-
terminal hairpin at an angle of about 30°. This sequence
should provide a good test of the folding algorithm.
The protein is relatively small, the topology is simple
and the structure is known.

Successful de novo folding to a long lived three-helix
bundle is observed in about 2/3 (30) of all trajectories.
Sometimes metastable, partially collapsed states about
50-60 kpT higher in energy are obtained. Other times,
the three-helix bundle forms, dissolves and reforms
but it doesn't survive to the end of the simulation run.
Much longer runs at higher temperatures might relieve
this problem and increase the folding efficiency; this
objective, however, has not yet been achieved.

Of the total of 30 successful, independent folding sim-
ulations, 19 folds have the correct topology and 11 the
incorrect topology, where the amino-terminal helix is
on the other side of the carboxy-terminal hairpin. The
alternative topology may reflect any inadequacies in the
model, or may be caused by the fact that a relatively
minor reorientation of the carboxy-terminal hairpin can
accommodate the amino-terminal helix on the other
side of the hairpin. In addition, the protein A fragment
is part of a series of four units that interact with each
other [19]; thus, the ambiguity in interaction with the
amino-terminal helix may be partly physical. The av-
erage energy of the correctly folded conformation is
about — 181 kgT, and the minimum energy confor-
mation found is — 225 kpT. In contrast, the average
energy of the incorrectly folded conformation is — 153
kgT, with a minimum observed value of — 198 kgT.
Thus, on the basis of energetic considerations, we con-
clude that the native three-helix bundle topology is cor-
rectly chosen. The rms deviation between conforma-
tions of the incorrect fold is 4.3 A, with a contact over-
lap of roughly 33 %. This contrasts the results obtained
for the native fold, which are described below.

Each simulation begins from a randomly generated ini-
tial state. Successful folding typically occurs by the on-
site assembly of two helices (in many but not all cases,
it is the amino-terminal hairpin), followed by forma-
tion of the final helix. The resulting state has many of
the characteristics of a molten globule [14]. There is
much, if not all, of the secondary structure, but the
tertiary contacts are poorly-defined. Structural fixation,

accompanied by the formation of a molecule-spanning
pattern of tertiary contacts, is the rate-determining step
in the folding procedure. In Figure 2, the upper triangle
shows a representative contact map, in which contacts
that are present for more than 75 % of a simulation time
of 40000 time steps are indicated by black dots. In the
lower triangle, we present the first dissolution time of a
contact. Black indicates that the contact lived the entire
simulation time, and the various colors shown in the
color bar indicate shorter contact lifetimes. A molecule-
spanning collection of long lived side-chain contacts
is clearly apparent. In agreement with experiment, this
clearly demonstrates that the folded state of protein A
is predicted to be native-like, with fixed side-chain con-
tacts. It should be pointed out that side-chain fixation
is not an obligatory feature of this model. In analogous
studies of helical bundles, one of the sequences de-
signed by DeGrado and Raleigh [27] is predicted to
be a four-helix bundle topology but without side-chain
fixation [15] (it is thus molten globule-like [14]). This
agrees with experimental results on this system.
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Fig. 2. For the B domain of protein A, the upper triangle presents
a representative contact map showing those contacts present for
at least 75 % of the simulation time of 40000 MC time steps. The
lower triangle depicts the first dissolution time of the contacts.
A black square indicates that the contact survived over the en-
tire simulation, and the various colors, shown in the color key,
indicate shorter lifetimes. Note that for a given backbone confor-
mation, the side chains relax with respect to the backbone in less
than five time steps. Thus, side-chain fixation is demonstrated.

To characterize the folded state further, we performed
a cluster analysis of 400 snapshots that were extracted
from the above trajectory and grouped using a metric
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that required 60% side-chain contact map overlap.
Consistent with the idea that the predicted native con-
formation is well defined, a single family of structures
is observed.

Of the 19 independent folds obtained on the coarse
lattice, the five lowest energy parent structures were
subjected to a series of at least three independent re-
finement simulations on the finer lattice. The lowest
energy conformation seen in each simulation was ex-
tracted; their average , <E;,>, was -209 kpT, with a
standard deviation of 8 kg T. (Note that there is a slightly
different energy scale related to the different lattice rep-
resentation.) Starting from a given parent structure, the
average Ca rms deviation of the lowest energy states
within a given family is 2.4 A. A total of 27 refined struc-
tures were generated with an average rms for all 351
unique pairs of 3.1 A. Focusing on the refined struc-
tures with minimum energies at or below <E_ .. > of
which there are 19, the average rms deviations between
pairs of structures is 2.83 A. This level of agreement
between independently refined structures is indicative
of the model’s precision.

