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Abstract

An automatic procedure is proposed for adding side chains to a protein backbone; it is based on optimization of a
simplified energy function for peptide side chains, given its backbone and positions of side-chain centroids. The
energy is expressed as a sum of the energies of interaction between side chains, and a harmonic penalty function
accounting for the preservation of the positions of tite C atoms and the side-chain centroids. The energy of side-
chain interactions is calculated with the soft-sphere EGBPpotential. A Monte Carlo search is carried out to
explore all possible side-chain orientations within a fixed backbone and side-chain centroid positions. The initial,
usually extended, side-chain conformations are taken directly from the EGERfabase. The procedure was tested
on six experimentakX-ray or NMR) structures: immunoglobulin binding proteifPDB code 1IGD, ana+B-
protein); transcription factor PML(PDB code 1BOR, a 49-104 fragment of the ring finger domain, predominantly
B-protein); bovine pancreatic trypsin inhibitdicrystal form 1) (PDB code 1BPI, am + B-protein; the monomer of
human deoxyhemoglobifPDB code 1BZ0, ana-helical structurgg chain A of alcohol dehydrogenase from
Drosophila lebanonensis (PDB code 1A4U); as well as on the 10-55 portion of the B domain of staphylococcal
protein A(PDB code 1BDD. In all cases except 1BPI, the data for the algorittim. the backbone orC coordinates
and the positions of side-chain centrdidsere taken from the experimental structures. For protein A, the C
coordinates and positions of side-chain centroids were also taken from the 1.9-A-resolution model predicted by the
UNRES force field. In all comparisons with experimental structuresiplere side-chain geometry was reconstructed
with a root-mean-squar@RMS) deviation of approximately 0.6—0.9 A from the heavy atoms when complete backbone
and side-chain-centroid coordinates were used in reconstruction, or approximate°ly 1.0 A when the C and centroid
coordinates were used.
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1. Introduction
In a hierarchical approacii—13 to predicting

protein structure, the polypeptide chain is initially
treated as a united-residd& NRES) model, and

its conformational space is searched with a con-

formational space annealing method. This
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ilies of side-chain conformations have been pub-
lished[16,18,33,3% The use of this type of library

dramatically decreases the dimensions of the prob-
lem. The second strategy was to significantly
reduce the computing time by searching for an
approximate solution using a simulated annealing
protocol [15,22,35,36 a Monte Carlo procedure

approach provides low-resolution protein structures [15,23,3%, a genetic algorithn{16], a clustering

with the backbone expressed in terms wofcar-

approach in which only parts of the proteins are

bons, and the side chains treated as ellipsoids withhandled systematically15,22,35,38 a so-called

defined centroids rather than at atomic resolution.
After the region of the global minimum of the
UNRES force field is identified, the whole chain
is converted to an all-atom model, and the global
optimization procedure is continued. We have

already developed a method to reconstruct an all-

atom backbone from its € -tradd.3,14; in this

dead-end elimination method [17,20,37, or a
mean-field theory[19]. Roitberg and Elbef3§]
used a combination of the locally enhanced sam-
pling (LES) [39-4] and simulated annealing
methods in side-chain placement.

The basic idea of the method presented here is
to attach a side chain to each* C -atom of the

paper, we present a fully automatic energy-based known backbone using a simplified force-field and

procedure to convert the side-chain centroids from
the UNRES results to atomic coordinaigsgth an
optimal set of dihedral angleg) attached to the
all-atom backbone.

a Monte Carlo[35] method, with preservation of

the positions of the side-chain centroids from the
UNRES models. The UNRES representation of
polypeptide chains uses united side chains as

Many attempts have been made to reconstructinteracting sites separated from the-carbons

an all-atom polypeptide chain with a focus on
adding side chains, either for a known backbone
[15-24, or for a model with a known backbone,
constructed either from a °C -track1,23, the
side-chain centroid$24], or by sequence homol-
ogy [25—-3(. The problem in predicting side-chain

[2,3]. Their orientation with respect to the back-
bone is a result of structure determinatitas is
the a-carbon tracg It is therefore justifiable to
preserve centroid positions from UNRES simula-
tions when reconstructing a full-atom chain. Most
of the existing approaches do not use the positions

conformations is a combinatorial one. A systematic of the centroids as input data, because they assume
search of all possible side-chain orientations for that only the backbone coordinates are available
even a small protein is a challenging task for (this is the case for the structure produced by
today’s computers. Two different approaches have homology modeling and for most of the threading
been used to accomplish this computational task. approaches A method that makes use of centroid
The first strategy was to reduce the dimensions of positions was designed by the Skolnick and Kolin-

the problem by incorporating as much empirical
information as possible in the computational pro-
cedure. For example, in homology modeling, the
conformations of the side chains are copied from
a template and the full structure is optimized
[25,26,31,32 However, there are some cases in
which identical residues in homologous proteins
adopt different conformation82]. Another obser-

vation used in adding side chains is that confor-
mations can be grouped into sets having similar
values of torsional angleg. Thus, families of

ski group[24] to reconstruct all-atom side chains
from structures produced using their SICHO model
[42—-44, in which centroid positions are available.
However, this method makes use of rotamer librar-
ies constructed from the PDB database. Because
our goal is to predict protein structure without
explicit use of information from structural data-
bases, we report a different approach in this paper.
As in our previous worK1,13, we assume that,

for a given C -trace, the problem of reconstruction
of an all-atom chain from a united-residue chain,

rotamers have been categorized and described.as in the case of UNRES, can be separated into

