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ABSTRACT

A method for generating a full backbone protein structure from the coordinates
of a-carbons, is presented. The method extracts information from known protein
structures to generate statistical positions for the reconstructed atoms. Tests on
a set of proteins structures show the algorithm to be of comparable accuracy to
existing procedures. However, the basic advantage of the presented method is
its simplicity and speed. In a test run, the present program is shown to be much
faster than existing database searching algorithms, and reconstructs about 8000
residues per second. Thus, it may be included as an independent procedure in
protein folding algorithms to rapidly generate approximate coordinates of
backbone atoms. Q 1997 by John Wiley & Sons, Inc.

Introduction

any molecular modeling protocols requireM algorithms for the reconstruction of protein
backbone atoms from the positions of C a carbons.
Recently, several algorithms for full-atom back-
bone reconstruction1 ] 8 have been published. Basi-
cally, two kinds of approaches are used: exploita-
tion of similarity to small fragments of known
protein structures and minimization of the local

*Author to whom all correspondence should be addressed.

molecular energy. Some of the methods combine
both of these approaches.

The method proposed here was prepared to be
used ‘‘in flow’’ in protein simulation algorithms.
The emphasis here was placed upon the minimiza-
tion of the calculation time. Fortunately, in spite of
its simplicity, the method is of comparable accu-
racy to existing protocols. Calculation of the pre-
dicted backbone atom positions requires access to
rather small tables based on statistical data and a
few arithmetical calculations per residue. Using
the proposed method, the frequent switching be-

Ž .tween a reduced C a-based representation and an
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approximate full atom representation becomes
computationally tractable.

Description of Method

The method is based on the observation that, for
a given set of three consecutive C a]C a vectors,
the position of the central peptide plate is well
defined. This probably reflects the specific inter-

Ž .play of f]c angles restraints see Fig. 1 . The idea
presented above is not new. It was originally in-
voked by Purisima and Scheraga9 and then used
for development of a method of reconstruction of
protein backbone and side-chain direction by
Payne.1 In the presented implementation, the local
conformation of the peptide backbone fragment is
represented by a combination of three internal
distances: d ; d ; and d , where diy1, iq1 i, iq2 iy1, iq2 i, j
denotes the distance between C a carbons in the
ith and jth residues. Because most of the amino
acids are chiral, the local conformation representa-
tion must contain the information about the chiral-
ity of the system to distinguish between left- and
right-handed structures. Thus, d is defined by:i, iq3

< < Ž .d s x v q v q v 1i , iq3 iy1 i iq1

wŽ . xwhere x s sign v = v ? v , and v denotes aiy1 i iq1 i
virtual C a-to-C a vector from the ith to i q 1
residue.

Figure 2 presents histograms of d and di, iq2 i, iq3
obtained by the statistical analysis of coordinates
of 430 known protein structures from the

Ž . 10Brookhaven Protein Data Bank PDB . Most of
˚the values for d lie between 4.6 and 7.6 A, andi, iq2

FIGURE 1. Definition of the central peptide plate, d ,i, i+ 3
and d . C denotes position of the Ca atom of i thi, i+ 2 i
residue.

( )FIGURE 2. Histograms of values of d A andi, i+ 3
( )d B in 430 protein structures chosen from thei, i+ 2

( )Brookhaven Protein Data Bank see text .

˚the d values lie between 4.2 and 11.0 A. Wei, iq3
clustered the local conformations of four-residue
peptide fragments using their values of three inter-

Žnal distances, d , d , and d definedi, iq2 iq1, iq3 i, iq3
.above . Knowing that the average precision of

˚atomic coordinates in the PDB is about 0.2 A, we
˚used a 0.3-A grid in our definition of the local

conformation class. This grid gave 10 possible val-
ues for d and d and 48 values for di, iq2 iq1, iq3 i, iq3
Žone must remember that the d distance isi, iq3

.chiral . As a result, we have 4800 possible local
conformations for four residue peptide fragments
in the presented representation. For every local
conformation, we calculated the average positions
of C9, O, N, and Cb atoms in a local coordinate
system, defined below.

The three C a]C a vectors provide a reference
frame in which the coordinates of the peptide
bond can be represented. The basic idea of the
reference system is shown in Figure 3.