Next, we turn to the accuracy of prediction. In all cases,
residues 13-19, 25-37 and 42-55 are predicted to be
helical. In many cases, residues 10-12 are helical as
well. Residues 56-60 were unstructured. Depending on
the particular run, the amino-terminal and carboxy-ter-
minal helices may propagate slightly towards the ends;
in other cases the ends may adopt an extended confor-
mation. Thus, the level of agreement of the secondary
structure with experiment is excellent. The 19 fine lat-
tice refinement runs described above have an average
rms deviation of 3.3 A from residues 13-55 in the native

(a) (b)

structure, In a given run, the rms deviation of the pre-
dicted structures relative to native ranges from 2.55
to 3.424, with a standard deviation ranging from 0.2
—0.3A. Thus, the reproducibility of the model is slightly
better than its accuracy. Subsequent refinements on the
finer lattice at low temperature produced structures
with an average 2.25 A rms deviation from the native
structure.

We then constructed an all-atom model from one of the
lattice structures with Ca rms deviations of 3 A from the
NMR solution structure. To obtain an all-atom model,
we subjected it to the rebuilding protocol described
in the Materials and methods section. Using the set of
predicted secondary structure and side-chain contact
constraints provided by the lattice structure, the result-
ing all-atom models exhibited a backbone heavy atom
mms deviation of 2.97A from the experimental struc-
ture. For the Cuas, this is the same rms deviation as
achieved for the starting lattice structure and demon-
strates that the rebuilt full-atom structures are at the
same level of resolution as the lattice structures from
which they are derived. In other words, the predicted
lattice structures do not contradict full-atom models.
This is a very important result, which is demonstrated
here for the first time.

In Figure 3, we depict the various stages in the all-atom
rebuilding procedure. Figure 3a shows residues 10-55
of the lattice structure, from which the constraints
were derived, the remainder of the sequence being
unstructured both in simulation and in solution. Fig-
ure 3b shows the conformation after the structure has
been removed from the lattice and the backbone heavy
atoms inserted. Figure 3¢ shows the superimposed

(c)

Fig. 3. The various stages of the all-atom rebuilding procedure for residues 10-55 of protein A: (a) lattice backbone Cor conformation
obtained at the end of a refinement run; (b) the resulting conformation after it has been removed from the lattice, the virtual Co bonds
regularized, and all the other backbone heavy atoms inserted; (c) the backbone heavy atom trace of the predicted structure obtained
after MD refinement, shown in green, superimposed onto a ribban model of the NMR solution structure, shown in purple.
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backbone atom trace of residues 10-55 in the NMR
structure and the predicted structure. The amino-ter-
minal helix crosses the carboxy-terminal helical hair-
pin at an angle of roughly 30°. The 3A rms devia-
tion difference between structures arises from the he-
lices being offset by a third to a half of a helical turn.
This undoubtedly reflects the limitations of the lattice
model, mostly from treating side chains in the single
ball representation, and the inadequacies in the poten-
tial. To assess the quality of the predicted structures,
the lattice structures were subjected to a recently de-
veloped inverse folding algorithm, which contains a re-
lated, but not identical, subset of the interactions used
in the lattice models [28]. The lattice structure has an
energy of — 14.9 kgT compared to the native value of
— 19.6 kgT. Thus, the model is of good quality.

Folding simulations of mROP

mROP, a 120 residue polypeptide, is a redesigned ver-
sion of the dimeric E. coli protein 1ROP [22]. The ROP
dimer adopts a four-helix bundle native state [23]. Ex-
ceptionally long helices and the packing pattern of the
hydrophobic core make this fold somewhat similar to
a bundle formed by two supercoiled, coiled coils. The
sequence of mROP, which apparently also folds into a
similar, left turning, four-helix bundle is the following;

MTKQEKTALNMARFIRSQTLTLLEKLNELDADEQADIC-
ESLHDHADELYRCSIASFKKPGQIDEQADICESLHDHA-
DELYRSCLARFGGSKQEKTALNMARFIRSQTLTLLEKLN-
ELAKG.