Very complete libraries of naturally occurring fam-

two discrete tasks(i) reconstruction of the all-
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Fig. 1. The UNRES model of polypeptide chains. The inter-
action sites are side-chain ellipsoids of different si&€) and
peptide-bond center) indicated by shaded circles, whereas
the a-carbon atoms(small empty circles) are introduced to
define the backbone-local interaction sites and to assist in
defining the geometry. The virtual"C —=C bonds have a fixed
length of 3.8 A, corresponding to @ans peptide group; the
virtual-bond (8) and dihedral(y) angles are variable. Each
side chain is attached to the correspondingarbon with a
different but fixed ‘bond length’psc, variable ‘bond angle’,
asc, formed by SG and the bisector of the angle defined by
C 4, C and C 4, and with a variable ‘dihedral anglp'sc

of counterclockwise rotation about the bisector, starting from
the right side of theCy ;, G G, frame.

atom backbone an@i) reconstruction of the side-
chain geometry for a given backbone. This is
justified by the observation that the backbone
geometry of well-defined secondary-structure ele-
ments(a-helices,B-sheets3-turns, etc) does not
vary significantly with the type of amino-acid
residue.

2. Methods
2.1. The UNRES model of polypeptide chains

The UNRES model of polypeptide chaihs—
12] provides information about the geometry of a
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the orientation is not fixed and depends on two
anglesa and 3, which are indicated in Fig. 1. A
local potential is imposed on these angles, which
was determined by fitting the distribution of cen-
troid orientations from the PDB using the maxi-
mum-likelihood principle. This potential depends
on residue type, and its minima in tke,3)-space
correspond to centroid orientations of well-defined
side-chain rotamer¢3]. The C* —side-chain dis-
tances were determined from the PDB as mean
distances between the geometric centers of the
heavy atoms of the side chains and thearbons

to which they are attachel8]; we found that the
variation of the C —SC distance is statistically
insignificant for a given residue typEs]. As far

as long-range interactions are concerned, the side
chains are considered as ellipsoids of revolution,
the rotation axis being the ®C —SC axig]. We
use a modified Gay—Berne anisotropic potential to
compute the side-chain interaction ened@. It
should be noted that ellipsoid anisotropies, which
are parameters of this potential, are anisotropies of
van der Waals-like interactions, and therefore have
no direct relation to the components of the
moments of inertia of the side chains calculated
from the coordinates and masses of the constituent
atoms. For a detailed description of the UNRES
model and energy function, the reader is referred
to the original paper$l—19.

2.2. Formulation of the problem

Having already developed a procedure to com-
pute the all-atom backbori@4] from the UNRES
model, we focus here on producing an algorithm
that combines this backbone treatment with a
method to add side chains to the known backbone.
The method is based on two principlés) devia-
tion of the added side chains from the positions of
the centroids of the parent UNRES model should
be as low as possible; ar(@) overlaps between
the atoms of side chains, as well as between those

Ce-trace and the positions of side-chain centroids of side chains and the backbone are avoided.
(S0, separately defined for each residue as the Because the side chains are ellipsoids of revolution
averaged position over all side-chain heavy atoms in the UNRES model(i.e. their interactions are

and the C -aton(see Fig. ). The distance of a
centroid from thex-carbon to which it is attached
is fixed and depends on the residue tyBE while

averaged over the rotation about the C —SC axes
and the anisotropies of their interaction potential
are fixed, UNRES models provide no additional



264 R. Kazmierkiewicz et al. / Biophysical Chemistry 100 (2003) 261-280

information about side-chain geometry, except for
the location of their centroids.

The above formulation leads directly to the
minimization of a target function comprising the
centroid-deviation-penalty and overlap-penalty
terms (see Section 2} In addition to variations
in the x torsional angles, the side chains are
allowed to move with respect to the backbone,
with restrictions imposed by an energy penalty Fig. 2. Schematic representation of the protein backbone. The
function, which is described later in this section. vectors associated with the*C -N) and C —C(v) bonds are
We found that this results in quicker removal of depicted.
overlaps, compared to allowing only internal side-
chain rotations. To be consistent with the UNRES
definition of the centroid and to allow freedom in
moving the side chain, we introduce a virtual
dummy C-atom, which is attached to thée® C -
atom of the moving side chain. We calculate the
actual position of the side-chain centroid using the
defined dummy € -atom, and treat the redl C -
atom only as the point in space to which to attach Y41+ Yuz+2us=c,
the side chain. The ECEPB databasé¢45] serves
as the source of the starting conformations of the X1 yv2tzvs=c>
side chains. We adopt the rigid-body ECERBP
approximation, and allow only rotations about x*+y*+z°=1 (D
bonds, as in the ECERB algorithm. The side-
chain models in the ECERB database are usually wherex,y,z are the components of the unit vector

base, should maintain the proper three-dimensional
structure of the fragment in Fig. 2 for each added
side chain. These dot products, divided by the
length of the € —€ bonéto provide a unit vector
parallel to the € —€ bond are denoted as, and