FIGURE 3. Schematic view of the local coordinate
system used in the present work.
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The first vector in the local coordinate system is
constructed according to the formula:

Ž . < < Ž .x s v = v r v = v 2Ž .i p i p

where v is the sum of two consecutive backbonep
vectors: v s v q v . The second axis is definedp i iq1
as the normalized cross-product of the v and thep
x-axis, defined above:

Ž . < < Ž .y s v = x r v = x 3Ž .p p

and the third axis is orthogonal to x and y:

Ž . Ž < <. Ž .z s x = y r x = y 4

The local coordination system defined this way
depends on the secondary structure of the peptide
fragment. An analogous convention for the local
coordination system was proposed by Rey and
Skolnick.6

A table containing average positions of C9, N,
O, and Cb atoms for all types of local peptide
structures was stored and used as a starting point
in the process of backbone reconstruction. The case
of cis-proline was treated separately, as it is an
amino acid with unusual internal geometry. The
data for these residues were stored in a separate
database.

The algorithm for all backbone atom reconstruc-
tion for a given residue, i, proceeds as follows:

1. Calculate the values of internal distances,
d , d , and d , and chiralityiy1, iq1 i, iq2 iy1, iq2
Ž .see the definitions in Fig. 1 .

2. Find the class of local conformation, accord-
ing to the values of internal distances and
chirality, using the grid defined above.

3. For the given local conformation class, find
in the database the average C a ª C9, C a ª
N, C9 ª O, and C a ª Cb vectors, in the
local coordination system. In this case, when
the local conformation class is not in our

Ždatabase this may happen for less ‘‘popular’’
.states , the algorithm takes the values for the

closest represented local conformation class.
For cis-prolines, these vectors are taken from
a separate database, created only for this
case. Of course, the C a ª Cb vector is not
calculated for glycines. In the case of the
C a ª Cb vector, the statistics are collected
for the first Cb atom in the central peptide

Ž .plane the C position in Fig. 1 .iq1

4. Build the local coordination system accord-
Ž . Ž . Žing to Eqs. 1 ] 3 see Fig. 3 and its text

.description .

5. Rotate the vectors from the local to the labo-
ratory coordinate system and calculate the
actual values of atomic coordinates.

Using the above procedure, which starts from
C a coordinates, it is possible to calculate pre-
dicted coordinates of all backbone atoms for

Žresidues from 2 to N y 2 N is the number of
.residues in the protein chain under consideration .

The problem of calculating the backbone atomic
coordinates for the first and two last residues of
the chain was approximately solved by using vir-
tual residues on both ends of the chain. The coor-
dinates of the ‘‘dummy’’ residues were calculated

Žby repetition of the first for the beginning of the
. Ž .chain and last two vectors for the end .

The proposed algorithm is a step in the applica-
tion of the homology modeling ideas into the back-
bone reconstruction problem. The idea of using
information about known protein structures in the

Žprocess of backbone reconstruction is not new e.g.,
4.see Levitt . The basic difference is that our method

eliminates the necessity of on-line PDB database
searching, and therefore speeds up the reconstruc-
tion process without a significant loss in precision.
This opens up the possibility of new areas of
application such as in the inclusion of the method
into Monte Carlo protein structure modeling algo-
rithms.

Results and Discussion

The method was tested on a set of 15 protein
structures from the PDB. We have chosen the
structures that were used in previous works1 ] 7 to
compare our algorithm with already published
methods. The structures used in the process of
preparation of our statistical database were ex-
cluded from the testing set.

In the testing process, the coordinates of back-
bone atoms and Cb were calculated using our
algorithm on the basis of C a coordinates from the
PDB file. The predicted coordinates were then
compared with the crystallographic ones from PDB,
and the distances between the crystallographic and
predicted coordinates were calculated. To compare
with other methods, we have also calculated root-

Ž .mean-squared RMS distances for these atoms and
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the average RMS for backbone atoms. The results
are summarized in Table I. For comparison, the
same table also presents results obtained for these
structures, using the previously published algo-
rithms cited in the present work.1] 7

Table I presents the values of RMS calculated
individually for N, C, O, and Cb atoms, and the
average RMS for all backbone atoms. The compari-
son with other works shows that, regardless of its
speed and simplicity, our algorithm gives a similar
level of prediction accuracy as other approaches.
The best reconstruction precision is obtained for
the nitrogen and carbon atoms, where the RMS is

˚in the range 0.08]0.30 A. This means that the
average error of reconstruction for these atoms is
on the level of average error of the experimental
data in the PDB. The precision of reconstruction of
Cb atom coordinates is on a similar level with the

