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Abstract

Given an amino acid sequence with the a-carbon
3D coordinates on its backbone, the all-atom pro-
tein backbone reconstruction problem (PBRP) is to
rebuild the 3D coordinates of all atoms (N, C and O
atoms) on the backbone. In this paper, we propose
a method for solving PBRP based on the homology
modeling. First, we extract all consecutive 4-residue
fragments from all protein structures in PDB. Each
fragment is identified by its second, third and fourth
residues. Thus, the fragments are classified into 8000
residue groups. In each residue group, the fragments
with similar structures are clustered together. And
one typical fragment is used to represent one cluster.
These typical fragments form our fragment library.
Then, we find out possible candidates in the frag-
ment library to reconstruct the backbone of the tar-
get protein. To test the performance of our method,
we use two testing sets of target proteins, one was
proposed by Maupetit et al. [13] and the other is a
subset extracted from CASP7. We compare the ex-
perimental results of our method with three previous
works, MaxSprout, Adcock’s method, and SABBAC
proposed by Maupetit et al.. The reconstruction ac-
curacy of our method is comparable to these previous
works. And the solution of our method is more sta-
ble than the previous works in most target proteins.
The time efficiency of our method is also satisfactory.
Key words: protein, backbone, reconstruction,
fragment, a-carbon.

1 Introduction

Much three-dimensional information for proteins
has been collected in protein data bank (PDB) [3].
However, some important proteins are only confined
to the coarse grained model [10], in other words, they
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have only a-carbon coordinates. And many fields
which use the coarse grained model to describe pro-
tein structures right now should be expanded into
the all-atom model to have higher accuracy, such
as protein fold generation, modeling of experimen-
tal data obtained at low resolution. Because the
coarse grained model only offers part of the residue
information and their rough positions in 3D space,
we need to devise effective algorithms to reconstruct
protein backbone atoms with known a-carbon coor-
dinates. Modeling from atomic coordinates and all-
atom protein reconstruction has been studied exten-
sively, including improving the low resolution models
from crystallography, ab initio (or de novo) folding
computation, or comparing protein conformations to
reconstruct the all-atom model. The full protein gen-
eration can usually be divided into two parts, back-
bone coordinates prediction and side chain position-
ing. Hsin et al. [7] presented much information of
side chain positioning. In this paper, we shall discuss
only the prediction of coordinates of all atoms on the
protein backbone. For a given amino acid sequence
with the a-carbon 3D coordinates on the backbone,
the all-atom protein backbone reconstruction problem
(PBRP) is to rebuild the 3D coordinates of all atoms
(N, C and O atoms) on the backbone. Note that
PBRP does not involve the information of atoms on
the side chain.

In general, the approaches for PBRP can be clas-
sified into two types: exploitation of small fragment
similarity to known protein structures [1, 6, 14, 13, 8]
and minimization of local molecular energy [9, 11].
There are also some approaches combining the above
two kinds of methods. The first type of method is
usually to utilize a fragment library extracted from
known protein structures to assemble fragments by
using energy-based, homology-based or geometry cri-
teria to generate a polypeptide chain that is optimal
and consistent with a-carbon trace. Milik et al. [14]
exploited the statistics of known protein structures
to generate atom positions and to reconstruct the



all-atom protein backbone. Iwata et al. [8] designed
a method to analyze and to select fragments com-
patible with favored regions on the Ramachandran
map. Methods of the other type often use molecu-
lar dynamics or Monte Carlo simulations to recon-
struct and refine backbone structure through stan-
dard molecular mechanics forcefields. For example,
Kazmierkiewicz et al.[9] employed geometry criteria
of peptide groups and polypeptide chains through
the refinement of Monte Carlo simulations to gener-
ate a complete protein backbone.

In this paper, we shall propose a rapid and ef-
fective method for generating the full atom protein
backbone from the coarse grained model with known
a-carbon coordinates. It is based on the homology
modeling method to establish a fragment library and
to predict atomic coordinates at each residue of pro-
tein backbone by the structure similarity. By the ex-
perimental results, the prediction accuracy is compa-
rable to the previous methods. Besides, our method
is also very efficient in the required execution time.

The organization of this paper is as follows. In
Section 2, we will introduce two methods for deter-
mining the similarity of protein structures. In Sec-
tion 3, we will propose the way we construct our
fragment library. Section 4 shows our method for re-
constructing protein backbone. Next, Section 5 will
show the experimental results of our method. The
conclusion of this paper will be given in Section 6.