¢, in the system of Eq(1):

in the extended conformation. parallel to the € —€ bond, anu,,u,,u;) and
(v1,05,03) are the components of the vectarsaind
2.3. Conservation of the C* configuration v, respectively. The first equation corresponds to

the dot product of the vectors*C —N and¢ C &C
The orientation of the € € bond in the the second to the dot product of the vectors C —
configuration can be analytically calculated direct- C' and C' —C , and the third equation is the square
ly from the geometry of the protein backbone. To of the norm of the unit vector parallel to the
accomplish this, we consider two sets of backbone C*~C* bond. From the first two equations of the
coordinates. The first is directly obtained from the system Eq(1) we obtain:
original all-atom backbone derived from UNRES

[14]; the second is taken from the ECERP  z=(c;—uxy—uy)/us (2
database. A schematic representation of the protein
backbone together with the attached C atom is y=A+Bx 3)

presented in Fig. 2.

Although the residue geometry from the \yhere
ECEPR'3 database includes a full-atom structure
of the single residue, at this stage we need infor-
mation only about the relative orientation of the A=
backbone atoms and the*C -atom. We assume that ~ “2/3™ V2!s
the dot product of the vectors*C —N and C &C ,
as well as the dot product of the vectors C'-C p_ Ya#s—U1¥s (5)
and C —-C calculated from the ECEP® data- U3~ U3

CiUz—Clig (4)
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Fig. 3. lllustration of the definition of the torsional angle C—
N-C*—C*, which enables us to distinguish between the solu-
tion of the system of Eq(1) corresponding ta- andb-amino
acid configurations.

Substituting equations Eq92)—(5) into the
third equation of the system E¢l), we obtain:

(Cll+azB+a4Bz)x2
+(a2A+a3+2a4AB+asB)x+a442+c154
+a6
=0 (6)

where a;=1+u3/u3, a,=2uujjud, a+&=-—

2cuq/ud a,=1+u%u% a =—2c y ju%anda &
c3/u3—1. Finally, the quadratic equation E¢6)
can be solved analytically. There are two solutions
of the system of Eq(1). The first corresponds to
the direction of the € —€ vector in arramino
acid residue, and the second corresponds to its
direction in ap-amino acid residue. To distinguish
between the two possible solutions, we examined
the torsional angle between the four atonis 8-
C*—C®, illustrated in Fig. 3.

For all L-amino acid residues in the ECEPP
database, this angle is approximateli120’; for
a p-amino acid residue with an ‘ideal’ 3p °C
atom, it would have a value of about120C.

2.4. Target (pseudo-energy) function

In addition to the correct assignment of the C -
configuration, there are two other problems in
adding the side chains properly to the known
protein backbone. The first is to avoid the repul-
sion between closely located atoms. The second is
the multitude of possible side-chain orientations.
This is the reason why the final structure is not
unique. Our goal is not to find the unique solution,
but to obtain the lowest possible deviation of the
centroids of the added side chains from the given
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starting set of centroids. The orientation of the
side chain is determined by the direction of the
C*—C® vector and the set ¢fy,x2...,x, torsional
angles, wheren is the number of bonds about
which rotation can take place in the side chain of
the single residue. In this work, we use the
torsional angley numbers, which conform to the
IUPAC-IUB convention[46€].

The significant force driving the side chains to
accommodate to a particular conformation is repul-
sion. To describe the repulsion between two atoms
i andj, we use the soft-sphere potential energy
function similar to one from the ECEFB force
field [47]:

(d;—d°* if d;<d°

(7

Erep;ij = Wrep

0 otherwise

In this work we assumea,,,=6.5x10° and
d°=3.5 A. We found that it is sufficient to choose
one arbitrary value of°=3.5 A for all interacting
atom pairs(using a smaller value of 3.0 A or
altering it depending on the atom type did not
change the results As interacting atoms, we
consider only the non-hydrogen atoms separated
by at least three bonds. For rotations, we use the
bonds defined in the ECEFPB database. Because
hydrogens are not considered, we ignore the rota-
tions of the methyl, hydroxyl and amino groups.
We also omit the rotations inside the guanidino
group of arginine residues. Since we do not use
torsional potentials, it is more realistic to fix the
internal geometry of the guanidino group. As
mentioned in Section 2.2, in our model the side
chains are allowed to move with some restrictions.
The most important is that the distance between
the dummy C -atom and the realC -atom should
be as small as possible, and should be zero at the
end of the procedure. This can be expressed in
mathematical form as the penalty function defined

by:

E €©)]

The subscriptk denotes the number of the
residue and, at the same time, the number of the
centroid; dc..qummy o IS the distance between the

— 2
penaltyCe;k — Wpenaltyx d C,dummy Gk
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dummy C -atom and the real*C -atom. Except for  In Eq. (10), the first summation extends over
the restrictions mentioned above, the side chain all interacting atom pairéincluding the atom pairs
has the same number of degrees of freedom as inwithin the same side chainand the second and

the ECEPP3 force field. In order to preserve the
positions of the side-chain centroids of UNRES,
we added the penalty function defined by:

— 2
Epenaltycentroidk - Wpenalty>< d centroidJNRESk (9)