The folding simulations described below represent a
de novo structural prediction for this engineered pro-
tein. Representative snapshots of the folding trajectory
on the coarse lattice are given in Figure 4a—d. In all
runs, the system rapidly developed an early intermedi-
ate that usually consisted of a helix hairpin, in most
cases comprising the central helices. These elements
of supersecondary structure dissolved and reformed
several times during a run. The better defined, and
much longer lasting, intermediate consisted of three

helices, with the fourth helix many times partially fold-
ing, mostly by an on-site mechanism [7]. Eventually,
the fourth helix assembled and a four-helix bundle fi-
nally developed. In a total of 12 independent folding
simulations, 11 of these resulted in left turning bundles,
and once a right turning four-helix bundle formed. In
contrast to protein A, the model system never, except
in the single case of the right turning bundle, adopted
long-lived misfolded topologies. At temperatures about
10 % below the transition temperature, these bundles
remain stable. The average conformational energy of
the right turning bundle, — 429 kgT, was higher than
the energy of the left turning bundles, — 463 kgT.

The resulting folded structures have been projected
onto the finer lattice and subjected to long isother-
mal runs. In all cases, the system developed a rather
well defined side-chain packing pattern, with subsets
of contacts that never dissolved during very long runs.
The left and right turning bundles have an average
energy of — 415 kgT and — 370 kgT, respectively. A
typical situation is shown in Figure 5, where the final
contact map and the first dissolution time are given
for comparison. The overlap of the contact maps from
independent runs is in the range of 45-55%, reflect-
ing reasonably consistent side-chain packing. Although
the rms deviation from the dimer-based native struc-
ture is in the range 3.6-4.24, the rms deviation dis-
tance for Ca traces between refined folds varies from
2.7-4.3A. How close the native monomer structure is
to the dimer structure remains to be established, but it
may turn out that the structure predicted here is closer
to the monomer than to the dimer. Finally, in Figure
4e, we show the predicted full-atom model of mROP;
the rms deviation of the Cas between four indepen-
dently generated full-atom models is about 3.0A from
the lattice structure, and they have, on average, a 1.7A
rms deviation from each other. Thus, for mROP the re-
construction protocol vields a rather well defined final
structure. Finally, the Ca rms deviation in the full-atom
structure is from 4.4-4.8A from the ROP dimer; this

(a) (b) (e)
—_—

(d)

(©)

—

Fig. 4. Representative snapshots along
the predicted folding trajectory of the
mROP: (a) denatured state, initial con-
formation; (b) formation of the cen-
tral helical hairpin; (c) formation of the
three-helix bundle intermediate; (d) for-
mation of the four-helix bundle topol-
ogy; (e full-atom structure obtained
from the MD refinement procedure.
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again indicates that the lattice structures are compatible
with full-atom models.
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Fig. 5. For mROP, the upper triangle presents a representative
contact map obtained at the end of a refinement trajectory of
100 000 Monte Carlo steps on the finer lattice. The lower triangle
depicts the first dissolution time of the contacts. A black square
indicates that the contact survived over the entire simulation,
and the various colors shown in the color key indicate shorter
lifetimes. Thus, side-chain fixation is demonstrated.

Conclusions

This paper has described an application of a gen-
eral methodology for folding proteins using only the
amino-acid sequence. For a small, three-helix bundle
protein of 60 residues, structures are predicted that
have a 2.2-3.0A rms deviation from the NMR solution
structure, For a redesigned, monomeric version of the
ROP dimer, the present simulations predict a struc-
ture that is about 3.6-4.2 A from the set of equivalent
residues in ROP. The two structures differ mainly in
the degree of supertwist that they exhibit, with the
monomer predicted to be less supertwisted than the
dimer. This series of simulations marks the first time
that protein structures of this quality have been pre-
dicted by an algorithm that starts from a random chain
conformation, with no extrinsic information about the
native conformation, and finishes with a full heavy atom
model. Moreover, the refinement protocol indicates
that lattice structures are compatible with full atom,
continuous space conformations. That is, there are no

major contradictions between discretized and contin-
uous space representations of proteins. For sequences
designed by DeGrado [27] and others [28,29], this
methodology has also been proved to be capable of in-
dependently predicting a number of experimental ob-
servations [15]. The most salient feature for the De-
Grado sequences is the way in which a molten globule
equilibrium intermediate can develop the more rigid
structure characteristic of native proteins by sequence
mutation.