2 Preliminary

In biological field, root mean square deviation
(RMSD) or coordinate oot mean square deviation
(CRMSD) is the method used most frequently to
measure the similarity of two protein structures
[12, 16]. So far as immediate point of view, the
simplest manner to determine the similarity of two
protein three-dimensional structures is to superim-
pose them, which is the idea of RMSD. RMSD is
calculated by the average distance between the corre-
sponding pair of residues of two proteins in 3D space.
The smaller value of RMSD implies the coordinate
difference between them is smaller, which means the
two protein structures are more similar. The formula
of RMSD is given as follows:

RMSD = \[L570 (at — aP)?,
where Y (22 — 28)? means the sum of square of
distance between the ith pair of residues in proteins
A and B, and n represents the length of the proteins.
Notice that the lengths of the two proteins must be
equal.

Distance RMSD (DRMSD) [2, 15], a variation of
RMSD, is another way often used for measuring the
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Figure 1: The chiral enantiomers of alanine.

similarity of two protein structures. It adopts a strat-
egy different from RMSD. The same characteristic
as RMSD is that the smaller the DRMSD value the
more similar the two protein structures are. The for-
mula of DRMSD is given as follows:

DRMSD = 1\ S — B,
where the d;‘; denotes the distance between the ith
and jth residues of protein A, dg- denotes the dis-
tance between the ith and jth residues of protein B,
n represents the length of two proteins.

DRMSD would face the problem of chirality or
isomer. Take a common example, the amino acid
alanine has two probable forms—S-alanine and R-
alanine, which are the mirrored-image, and they are
called chiral enantiomers, as shown in Figure 1. The
DRMSD value between R-alanine and S-alanine is
zero. In fact, the structures of these two isomers are

not the same, and the mistake does not happen in
RMSD.

3 Our Fragment Library

3.1 Conformation of Fragment

In our method for solving PBRP, we first create
a fragment library extracted from PDB files, each
fragment consists of four successive a-carbons at the
protein chain. We represent the local conformation
of the fragment with six inner distances which are
the distances between all pairs of the four a-carbons.
We also record the local coordinates of N, C and O
atoms on the backbone, which are relative to the a-
carbon at the center residue of the fragment. The
center residue is defined as the third residue of the
fragment, and the center a-carbon is the a-carbon at
the center residue. We can represent one fragment
diagrammatically as shown in Figure 2, where d; ;
denotes the distance between the a-carbons of the
ith and jth residues. The shadow circle denotes the



Figure 2: The sketch of one fragment.

center a-carbon. It is believed that if the structures
of two fragments are similar, the atomic position dis-
tribution of the center residue of the two fragments
would be similar. Both Milik et al. [14] and Iwata
et al. [8] proposed the similar strategies. The main
difference of our method with the above two meth-
ods is that we consider the impact of residue type on
atomic coordinate distribution, and we use DRMSD
to determine the similarity of fragments.

3.2 Chirality

Unfortunately, owing to the chiral problem, it is
not enough to represent the fragment by only six in-
ner distances. As Figure 3 indicates, the fragment
is made up of four successive a-carbons, there are
three virtual axes connecting every two successive a-
carbons. The last a-carbon may be above or under
the plane formed by the three preceding a-carbons.
This leads to chiral enantiomers. Because the frag-
ment needs to contain enough information to distin-
guish chirality, thus Milik et al.[14] defined a formula
for deciding the chirality as follows:

diit3 = X|Viit1 + Vig1,i42 + Vit2,i+3]s

X = sign[(viyi+1 X Vit1,i+2) * Vig2,i+3),
where d; ; denotes the distance between the ith and
jth a-carbons, and v; ; denotes the 3D coordinate
vector from the ith a-carbon to the jth a-carbon.
The two different types of chiral enantiomers are
determined by the sign of d;;y3. That is, if two
fragments are chiral enantiomers to each other, their
structural similarity should be extremely low. If they
are not chiral enantiomers, we can use DRMSD men-
tioned in Section 2 for calculating their similarity.