The value ofdgenyoid.unres: IN EQ. (9) denotes
the distance between the actual position of the
centroid and the position of the centroid defined
by UNRES. We have chosen the same arbitrary
value of wpenay=2.0 for both penalty functions,
as determined by numerical experiments in which
we tried various values 0bpenar, to determine the

optimal one that leads to fastest convergence. The

actual position of a side-chain centroid changes
whenever any part of the all-atom side chain is
rotated or the side chain is moved. Since the
repulsion energyt,.,,;, has a non-zero value only
for distances smaller thadf, we used an arbitrary
‘centroid’ based cut-off value of 7.0 A for all
interactions. This means that we consider two
residues as non-interacting if their UNRES cen-
troids are outside the cut-off range. We found the
cut-off of 7.0 A to be sufficient. Clearly, there
might be cases of prolate side chaife.g. two
lysine side chainscontacting head-to-head, where
use of this cut-off value between centroids would
result in apparently overlapping atoms. However,
such prolate side chains are hydrophilic and their

head-to-head contacts are rare, because they usu-

ally occur on the surface of the globule with side-
to-side contacts. At least in the examples
considered, we did not find the 7.0-A cut-off to

be too low. The matrix of distances between the
centroids of the side chains is calculated only once
at the beginning of the program, because the
centroids are restricted to the positions in the

parent structure. As a consequence of this approx-

imation, the execution time of the program is
reduced. Finally, the total energy of interaction is
expressed by:

n—1 n nres
E= Z Z Erep;t ZEpenaltyCﬂ;k
i=lj=i+1 k=1
nres

+ Z Epenaltycentroidk
k=1

(10

the third sums are defined over the number of
residues.

2.5. Rotations

We use quaternions for representation of rota-
tions about arbitrary axes in three-dimensional
space. They are an ordered set of four numbers:
one real and three imaginary components. Quater-
nion operators can rotate vectors about a given
axis [48]. The rotation matrixR is defined in
terms of the quaternion parameters by the follow-
ing expression:

R=(q5+qi—q5—q3 2(quztaa3 2q94¢sq46})

2919>—999 TtaF7 a5 9% 29493946 )

2q49594) 9ota’sa*ra*
(12

2(q193+q072)

where g0, g1, g, and g5 are the components of a
unit quaternion:

go=C0g6/2)
(12

q;=p:sin(6/2) for i=1,2,3

The p, values fori=1,2,3 are the components
of the unit vector parallel to the bond chosen for
the rotation, and6é is the rotation angle. The
guaternion componentg, g, ¢, andgq s fulfill the

condition:

(13

The use of quaternions simplified the description
of the rotation and assured relatively fast
calculations.
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2.6. Procedure

We use Monte Carlo optimization to minimize
the target function given by Eq10). The proce-
dure is equivalent to the Metropolis meth¢gb]
with zero temperature, i.e. we accept a new con-
formation only if the target function is lowered.
We split the optimization into two subtaské)
generating a conformation compatible with cen-
troid positions in the parent structure, which is
equivalent to considering only the geometric pen-
alties[i.e. E., is omitted from Eq.(10)]; and (i)
full minimization of both the geometric and over-
lap penalties. In task(i), each side chain is

the coordinates of each atom of the selected
side chain. Either choice is randomly chosen.

. Calculate the pseudo-enerd¥,) of the per-

turbed configuration.

7.If E,<E, accept the new configuration and

replace E, with E,, otherwise reject the new
configuration.

. Iterate steps 5-7 until the energy no longer

decreases or a pre-defined maximum number of
steps(usually 10 000 has been tried.

This procedure converges very quicklgin

1000—3000 MC steps per side chaiand takes a
few seconds, even for large proteins. It usually
produces zero differences from target centroids;

independently optimized, because changing coor- exceptions are residues with valence geometry
dinates of a given side chain affects only its significantly different from the ideal ECEPP
geometry, leaving the geometry of the other side geometry.

chains unchanged.
The procedures to carry out taskid and (ii)
are summarized below.

2.6.1. Generating a configuration compatible with
centroid positions in the parent structure

1. Read the coordinates of the backbone, and add

side chains in the extended conformation from
the ECEPP3 database. Compute the ECERP

side-chain centroid from the extended confor- 3-

mation. Define the translation vectofrom the
ECEPR3 centroid to the UNRES centroid.
Move the side chain to the position of the
UNRES centroid by adding the coordinates of
the translation vectot to the coordinates of
each atom of the side chain.

2. Orient all side chains in the-configuration
using the procedure described in Section 2.3.

3. For each consecutive side chain perform steps5

4-8.
4. For a given side chairt, calculate the initial
geometric penalty function(pseudo-energy

E,, (i.e. the sum  Epenaiycer
inEpenanycemmidk) corresponding to this side
chain.

5. Perturb either a selected torsional angleby
adding a random incrementy, whereAx na=
w/3, or move the side chain by adding the
coordinates of a random translation vecsoio

2.6.2. Minimization of overlaps and geometric
penalties
1. Calculate the total energy of the structure gen-

erated by the procedure for generating a confor-
mation compatible with the centroid positions
in the parent structurésee abovke

2. Calculate the energy difference between the new

and the old structure using E€LO).

Choose the side chain with the highest energy,
and select one of its torsional angles at
random.