Our current approach extends previous attempts to
predict protein structure in the following important re-
spects. First, this is a hierarchical approach that com-
bines both coarse and fine resolution lattices to gener-
ate the folded conformation from the denatured state.
Second, the methodology predicts local conformational
preferences based on the angular correlation of side-
chain centers of mass, These sequence-specific terms
act as the trigger for the formation of secondary struc-
ture in the contex of sequence-independent coopera-
tive hydrogen bonds and a generalized Ramachandran
potential that describes the average local distribution
of protein backbone distances and chain chirality. Fi-
nally, by introducing cooperative side-chain packing
templates, we incorporate the fact that side chains in
globular proteins exhibit specific packing patterns.

Although this methodology works for a number of
proteins having simple topologies with short turns be-
tween secondary structure elements, it is uncertain how
broad the class of proteins is that can be treated. It
is clear that the protein folding problem is not yet
solved. At this point, improvements in the potential
function to better account for the correlated side-chain
packing preferences are required. It is our belief that
the set of side-chain contact templates giving rise to
the possibility of side-chain fixation that we now use
are incomplete and insufficiently cooperative, and that
the current hydrogen-bond scheme is too permissive.
Work to eliminate these deficiencies in the model are in
progress. Nevertheless, even as it stands, our approach
has considerable promise for the de novo design of
proteins as well as for the prediction of tertiary struc-
ture in small proteins. For a number of proteins, these
simulations demonstrate that starting from sequence
information it is possible to predict structures that bear
a close resemblance to observed native folds. Although
much work is required to solve the full protein folding
problem, the progress made to date provides encour-
aging results that imply that such a solution is possible.

Materials and methods

Overview of the protein folding protocol

A flow chart depicting the entire procedure is presented in Fig-
ure 1. We begin with randomly generated, unfolded conforma-
tions of the protein restricted to a coarse lattice that is described
in further detail below [15-16,24]. The molecule consists of
the on-lattice set of backbone a-carbons plus an off lattice set
of side-chain rotamers; each side chain is represented by a
single ball located at the side-chain’s center of mass. The time
course of the folding process is simulated using Monte Carlo
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dynamics (MCD); the algorithm permits the relative motion of
all secondary and supersecondary elements, thereby avoiding
artificial kinetic trapping of partly folded structures. A detailed
discussion of the move set may be found elsewhere [15). Af.
ter a set of preliminary runs designed to identify the transition
temperature, a series of folding simulations are run for fixed
time intervals. These typically consist of 50 000-100 000 Monte
Carlo time steps, and the final conformation at the end of the
simulation is saved. The simulations are run typically over a
narrow temperature range (or they may be isothermal). A set
of the lowest energy conformations is refined on a finer lat-
tice, which has a more accurate geometric description of the
a-carbon backbone and better side-chain packing. Then, all the
heavy atoms of the backbone and side chains are rebuilt [30].
This comprises the initial conformation for the full atom re-
laxation protocol. Here, the predicted lattice structures provide
secondary structure and side-chain contact constraints that act as
target functions in molecular dynamics simulations using either
the CHARMM (25] or AMBER [26)] force fields. To test the quality
of the predicted native conformation, sequence structure fitness
is evaluated using our inverse folding algorithm [4]).

Lattice model
Geometrical considerations

The underlying spatial grid is taken to be a cubic lattice. For
the coarser lattice used for folding from the denatured state,
consecutive «-carbons are joined by vectors chosen from cyclic
permutations of vectors of the type (£ 1, £ 1, £ 1), (%2, £ 1,
0)and (%2, + 1, + 1), where the length in lattice units between
adjacent cubic latiice sites is unity (based on the average Cu
virtual bond lengths, the distance between cubic lattice points
corresponds to 1.7 A). On the finer lattice used for refinement,
consecutive a-carbons are joined by vectors chosen from the
set(£2 £2,0),(£2, £2, £1),(£3,0,0),(£3, +£1,0)
and (& 3, £ 1, + 1); here, the distance between neighboring
sites on the underlying cubic lattice corresponds to 1.22 A. The

"distance of closest approach of all non-bonded a-carbons on the’

coarse and fine lattices are 4.78 and 3.45 A, respectively. Unlike
many other lattices used to describe proteins, these do not suffer
from any significant orientational biases that could arise from
underlying lattice symmetries [24).