3.3 Residue Group

Considering the impact of residue type on atomic
coordinate distribution, we process the center residue

Figure 3: The chirality of one fragment.

of a fragment with its two neighboring residues to-
gether. Since there are 20 types of amino acids, we
assign one unique integer ranging from 1 to 20 to each
type of residue. A three-tuple (¢,7,k), 1 <1i,j,k < 20
is used to represent a combination of three consecu-
tive residues. In other words, we have the following
combinations: (1,1,1), (1,1,2), (1,1,3) ..., (20,20,20).
Accordingly, there are 8000 combinations of three
successive residues, and 1 through 8000 are used to
represent these combinations. A simple formula [4]
can be used to get the combination ranking number
as follows:
202 % (i — 1) +20% % (j — 1) + 200 * (k).

For example, the ranking number of (1,1,1) and
(20,20,20) are 1 and 8000, respectively. We classify
and store the fragments of four consecutive residues
extracted from PDB files into 8000 files according
to the combination ranking number of their second,
third and fourth residues. And we call each file as a
residue group.

3.4 Cluster

There are many four-residue fragments in one
residue group. The information involved in each
fragment includes the residue group number, the six
inner distances with chiral information, and the lo-
cal coordinates of N, C and O atoms at the center
residue. Based on our observation, two fragments
with similar conformation have similar distribution
on the relative atomic positions to the center residue.



Fragment library
1
2

3

8000

Typical fragments of residue group 7

Six inner distances Coordinates of N, C and O atoms

9.365 6.537 6.744 3.821 3.835 3.81 | 1.061 -0.279 -0.983|0.372 -0.426 1.419|1.203 -1.34 1621
7.196 5.881 5.875 3.796 3.774 3787 | 1306 0.222 -0.584 [-0.033 0.504 1.433 |-0.137 1.705 1.667

L

5017 5.416 5.515 3.793 3811 3.826 | 1404 -0371 -0.142 |-0.339 0419 1428 |-1.089 1.372 1.634

Figure 4: The schema of the fragment library.

Only few of them have obvious discrepancy. There-
fore, we cluster similar fragments together and take
one typical fragment to represent all other fragments
in the cluster. Because the fragments are similar, we
can take any fragment as the typical fragment and it
would not affect the performance much. The advan-
tage of clustering is not only eliminating unnecessary
similar structures to reduce the volume of fragment
library, but also could accelerate the efficiency of the
execution of the program and diminish variation.

We use the six inner distances with chiral infor-
mation to calculate DRMSD and determine the sim-
ilarity between the fragment structures. According
to empiricism, we cluster the fragments of a group
with a very greedy method. We first take randomly
a fragment which has not been clustered as the rep-
resentative of a new cluster. Then, we examine each
unexamined fragment f. If the DRMSD between f
and some existing cluster ¢ is less than 0.15 A, then
f is put into cluster c¢. If there exists no such cluster,
then f creates another new cluster. After clustering,
we set the local coordinates of N, C and O atoms at
the center residues as the average local coordinates
of N, C and O atoms at the center residue of all
fragments in the same cluster. Figure 4 shows the
organization of our fragment library. Each entry of
the residue group in the fragment library records the
information of a typical fragment.

4 Overview of Our Method

The input data of PBRP is a protein chain with
residue sequence and a-carbon coordinates repre-
sented in PDB format. We divide the protein chain
into sliding windows of four residues. Suppose that
the length of input protein chain is L, we obtain

L — 3 fragments. The information associated with
each fragment is the six inner distances with chiral
information and the group number g decided by its
second, third and fourth residues. Table 1 shows an
example to illustrate several fragments after the in-
put protein chain is divided.

After the input protein chain is divided into a
set of target fragments, for each target fragment f,
we search in residue group g in the library to find
the most similar typical fragment j in the group
(database). The similarity of two fragments is mea-
sured by DRMSD of their six inner distances with
chiral information. Then, we rotate j into j' to su-
perimpose the fragment f and we assign the local
atomic coordinates of the center residue of j’ to the
center residue of the target fragment.

However, our method still has some unavoidable
shortcomings, the most obvious one is unable to pre-
dict the atomic positions at the first two and the
last one residues of the protein chain. The problem
of the second residue can be solved by using the same
method to create fragment library that takes the sec-
ond residue as the center residue. For the atomic
coordinates at the two terminal residues, we calcu-
late their approximate values by a simple heuristic.
We append a virtual residue on each terminal of the
protein chain. Then all calculation is done similarly.

5 Experimental Results

Our method is implemented on a PC with AMD
Athlon™ 1.67 GHZ processor and 512 MB RAM.
The operating system is Microsoft Windows XP Pro-
fessional Version 2002 Service Pack 2.