4. Define a random translation vectsrof length

0.05 A. Either change the selected torsional
angle x; by adding a random incrememty,
where Axma= /3, or move the side chain by
adding the coordinates of vectsrto the coor-
dinates of each atom of the selected side chain.
Either choice is randomly chosen.

Calculate the difference between the energies of
the unperturbed and perturbed configurations,
AE.

. Accept the new value of; or the new coordi-

nates of the moved side chain AE <0. Oth-
erwise restore the old values of the side-chain
coordinates.

. Iterate steps 2—6 until the energy no longer

decreases, or a pre-defined maximum number
of steps has been tried. The maximum number
of steps depends on the protein size and equals
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30000 for proteins with size less than 100
amino acid residues, and 100 000 for larger
proteins.

3. Results and discussion

R. Kazmierkiewicz et al. / Biophysical Chemistry 100 (2003) 261-280

coordinates from the experimental structure were
used, while in the second run®C coordinates were
used and, consequently, the backbone was recon-
structed using our dipole-path methfk8,14. The
backbone of the UNRES model of protein A was
reconstructed from the°C -trace by our dipole-path

As tests of this procedure, side-chain positions method[13,14. To add side chains to the model
were predicted, based on the correct backbone of the backbone of protein A, we used the positions

atoms, for which coordinates were taken from the
PDB files: 1I1GD [49], 1BPI [50], 1BOR [51],
1BZ0 [52], 1A4U [53]. We also calculated the
orientations of the side chains in the model of
protein A for which the C -trace and set of
centroids were predicted by the UNRES force
field. We applied the method to this set of six
proteins ranging in size from 46 to 254 residues.
These proteins were chosen for their different
numbers of residues; three of thethlGD, 1BPI,
1BOR) have similar size, but adopt diverse folds.

In the following subsections, we present six test
cases: the 61-residue immunoglobulin binding pro-
tein (an o+ B-protein; PDB code 11G049)); the
56-residue transcription factor PML(a 49-104
fragment of the acute promyelocytic leukemia
proto-oncoprotein PML, which binds two Zn ions;
a predominanth-protein; PDB code 1BOK51]);
the 58-residue bovine pancreatic trypsin inhibitor
(crystal form 1)) (a protein which has almost the
same amount ofx-helix and B-sheet, also with
some loop regions; PDB code 1BM5Q]); the
141-residue monomefchain A) taken from the
structure of human deoxyhemoglobiwith an «-
helical structure; PDB code 1BZ[52]); and the
254-residue alcohol dehydrogenase frdwoso-
philia lebanonensis (chain A) (an o/B-protein;
PDB code 1A4U [53]). We also applied the
method to the model of protein A for which the
Ce-trace was predicted by the UNRES force field.
Protein A is a threex-helix bundle for which the
NMR structure was determined by Gouda et al.
[54].

We used the experimentdlX-ray or NMR)

of the centroids provided by UNRES. For compar-
ison, the backbone and side-chain centroids from
the NMR structure were also used.

3.1. Immunoglobin-binding protein (an «/f
protein)

The structure of 1IGD contains a four-stranded
B-sheet(formed from the N- and the C-terminal
parts of the protein packed against amx-helix
formed by residues AR —A$p . The superposi-
tion of the side chains from the crystal structure
and the side chains resulting from the reconstruc-
tion are presented in Fig. 4.

The RMS deviation over all side-chains heavy
atoms is 0.62 A. Such RMSD values are typically
obtained when fitting crystal structures to rigid
ECEPR'3 geometry[13]. The RMSD values of
the heavy atoms of reconstructed side chains from
the crystal structure of 11GD are presented in Fig.
5. Most of them, except for that of L5 are of
the order of 1.0 A or lower. Larger deviation for
Lys®# is understandable, because the corresponding
side chain is large, and fixing its side-chain cen-
troid does not provide sufficient constraints to
position the side chain. It should also be noted
that, apart from side chains with mary angles,
given the positions of side-chain centroids it is
also impossible to fix the coordinates of such side
chains as Phe, Tyr, His, Asp, Asn, Glu and GIn,
in which cases the rotation about thé¢ C-C or
C"—C® bond virtually does not change the position
of a centroid. In fact, after the first stage of our
procedure, which optimizes only the geometric-

structures of the backbones and side chains of five penalty function, the phenyl rings and other sym-
proteins. The positions of the side-chain centroids metric or nearly symmetric groups were usually

were directly calculated by averaging the positions
of all side-chain heavy atoms and the position of
the C*-atom in the X-ray structures. For each
protein, we performed two runs of the reconstruc-
tion procedure. In the first run, complete backbone

rotated differently than in the crystal structure. In
Fig. 4, which shows the result of the application
of the complete procedure, these groups, however,
are nearly superimposed on their experimental
counterparts; this is a result of optimizing the
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Fig. 4. Stereoview of the superposition of the side chains of the X-ray structure of (A Drhick lines) on the structure resulting
from the application of our procedure to the experimental backbone and centroid coordinatésies). The RMSD for the side-
chain heavy atoms is O. 62 A. Amino acid residue numbering is provided.