Interactions

Both the coarse and fine hybrid lattices have an equivalent set of
interaction terms that are adjusted for the metric of the under-
lying cubic lattice grid. For all proteins discussed in this paper,
the identical parameter set has been employed and is available
from the authors by E-mail [18]. The various contributions to
the energy are: (1) a local Ramachandran-like backbone po-
tential; (2) a hydrogen-bond potential; (3) a local amino-acid
pair specific potential reflecting the orientational correlations of
the center of mass vectors of the first to the fourth neighbors
down the chain; (4) a side-chain rotamer energy; (5) a one
body amino-acid specific potential that reflects the preference
for that side-chain center of mass to be located at a given dis-
tance from the center of mass of the protein; (6) amino-acid
pair specific tertiary interaction potentials; and (7) cooperative
side-chain packing templates. Each of these terms is discussed
in greater detail below.

Sequence independent contributions

On both the fine and coarse lattices, the local distribution of
Ca—Ca distances and chain chirality is rather close to the mean
distribution in structures from the Brookhaven Protein Data
Bank (PDB) [31]. A small energetic correction allows this distri-
bution to be recovered and helps to insure that generic protein-
like states are sampled. This contribution plays the role of an
average Ramachandran plot. In the native states of protein A and

mROP, this term typically contributes about 16% of the total
energy. This term and all other potentials of mean force, with
the exception of the hydrogen-bond energy, are constructed by
examining the statistics of occurrence of the relevant param.
eter in a library of high resolution PDB structures [18]. This
structural library does not contain protein A, ROP nor any other
protein subject to de nowvo structure prediction.

An empirical hydrogen bond potential was developed for all
pairs of residues |i — j| > 3. Two residues are considered
to be hydrogen bonded if the distance between a-carbons, ry,
is smaller than 7.2 A and the following geometrical requirements
are satisfied:

b — bie) - 15l 2 < 4.16A
(b — bje1) 'l'ijlvz < 4.16A

where the by are the backbone vectors. Only main chain-main
chain hydrogen bonds are permitted. At most, every residue,
with the exception of proline, can participate in two such inter-
actions. Proline is restricted to having only one hydrogen bond.
This definition of hydrogen bonds allows for the proper pattern
of hydrogen bonds to form within helices or across § sheets.
Furthermore, the interaction is cooperative; consecutive pairs of
hydrogen bonds down the chain experience additional stabiliza-
tion. That is, the total hydrogen-bond energy is of the form

Bi-bood = D 9 _ET6G,j) + D) EWsG,)6G £ 1,j £ 1)

where EH and EHH are the energy of a single hydrogen bond
and the excess energy when two consecutive hydrogen bonds
are formed, when i and j are the residues of interest, and where
8@i,j)=1 when the geometric criteria (see Equation 1) for the
formation of a hydrogen bond between the ith and jth a-carbons
are satisfied. The approximate magnitudes of EH and EHH were
determined by performing a series of studies on polyalanine and
polyvaline model systems [16]. We then fine-tuned these param-
eters by requiring that in the denatured state transitions between
helix and non-helical states can readily occur, and that the un-
folded state helix content is low (<20% for helical sequences
such as protein A and mROP). In reality, 2 range of values can
be chosen, but typical values of EH and EHH are — 1.25 kgT and
— 1.5 kgT respectively. kg is Bolizmann's constant. For the pre-
dicted native states of protein A and ROP, Ejypong cOntributes
1o roughly 25% and 36 % of the total energy respectively.

Amino-acid pair specific short range interactions

To account for local, amino-acid pair specific conformational
preferences, a free energy term of strength Ep;,, which is based
on the relative angular orientation of the side-chain centers of
mass, was derived for the first 1o the fourth neighbors down
the chain. In these models, we do not specify the secondary
structure that the sequence will adopt. Rather, it arises from the
interplay of the amino-acid pair specific preferences embodied
in Epy, 2nd the tertiary interactions. In particular,

Bim = ) ifhm[cos(ai,ii-k)]

residues,ik=1

where ©,;4 denotes the angle between the vectors pointing
from the ith and i+ kth «-carbons to the centers of mass of their
corresponding side groups. &, is a statistical potential derived
from the structural database that is amino-acid pair specific and
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is a function of k. A histogram has been constructed by dividing
c05(0;;+) into ten bins and comparing the observed number
of cases in the 56 member structural database to the expected
value assuming a uniform distribution in @;;.,. The negative
logarithm of this ratio is the energy &y, for that bin. In the pre-
dicted native conformations of protein A and mROP, this term
represents 19% and 14 % of the total energy respectively.