Our method has been tested on two sets of pro-
teins. The first testing set, containing 32 proteins, is
referred to the experimental results of Maupetit et al.
[13] which was used for comparing several previous
works [6, 1, 13]. The second testing set is a subset
of CASP7 targets which has 104 proteins originally,
but only 94 proteins can be found in PDB, among
them 25 proteins are fragmented chains which are
not considered here. The protein structures of the 69
proteins are extracted from PDB as our input. We
divide the second testing set into two parts based on
whether the protein contains nonstandard residues
or not. Thus, Table 3 consists of 33 proteins which
only contains standard residues, and Table 4 consists
of 36 proteins containing nonstandard residues. The
predicted results are compared with the real crys-
tallographic structures extracted from PDB by cal-
culating their RMSD. In this paper, we assume that
the input is a single protein chain. But in the testing
sets, some proteins have several chains. If it is not
indicated specifically, we adopt chain A of the pro-



Table 1: An example of fragments obtained by dividing the input protein chain.

Six inner distances Residue group number
-5.17 5.48 5.28 3.79 3.08 3.81 5000
10.463 | 6.662 | 7.312 | 3.854 | 3.739 | 3.872 6886
-8.757 | 6.821 5.47 3.793 | 3.799 3.83 7142
-9.673 7.236 | 6.693 | 3.828 | 3.824 | 3.837 1732
-9.034 | 6.727 | 6.228 | 3.828 | 3.795 | 3.796 3277
8.283 5.64 6.931 | 3.811 | 3.774 | 3.784 4934

tein. Moreover, for fair comparison of various meth-
ods, we eliminate the proteins that are already in the
testing set from our library. The atoms involved in
the RMSD calculation of the main chain are different
from the previous works. One of the previous works
considered the N, C, O and g-carbon [14], and an-
other considered N, H, a-carbon, 3-carbon, C and O
atoms [1]. However, in this paper, we consider only
N, a-carbon, C and O atoms since we do not pre-
dict the (B-carbon position on the side chain. Thus,
the RMSD values may have a little difference from
expected, but it does not influence the whole results
with a wide margin.

Table 2 shows the experimental results of our
method and previous works on the first testing set.
In the table, “b 7, “f 7and “f "denote the previous
methods MaxSprout [6], Adcock’s method [1] and
SABBAC (proposed by Maupetit et al.) [13], re-
spectively. If the RMSD measurement of one testing
protein with our method is better than a certain pre-
vious method, it is marked with the corresponding
symbol. For example, for protein 5NLL, our method
outperforms both MaxSprout and Adcock’s method,
thus its row is marked by “b ”and “f”. In the last two
rows, “mean “represents the average of the RMSD
values of all testing proteins obtained by the method,
the standard deviation is also calculated similarly. In
this testing set, the length of protein chain 1VB5B
marked with “* ”is different from those in previous
works due to possible different chain definition. Its
length which we measure is 275 residues. The pro-
teins in the first half of Table 2 are often used for
testing in many previous literatures [14, 8, 1, 9, 6, 5].
And the latter half is the subset of recent newcomers
of PDB, proposed by Maupetit et al. [13] . Among
the 32 proteins in the first testing set, we have 20
and 15 solutions superior to MaxSprout and SAB-
BAC, respectively. In addition, 2 solutions of our
method and SABBAC have equal accuracy. For the
average and standard deviation of RMSD values, Ad-
cock’s method is not discussed owing to the fewer
number of samples. The average of our method is
obviously better than MaxSprout, and it is equal to
that of SABBAC . Besides, the standard deviation

of our method is almost equal to that of SABBAC.
Furthermore, we can easily see that the most results
of our method on the first half are better than SAB-
BAC. However, we lose to SABBAC in the latter
half. We infer that the results are caused by their
homologous proteins are few in PDB since they are
PDB newcomers. In summary, our method is com-
parable to the previous works in the first testing set,
some of results are better and the others are worse.