overlaps. The values of zero on the RMSD plot earlier for all-atom-backbone reconstructiiv]

are usually an indication of the positions of Gly to reconstruct the all-atom chain from*C and

residues in the protein sequence. centroid coordinates. The results are summarized
The RMSD of the positions of the centroids of in Table 1. As shown, in this case the RMSD over

the reconstructed structure from those of the exper- side-chain heavy atoms is 0. 95 A and the percent-

imental structure is 0.18 ATable 1. This indi- age of correctly predicteg angles is 52.5%. The

cates that the original positions of the centroids percentages of correctly predicted or x:+ x>

are well conserved. We calculated the coordinatesangles are 64.0 and 59.3%, respectively. These

of the side-chain centroids separately for each values are lower than the values obtained by Feig

residue as the averaged positions over all side- et al.[24] using their conversion method to recon-

chain heavy atoms and the*C -atom. The devia- struct side-chain coordinates from centroid and

tions result from the fact that the valence geometry C* positions; it should be noted, however, that

of the experimental polypeptide chain is different those authors reported results averaged over struc-

from the ECEPP3 ideal valence geometry. tures of various size and, moreover, in contrast to
We also calculated the differences between the their work, we do not use any rotamer libraries in

experimental and predictedtorsional angles. The reconstruction.

RMSD over ally angles is 46.8(Table 1. The

percentages of correctly predictgd and x1+ x> 3.2. Transcription factor PML

angles(these are commonly used measures when

assessing the quality of methods for side-chain  This is ap-protein with two short helical frag-

rebuilding are 84.0 and 76.9%, respectively. ments: Gld* —Met® , a right-handed-helix and
We also tested the capability of the method Ala**-Prg*®, a right-handed,3 helix; PDB code

developed in this work and the method developed 1BOR [51]. The superposition of the side chains
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Fig. 5. Plot of the RMSD values between the heavy atoms of the experimental side chains of4B|GInd those reconstructed
by our procedure from experimental backbone and centroid coordisaiés line), and C and centroid coordinatédashed line)
against the residue number. The overall RMSD values are 0.62 and 0.95 A, respectively.

from the NMR structure and the side chains CH(CHs), group of Led; therefore, their rotation
resulting from the reconstruction are presented in by 180 results in a distinguishable configuration.
Fig. 6. It should be noted that 1BOR is an NMR structure
The RMS deviation over all side-chains heavy in which many leucine residues have side chains
atoms is 0.81° A(Table D: it is worth noting that in unlikely conformations, which might contribute
this value is in the same range as that of 1IGD. to the difference in the reconstructed leucine side
The RMSD values between the predicted and chains from the experimental counterparts.
experimental positions of side-chain heavy atoms As in the case of 1lIGD, worse results are
for individual side chains are shown in Fig. 7. The obtained when reconstructing the all-atom chain
percentages of correctly predicted angles are from C* and side-chain-centroid coordinates
74.0% for all angles, 87.2% for the, angles and  (Table D.
82.9% for x,+x. angles. The highest RMSD
values occur for residues GIn, Leu, Gin , 3.3. Bovine pancreatic trypsin inhibitor
Lew?t, Lew??, His®® and Led® . It can be observed
(Fig. 6) that, in all these cases, the branched This protein has almost the same amounuef
groups of these side chains are rotated by°180 helix and B-sheet, as well as some loop regions.
with respect to the experimental structure, which The superposition of the side chains from the
leaves the positions of the centroids virtually crystal structure and the side chains resulting from
unchanged and also results in the same overlaps.the reconstruction is presented in Fig. 8.
because the branched groups either contain diffe- The RMS deviation over all side-chain heavy
ent atoms at their endd€® and N for GIn, or C atoms is 0.67 A while that over all centroid
and N for Hi9 or are non-planafthe terminal — positions is 0.14 “A. The RMSD values of the
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Table 1

RMS deviations for all side-chain heavy atoms, theorsional angles and side-chain centroids between the reconstructed and
experimental structures, as well as the percentages of correctly pregittesional angles of the six proteins tested

Protein nres RMS RMS, RMS, RMS, , RMS, , %x %x 1 %X 12 Time

PDB code (A) (A) ) ) ) (%) (%) (%) (min)

1BDD(bb,cen® 0.90 0.16 63.6 27.7 52.9 60.6 85.0 68.8 37
1BDD(C®,cen® 46 0.94 0.34 61.3 30.0 49.4 59.6 85.0 68.8 39
1BDD(UNRESF® 4.09 3.71 78.6 76.2 70.6 37.2 42.5 42.8 39
11GD(bb,cen® 61 0.62 0.18 46.8 28.5 39.5 73.3 84.0 76.9 39
1IGD(C*,cen® 0.95 0.25 64.1 49.3 54.5 52.5 64.0 59.3 42
1BPI(bb,cen® 58 0.67 0.22 52.8 321 46.5 72.4 84.8 77.8 39
1BPI(C,cen® 1.00 0.50 59.9 47.2 58.1 62.9 717 66.7 41
1BOR(bb,cen® 56 0.81 0.14 57.5 255 50.0 74.0 87.2 82.9 32
1BOR(C*,cen® 1.07 0.48 63.5 50.2 58.7 58.0 74.5 64.6 35
1BZ0(bb,cen® 141 0.69 0.14 45.0 20.3 36.9 77.5 93.8 82.8 43
1BZ0(C*,cen® 0.88 0.33 54.0 36.4 45.4 67.0 80.5 71.8 59
1A4U(bb,cen® 254 0.69 0.13 48.9 221 423 75.3 93.0 80.1 63
1A4U(C*,cen® 0.90 0.34 56.8 36.9 51.0 64.0 81.0 69.5 120