For each side-chain rotamer, there is an energy reflecting the
frequency of occurrence in our structural database. For both
protein A and mROP, this term contributes about 7% of the total
energy in the predicted native state.

Long range interactions

There is a one-body, amino-acid specific potential of mean force
that depends on the distance of the side groups center of mass
from the center of mass of the protein chain [32]. This contri-
bution reflects the tendency of some amino acids to be buried
in the hydrophobic core, whereas others prefer to be exposed
10 solvent or to lie at the solvent—protein interface. It requires
an q priori estimate of the radius of gyration, S. For single
domain proteins, S is a well-defined function of the number of
amino acids; thus, we only use the length of the sequence to
determine the target value for the radius of gyration. This term
typically makes a small contribution to the energy in the folded
states, but can in many cases be used to match sequences to
their corresponding structures.

Then, there are soft core repulsive regions, with widths that
are amino-acid pair specific. The repulsion is on the order of
4kgT. Beyond the soft core repulsive region, there are pair
potentials, &, between residues i and j constructed using the
Bragg-Williams approximation [33] for the expected number of
contacts, assuming random packing. These terms are used in
the calculation of the non local interaction energy. A number of
variants of the pair interaction energy have been employed, but
the most successful form currently used for attractive pairs is

Elong = €j8;ifrij < djjand ¢ < O

with g“:l if“ - jl < 6, and gli=1—(f_0'88)2 otherwise. f is
the cosine of the angle between vectors connecting a-carbons i-2
and i+2 and j-2 and j+2. r; and d;; are the actual and the con-
tact cutoff distances between the centers of mass of side chains i
and j respectively. Interactions between all residues |i —j| > 1
are allowed.

For repulsive pairs, such that ry <d;; and g;>0,

Eiong = €5 li-jl >5.

The different treatment of attractive and repulsive pairs seems to
accelerate folding. Moreover, the orientational term for attractive
pairs reflects the fact that helices and B sheets tend to pack with
a small crossing angle [34], but a non zero interaction term is
permitted even when the two elements of the chain are orthogo-
nal. This orientation term also partly accounts for the anisotropy
in side-chain packing arising from the presence of the protein
backbone. These pair potentials provide about 23 % and 17 % of
the total energy in the predicted native conformation of protein
A and mROP, respectively.

Coaoperative side-chain interactions

Many attempts to predict the structure of a protein from its
sequence have failed because the models could not generate the
well-defined patterns of side-chain packing that are exhibited by
globular proteins. Moreover, detailed analysis of these packing

patterns indicates that amino-acid packing preferences are con-
text sensitive. They not only depend on the particular partners,
but also on how far the interacting partners are separated down
the chain. A final motivation for introducing cooperative side-
chain packing terms comes from the experimental observation
that the molten globule to native state transition is very cooper-
ative [14]. Because in many molten globule intermediates there
is a substantial amount of secondary structure [14), presumably
a portion of the cooperativity results from side-chain fixation
into the well-defined patterns found in the native state. Figure 6
shows examples of characteristic side-chain-side-chain contact
patterns.
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Fig. 6. An example of a side-chain contact map for the protein
thioredoxin from which representative examples of contact maps
for (a) a parallel B-hairpin motif and (b) a paralle! helix—helix motif
have been excised. The numbers in the boxes indicate the num-
ber of contact templates in which the particular interacting pair
participates.

The novel and important component of our tertiary interaction
scheme involves the inclusion of four body template interactions
that bias for a subset of contact patterns seen in the native states
of all kinds of globular proteins. This term is important only in
the late stages of folding associated with side-chain fixation.

Suppose that a pair of side chains i and j are in contact. If another
contact, say between residues j+4 and i-4 occurs, then there is
an additional energetic contribution equal to the sum of the two

421
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pairwise interactions. In fact, the complete set of cooperative
side-chain interaction terms associated with an ij contact, the
template energy, is taken to be

Eiem = (eij+€i+,kj+n)CijCi+kJ+n: [k| = Inf,n = £3, and + 4.

C;=1(0) if side chains i and j are (not) in contact. The terms
with n and k equal to 3 and 4 have been selected because they
are consistent with subsets of all types of packing patterns seen
in globular proteins. Clearly, this is a very naive implementation
of such cooperative terms; in future work, these terms will be
generalized. In the case of protein A and mROP, the contact
template terms contribute on the order of 7% and 10% of the
total energy of the native state respectively.