In order to verify the performance of our method
further, we use the second testing set to compare our
method with SABBAC. For SABBAC, we use the
online server to obtain the results, and then calcu-
late the RMSD values between their results and the
real structures. The comparison results are shown
in Table 3 and Table 4, the RMSD values of our
method marked by underlines are smaller than SAB-
BAC. The 33 proteins in Table 3, that contain only
standard residues, we have better solutions in 12 pro-
teins and equal solution in 2 proteins. The mean of
our method is almost equal to that of SABBAC, and
the standard deviation of our method is less than
that of SABBAC, which indicates that our method is
more stable than SABBAC. The 36 proteins in Table
4, that contain nonstandard residues, we have bet-
ter solutions in only 5 proteins and equal solution in
one protein. The mean of our method is worse com-
paring to SABBAC, but the standard deviation is
less than that of SABBAC. According to the obser-
vation of the second testing set, though our method
might not be superior to SABBAC in the accuracy
of reconstructing protein backbone, but the solutions
are more stable than SABBAC. Broadly speaking,
our method needs further improvement on backbone
prediction of the proteins which include nonstandard
residues.

For the execution time, because it does not need
complicated calculation in the process of finding so-
lutions, it should not spend much time on the cal-
culation of molecular dynamics or Monte Carlo sim-
ulation as the previous works. The efficiency of the
execution time of our program is satisfactory. Via
rough statistics, our program spends about 3 to 4
seconds for reconstructing the backbone of one pro-



Table 2: Comparison of our method with previous works on the first testing set.

Main chain RMSD (&)
Protein Length Prior works
Number of
PDB ID residues MaxSpmutb Adcock’s method? SABBAC! Our method
4PTI 58 0.44 0.51 0.53 0.42°5%
5CPA 307 - 0.48 0.41 0.34%F
5NLL 138 0.46 0.42 0.37 0.39°%
2CTS 437 0.45 0.37 0.4 0.34°5%
1TIM 247 0.6 0.56 0.59 0.54°%%
111M 154 0.42 0.31 0.29 0.26°5%
1I1GD 61 0.44 0.34 0.36 0.36"
10MD 107 0.41 0.39 0.35 0.39"
2LYM 129 0.44 0.32 0.38 0.29°5%
2PCY 99 0.54 0.48 0.42 0.33°5%
1CTF 68 0.73 0.41 0.43 0.42°F
1SEMA 58 0.34 0.5 0.48 0.45%F
1UBQ 76 0.38 0.37 0.35 0.37°
2MHR 118 0.54 0.33 0.5 0.39°F
2079 104 0.42 0.24 0.3 0.220%8
PDB newcomers subset
1PXZA 346 0.54 - 0.55 0.53°F
1RKIA 101 0.44 - 0.58 0.5 ¢
1STLA 177 0.36 B 0.29 0.38
1T70A 255 0.5 - 0.42 0.48°
TTXOA 235 0.38 . 0.41 0.44
1VOED 666 0.45 - 0.48 0.4 °F
1V7TBA 175 0.41 - 0.3 0.37°
1VB5B (255/275)* 0.42 - 0.34 0.41°
TVKCA 149 0.33 B 0.28 0.37
1VR4A 103 0.59 - 0.47 0.47°
TVRIA 121 0.45 _ 0.42 0.49
TWMHA 83 0.28 - 0.27 0.38
TWPBG 168 0.35 - 0.37 0.43
TWMIA 38 0.42 - 0.41 0.5
1X6JA 88 0.36 B 0.43 0.49
TXB9A 108 0.51 - 0.46 0.53
1XEOB 107 0.62 - 0.61 0.55°F
Mean 0.45 0.4 0.41 0.41
Standard Deviation 0.09 0.09 0.09 0.08

tein with 100 residues.

6 Conclusion

In this paper, we propose a method for solving
PBRP based on the homology modeling. In addition
to the structure similarity, the type of residue is also
considered to have large impact on the atomic co-
ordinates. The size of the library is about only 100
MB. Then, given a target protein, we find out pos-
sible candidate fragments with similar structures in
the library to reconstruct all atoms on the backbone
of the target protein. The experimental results show
the reconstruction accuracy of our method is com-
parable to previous works. And the solution of our
method is more stable than previous works in most
target proteins. The time efficiency of our method is
also satisfactory.

The future work may include improvement on the
prediction accuracy and the execution efficiency. We

are also going to set up an online service of our
method, which will provide a public software for re-
constructing all atoms on the backbone of a protein.
Considering the real condition, the drawback of our
method is that it cannot deal with all kinds of protein
structures, such as heterogens, fragmented chains,
and unknown type of residues. We have to investi-
gate and study further to solve these problems by
extending our method.
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