nres, the number of residues; RMS, the overall side-chain RMSD between the reconstructed and experimental strugture; RMS ,
the RMSD between side-chain centroids of the reconstructed and experimental structuge; RMS , the RMSD between the experimental
and reconstructeg torsional angles; RMg , computed only over thetorsional angles; RMg, , computed only over theand
X torsional angles; %, the percentage of correctly predictgdtorsional angles, defined as the percentage édrsional angles
that deviate by less than 4@om those of the experimental structurex% computed only over theg, torsional angles; %;.
computed only over thg, andx, torsional angles; time, time necessary to perform the conversion, which is equal to the time for
performing side-chain reconstruction for tkleb,cen entries, the sum of the times for backbone reconstruction using the dipole-
path method 13,14 and side-chain reconstruction for th€~,cen and the(UNRES) entries, respectively.

a(bb,cen: reconstructed from experimental backbone and centroids.

b (Cx,cen: reconstructed from experimentatC coordinates and centroids.

¢ UNRES: reconstructed from the UNRES model.

Fig. 6. Stereoview of the superposition of the side chains of the NMR structure of I8QRehick lines) on the structure resulting

from the application of our procedur@hin lines). The RMSD for the side-chain heavy atoms is 0.81 A. Amino acid residue
numbering is provided.
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Fig. 7. Plot of the RMSD values between the side-chain heavy atoms predicted by our procedure and those taken from the NMR
structure of 1BOR51] against the residue number.

positions of side-chain heavy atoms of the recon- struction from complete backbone coordinates,
structed structure from those of the crystal structure these measures are comparable with values
are presented in Fig. 9. The highest deviations obtained for smaller proteins, which shows that
occur for Arg? and Ar§® , for which the, angles the method is convergent. It is also interesting to
differ by approximately 180from the experimen-  note that, for reconstruction from the*C and
tal values, while the othey angles have opposite centroid coordinates, the percentages of predicted
sign. This results in a nearly mirror-image config- x angles have appreciably increased compared to
uration of a side chain with the same centroid those obtained for smaller proteif$able 1, and
position and comparable overlaps with the neigh- approach the values reported in the work of Feig

boring atoms. et al. [24] using their method of reconstructing all-
atom chains from € and centroid coordinates.
3.4. Larger proteins The superpositions of the side chains from the

crystal structure and the side chains resulting from
We also tested the ability of our method to add the reconstruction, along with the RMSD values

side chains to longer backbones within a reasona-for side-chain heavy atoms from the experimental
ble time. The selected proteins were: chain A of structures, are presented in Figs. 10 and 12 for
human deoxyhemoglobin, PDB code 1BZ62]; 1BZ0 and in Figs. 11 and 13 for 1A4U,
and chain A of the alcohol dehydrogenase from respectively.
Drosophilia lebanonensis, PDB code 1A4U[53].
The RMSD values over side-chain heavy atoms, 3.5. Protein A
centroid positions andy angles, as well as the
percentage of correctly predicteg angles are Protein A [54] is a threea-helix bundle. It
shown in Table 1. As can be observed, for recon- served as a convenient test case protein for UNRES
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numbering is provided.
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Fig. 9. Plot of the RMSD values between the side-chain heavy atoms reconstructed by our procedure from experimental backbone
and centroid coordinates and those taken from the X-ray structure of [BBP&gainst the residue number.
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Fig. 10. Stereoview of the superposition of the side chains of the X-ray structure of [BBFQhick lines) on the structure resulting
from the application of our procedur@hin lines). The RMSD for the side-chain heavy atoms is 0.69 A. Amino acid residue
numbering is provided.

2-5 T T T T T T T

15 F 1 n i

rmsd [A]

0.5

0 i 1y 1 [ 1T - !
20 40 60 80 100 120 140
residue number

Fig. 11. Plot of the RMSD values between the side-chain heavy atoms reconstructed by our procedure from experimental backbone
and centroid coordinates and those taken from the X-ray structure of IEBZ@gainst the residue number.
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Fig. 12. Stereoview of the superposition of the side chains of the X-ray structure of [} (hick lines) on the structure resulting
from the application of our procedur@hin lines). The RMSD for the side-chain heavy atoms is 0.69 A. Amino acid residue
numbering is provided.
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Fig. 13. Plot of the RMSD values between the side-chain heavy atoms reconstructed by our procedure from experimental backbone
and centroid coordinates and those taken from the X-ray structure of IB83lhgainst the residue number.
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Fig. 14. Stereoview of the superposition of the side chains of the NMR structure of protgd] Arhick lines) on the structure
resulting from the application of our procedure to tife C and centroid coordinates of a 1.96-A-resolution UNRE&/motiets).