Whether these phenomenological terms would be really neces-
sary if a whole-atom model were employed is unclear. One might
imagine that they mimic the cooperative nestling of different ro-
tamers that cannot be accounted for in a reduced side-chain rep-
resentation. On the other hand, it is extremely difficult even in
small molecule simulations to simulate crystallization from a lig-
uid (this process may be analogous to the fixation of side chains
on going from the molten globule to the native state); thus, these
knowledge-based phenomenological potentials can help facili-
tate the process of side-chain fixation. However, as shown else-
where [15], for one of the sequences designed by DeGrado and
Raleigh [27], the presence of cooperative templates does not
demand side-chain fixation, but on suitable modification of the
sequence, side-chain fixation is predicted in apparent agreement
with experiment [27].

Because of the choice of the diagonal +£3 and +4 template
type terms, there is the potential concern that these templates
bias for helical states and thus might predict a helical topology
independent of the sequence. This in fact is not the case. First of
all, the template contribution to the energy of the folded state is
small, being typically less than 10 % of the native folded energy.
It only contributes in the late stages of folding after topology
assembly and secondary structure formation has occurred and
acts to reduce the entropy of the side chains to produce a subset
of protein-like patterns. Second, the fraction of residues in B
proteins and o/ proteins that are involved in templates de-
scribed by equation 5 is 27 %, whereas 34 % of residues in helical
proteins participate. This might indicate a slight bias towards
helical proteins, but the average number of template interactions
per residue in B proteins is 2.3 versus 2.2 for helical proteins.
Furthermore, the same interaction set which folded protein A
and mROP can bring structures of the B protein plastocyanin,
having a very loosely defined native topology and a Ca rms de-
viation from native of 11.0 A, to structures whose rms deviations
from native are below 4.0 A. A similar experiment when applied
to the o/p protein flavodoxin yields comparable results. When
flavodoxin is folded from the denatured state, a mixed motif
structure is predicted; however, there are errors at the level of
the arrangement of the supersecondary elements. This indicates
that either the simulations are not long enough, the interaction
scheme requires improvement or that both conditions hold.

Perhaps, the most compelling evidence against the argument
that there is a strong bias for the folding of helical proteins is
provided by a series of de novo simulations on the folding of
the minimal o/p protein crambin. This is a 46 residue protein
whose native fold is composed of a small helical hairpin and
three extended chains arranged into an antiparallel B sheet. It
also contains three pairs of disulfide crosslinks which make the
native conformation extremely stable. Starting from the unfolded
state with no information whatsoever provided to the algorithm
about the identity or number of crosslinks, and using the same

parameter set as applied to protein A and mROP, the average
coordinate rms deviation of the backbone Cas is 3.6 A from the
set of corresponding atoms in the crystal structure. Furthermore,
all disulfide bonds are correctly predicted. Thus, this strongly
argues against the conjecture that our results for protein A and
mROP arise from the use of a biased potential that can only
generate helical bundles.

The refinement procedure

Once the sequence is folded on lattice, the resulting lattice con-
formation is relaxed using an off lattice Monte Carlo procedure
that regularizes the Ca virtual bond lengths by permitting small
local displacements of the a-carbons. Then, an analytic proce-
dure reconstructs all the backbone heavy atoms as well as the
B-carbons [30). The side chains beyond CPB are built using a
heavy atom rotamer library. A genetic algorithm is used that pe-
nalizes heavy atom overlaps and favors side chains with centers
of mass close to those obtained from the model on the fine
lattice. Alternatively, an expanded chain conformation can be
built. In both cases, the refined, fine lattice structure provides
a set of side-chain-side-chain contacts (weighted by their im-
portance and the mean distance between centers of mass) and
secondary structure predictions that serve as input target func-
tions for molecular dynamics simulations using the CHARMM
[25] or AMBER [26] force fields. Several cycles of molecular
dynamics refinement are carried out using protocols similar to
those employed in the refinement of NMR structures [35]). The
refined all atom structures are constructed from averages over
these trials.

To test the validity of this approach, a set of analogous
constraints was extracted from the experimentally determined
structure of the B domain of staphylococcal protein A [21]. This
60 residue protein contains well-defined secondary structure be-
tween residues 10-55. Use of the MD refinement procedure pro-
duced a structure that has a 1.38 A backbone heavy atom rms
deviation from the solution structure. Furthermore, the family of
structures generated from the refinement are reasonably unique
with an average ms deviation,of 0.95 A from one another.
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