˚RMS and is in the range 0.140]0.475 A. The worst
reconstruction precision is obtained from the car-
bonyl oxygen atoms, whose RMS values range

˚from 0.341 to 0.959 A; however, the diminished
reconstruction accuracy of the carbonyl oxygen
atom is typical of other methods as well.6

Additional information about the test results are
presented in Figure 4 , which shows histograms of
errors of reconstruction for the backbone and Cb
atoms for all the molecules from the testing set.
Most reconstruction errors for the N and C atoms

˚are less than 0.5 A, and there is no example where
˚the error is larger than 1.0 A. A similar situation is

FIGURE 4. Histograms of errors of reconstruction for
backbone atoms and Cb , for the 15 testing proteins,
obtained using the present algorithm.

obtained for most cases of Cb atom reconstruc-
˚tion. However, the error is larger than 1.0 A for

˚several atoms and, in one case, it reached 2.5 A.
The distribution of errors is broader for oxygen
atom reconstruction and, in a few cases, errors are

˚larger than 2.0 A, with a maximal reconstruction
˚error of about 3.5 A.

The large values of reconstruction errors occur
mostly in the loop or turn fragments and on the
surface of proteins. The reconstruction precision is
much better for fragments within well-defined sec-
ondary structures}this result is typical when a
statistical method is used.

Additionally, the quality of the crystallographic
structure affects the error of reconstruction. Table
II presents errors of reconstruction obtained for
different structures of the protein, triosephosphate

Ž . Ž .isomerase TIM , for chicken Gallus gallus . The
worst quality of refinement is obtained for the

Ž .structure with the poorest resolution 1tim . The
precision of backbone reconstruction for other
structures is better, and is on the level of the

Žaverage for the tested set of structures see Table
.I .

Figure 5A and B presents individual reconstruc-
tion errors for the backbone atoms for testing

Ž .structures with the best 2wrp, Fig. 5A and the
Ž .worst 1tim, Fig. 5B average RMS.

Ž .In the case of the best structure, 2wrp Fig. 5A ,
one can see the correlation between errors in re-
construction of nitrogen and carbon atoms and
errors in reconstruction of carbonyl oxygens. There
is only one position where the error of oxygen

˚ Ž .reconstruction is larger than 2 A residue 60 ; all
other backbone atoms are reconstructed with error
on the level of the average experimental error.

Figure 5B presents the worst case, for the 1tim
structure. The reconstruction of the nitrogen and
carbon atoms is satisfactory. Even in this case,

˚most of the errors are smaller than 0.5 A. How-
ever, the errors of reconstruction of carbonyl oxy-
gens are much larger and, in eight cases, they

˚exceed 2 A. Most of the large errors happened in
residues situated on the surface of the 1tim struc-
ture.

In conclusion, the method described here is of
comparable accuracy to existing algorithms, but it
is much faster. In the test run, on a Sparc 10 work
station with a GNU C compiler without optimiza-
tion, our algorithm reconstructs about 8000
residues per second.

The presented results offer the possibility of
several new applications. On the most trivial level,
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TABLE II.
( )Comparison of Reconstruction Errors for Different Structures of Triosephosphate Isomerase TIM .

Resolution N RMS C RMS O RMS Cb RMS Backbone
˚ ˚ ˚ ˚ ˚ ˚( ) ( ) ( ) ( ) ( ) ( )Structure A A A A A average A

1tph 1.8 0.124 0.164 0.522 0.189 0.324
1tim 2.5 0.231 0.301 0.959 0.475 0.595
1tpu 1.9 0.125 0.151 0.475 0.172 0.297
1tpb 1.9 0.121 0.156 0.503 0.180 0.312
1tpc 1.9 0.135 0.180 0.574 0.261 0.356
1tpv 1.9 0.129 0.161 0.505 0.174 0.315
1tpw 1.9 0.143 0.186 0.591 0.193 0.367

FIGURE 5. Individual reconstruction errors for
( )backbone atoms for 2wrp A and the first 140 residues

( )of 1tim B structures.

it can be used to generate good starting points for
much more expensive and accurate procedures.
However, the main area of application is expected
to be in folding simulation algorithms employing a
reduced C a representation of protein conforma-
tions,11, 12 where the energy evaluation may re-

quire approximate coordinates of the backbone
atoms.13 In such algorithms, the backbone recon-
struction has to be performed on the order of 107

times in a single simulation run. The proposed
protocol makes this kind of task feasible.
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