The RMSD for the side-chain heavy atoms is 409 A. Amino acid residue numbering is provided for both the experimental structure
and the UNRES model.

force-field simulations[11], and the RMS devia- We also tried to reconstruct the side chains of
tion of the C trace predicted by the UNRES force protein A using the NMR backbone and side-chain
field from the NMR structure was 1.96 A. For the centroids and NMR € coordinates and side-chain
backbone reconstruction, we used a recently centroids. The results are summarized in Table 1,
improved version[14] of the dipole-path method and the side-chain RMSD is plotted in Fig. 15. It
[13,14. The overall RMSD of the side-chain can be observed that the results are of the same
heavy atoms from the NMR structure is 4.09 A quality as for other proteins.

and the percentage of correctly predictgdtor- We also examined the RMS deviations over all
sional angles is 37.2%Table 1. This unfavorable ~ C*—C® pairs for each protein tested. Their values
result arises from the fact that centroid positions vary between 0.04 and 0.13 A, which indirectly
are poorly reproduced in the UNRES model; the confirms that all added side chains are in the
RMSD from the centroids calculated from the configuration. This relatively small value of the
NMR structure is 3.62 A, which is nearly two-fold RMS deviation is a consequence of replacing real

worse than the € RMSD. Such strong dependence’esidues by the ECERB rigid-body models. All
of the side-chain orientation on the backbone Vvalues reported for the RMS deviations, along with

conformation was also observed in earlier works the protein sizes and times of program execution
[18,59. It should be noted that the RMSD of the &€ summarized in Table 1.

centroids of the reconstructed side chains from

those of the parent UNRES model is only 0.10 A, 3.6. Timing

which shows that the procedure also performed

well in this case. The superposition of the predicted The computation time ranged from 900 s
side chains and the NMR structure is presented in (30 000 MC steps performédor the 1BPI system
Fig. 14, and side-chain RMSD values are plotted to 3600 s (100000 MC steps performegdfor

as a function of residue number in Fig. 15. 1A4U. We combined our current program for side-
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Fig. 15. Plots of the RMSD values between the side-chain heavy atoms reconstructed by our procedure from experimental backbone
and centroid coordinatesolid line), from experimental € and centroid coordinatésshed lines), and from the 1. 96-A-resolution

UNRES mode[1]] (dotted lines) and those taken from the NMR structure of proteifis4] against the residue number. The RMSD

over all centroids is 0.10A.

chain prediction with the dipole-path method backbone coordinates and side-chain-centroid
[13,14, which, besides its ability to reconstruct coordinates are used as input data, or approximate-
the backbone from the°C -trace, can now add sidely 1.0 A when C and centroid coordinates are
chains to the reconstructed backbone, while pre- used as input data, which is of comparable quality
serving the side-chain centroids. At the same time, to that of other methodfl5-20,24,30,56 More-

we improved the speed of part of the program over, the predicted side-chain centroid positions
(reconstructing the backbone from the: C -trace are within 0.1-0.2 A RMSD from the original
by introducing a cut-off of 7.0 A for the interaction experimental structures when complete backbone
energy defined in our previous workl4]. The coordinates and side-chain-centroid coordinates are
time for reconstructing backbones now ranged used as input data, or 0.2-0.3 A whert C and
from 108 s for protein A to 3600 s for 1A4U. All  centroid coordinates are used as input data. The
these data refer to a single processor of a 500- example of the UNRES model of protein A shows

MHz Pentium Il computer running INux. that the quality of the restored side chains strongly
depends on how well the centroid positions are
4. Conclusions predicted by the coarse-grain model. Most of the

coarse-grained energy functions, especially those
The algorithm for adding side chains to a fixed which use C coordinates as the only interacting
backbone with preservation of the side-chain cen- sites, are optimized to reproduce & C -trace, while
troids, described in this work, has been shown to reproduction of the side-chain-centroid positions is
be capable of restoring the correct side-chain given less attention. The method presented here is
geometry within 0.6-0. g A RMSD when complete fully based on energy optimization, and imple-
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ments a simplified energy function to facilitate the

search for optimal orientations of the side chains.
This method is designed to reconstruct an all-atom
protein structure from a coarse-grain model, pre-
dicted with the UNRES force field, in reasonable
time. It should be noted that the energy function
used here to compute the interactions involving
side chains is very simple. It can easily be
enhanced to include explicit torsional potentials
and a simplified potential accounting for hydrogen-
bond formation between side-chains bearing pro-
ton-donor andor proton-acceptor groups. This is

currently under investigation in our laboratory.

In this work, we also extended our backbone
reconstruction methofil4] to make possible com-
putation of the complete all-atom geometry from
its C*-trace and the positions of the side-chain
centroids; this information is contained in coarse-
grain structures predicted with the UNRES force
field. By applying a distance cut-off in the evalu-
ation of the dipole-interaction energy, we reduced
the computational time of the previous procedure
[14].

5. Note added in proof

Some technical details about changes in the
program that have been implemented after submit-
ting the manuscript are presented below.

We focused our efforts on improving the speed
of the program and the accuracy of the calculation
of the torsional angleg of the added side chains.
To achieve better agreement with the values of the
torsional angles observed in crystal structures of
proteins, we modified the energy function. Since
our method for adding side chains to the backbone
does not use rotamer libraries, we included explicit
torsional potentials from the ECEP® force field
[45] in our simplified energy function. The ability
do differentiate between up and down conforma-
tions of proline residues was also added. In addi-
tion, we included the deterministic SUMSL
algorithm [56] for energy minimization.

The algorithm is now being extended to coarse-
grain structures of multichain proteins.
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