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Quantitative Analysis of the Conservation of the Tertiary

Structure of Protein Segments

Jishou Ruan,"* Ke Chen,*# Jack A. Tuszynski,>*" and Lukasz A. Kurgan*®

The publication of the crystallographic structure of calmodulin protein has offered an example
leading us to believe that it is possible for many protein sequence segments to exhibit multiple 3D
structures referred to as multi-structural segments. To this end, this paper presents statistical
analysis of uniqueness of the 3D-structure of all possible protein sequence segments stored in the
Protein Data Bank (PDB, Jan. of 2003, release 103) that occur at least twice and whose lengths
are greater than 10 amino acids (AAs). We refined the set of segments by choosing only those
that are not parts of longer segments, which resulted in 9297 segments called a sponge set. By
adding 8197 signature segments, which occur uniquely in the PDB, into the sponge set we have
generated a benchmark set. Statistical analysis of the sponge set demonstrates that rotating,
missing and disarranging operations described in the text, result in the segments becoming multi-
structural. It turns out that missing segments do not exhibit a change of shape in the 3D-structure
of a multi-structural segment. We use the root mean square distance for unit vector sequence
(URMSD) as an improved measure to describe the characteristics of hinge rotations, missing,
and disarranging segments. We estimated the rate of occurrence for rotating and disarranging
segments in the sponge set and divided it by the number of sequences in the benchmark set which
is found to be less than 0.85%. Since two of the structure changing operations concern negligible
number of segment and the third one is found not to have impact on the structure, we conclude
that the 3D-structure of proteins is conserved statistically for more than 98% of the segments. At
the same time, the remaining 2% of the sequences may pose problems for the sequence alignment
based structure prediction methods.
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1. INTRODUCTION

In the past, it has been commonly assumed that a
protein can only adopt a unique 3D structure that
corresponds to the minimal value of the free energy
(Anfinsen, 1973). With over twenty thousand 3D pro-
tein structures determined, it has become clear that
some proteins may adopt multiple equilibrium ter-
tiary structures, at least partially due to the influence
of the surrounding environment (Drum et al., 2002;
Elhorst et al., 1999; Meador et al., 1992; Schumacher
et al., 2004; Yap et al., 2003). In a recent study we

Abbreviations: amino acid, AA; Protein Data Bank, PDB; root
mean square distance, RMSD; root mean square distance for unit
vector sequence, URMSD; three-dimensional, 3D.
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have demonstrated that for the calmodulin protein
(Chen et al., 2006). The existence of multiple-struc-
ture proteins, with a greater preponderance for
specific primary sequences, may be an intrinsic prop-
erty even though it may be tempting to explain this as
a result of the surrounding environment. Prediction
methods for the tertiary structures based on the
primary sequences alone use the statistical tools where
the uniqueness of the 3D structures of proteins is
assumed. The present paper attempts to shed light on
the problem of the existence of multi-structural
elements in proteins which may open new vistas in the
area of protein structure prediction in general. The
outline of this paper is as follows:

1. In Section 2, we construct the benchmark set
and describe three causes for a given protein se-
quence segment to become multi-structural, i.e.
rotating, missing and disarranging.

2. In Section 3, we describe the method in detail
that includes

A. Finding the numerical algorithm to describe
the characteristics of the three causes of pro-
teins to become multi-structural.

B. Finding threshold values for the three charac-
teristics mathematically.

C. Constructing the indicator sequences for seg-
ments, and using it to describe quantitative
characteristics of the rotating, missing and
disarranging segments.

D. Estimating the upper bounds on the rate of
the rotating and disarranging segments re-
lated to the benchmark set.

3. In Section 4, we discuss implications of our
findings.

In contrast to the recent study of protein segments
by Kihara and Skolnick (Kihara and Skolnick,
2003), which concentrates on the similarity of struc-
tures between segments sharing low sequence
homology, we discuss the native characteristic of
the multi-structural protein segments with respect to
the conservation of their 3D structures.

2. CLASSIFICATION OF THE MULTI-
STRUCTURAL SEGMENTS

2.1. Searching the Benchmark Set Based on the
PDB database

In order to analyze multi-structural segments
of proteins, we need to construct the benchmark
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set. To this end, we use all chains in the PDB data-
base (release # 103) (Berman et al., 2000), which
number approximately 53,000. Among these chains
8197 occur in the PDB database only once. We col-
lect all these segments whose lengths are more than
10 AAs and which occur at least in two chains.
This is a time-consuming task that requires a huge
amount of memory space if we use a naive method.
To save space we use Shen’s method (Shen et al.,
2004), which is summarized it as follows:

e We search for all of the 10-residue segments
that occur at least twice in the PDB data-
base and denote this set by S(10). When
searching for the second segment identical
to the one selected, we examine any position
in a sequence.

e For each segment s in S(10), we randomly
add an AA at its end, to generate 20 possi-
ble 11-residue segments. If none of the 20
segments can be found in the PDB database
more than twice, then we remove s from
S(10) to form S;(10). Otherwise, we delete s
from S(10), and for all of these enlarged
segments occurring in the PDB database at
least twice, we store them in S(11). Contin-
uing this procedure until S(10) becomes
empty, we end up having two sets: S;(10)
and S(11). It can be readily verified that
S(11) is just the set consisting of all 11-resi-
due segments that occur at least twice in the
PDB database.

e With the same argument applied to S(11),
we obtain two new sets: S;(11) and S(12).

e We continue this procedure to get Si(m)
and S(m + 1) for an arbitrary value of m.

e The procedure terminates when S(m + 1) is
found to be empty.

Since the longest segments that occur at least twice
in PDB database are the D a111§124N chains of 1IW7,

with a length of 1524, the set |J Si(m) contains all

=1
the segments that occur in themPDOB database at least
twice. Therefore, all segments drawn from the
44,813 chains are collected in the set and some seg-
ments drawn form the 8,197 chains are also col-
lected in the set if they occur twice. However, the

actual number of elements contained in the set
1524
J Si(m) is too large for us to check. Note also
m=10
that there are many redundant segments in the set.

For example, segment “LVETRPAGD GTFQ
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KWA” and segment “RPAGDGTFQKWA” both
belong to U S1(m), while the latter is a sub-seg-

ment of the former. We say that a shorter segment is

absorbed by a longer one if we delete the shorter one
from 164 S1(m). After this additional processing, the
total Tl?llr(r)lber of the remaining segments in the set
lfj; Si(m) is found to be 9297. We regard the set

consisting of these 9297 segments as a block of
1524

sponge that can sponge all the segments in | J S(m),
m=10
and denote it by S,. It is important to note that S,

absorbs all protein sequences occurring at least twice
in the PDB database piece-wise. Thus, S, can sponge
all protein segments drawn from the 44,813 chains.
We define the signature segment as a segment that
uniquely occurs in the PDB database and is more
than 10 AAs long. Therefore, if a segment is drawn
from the 8197 chains, then S, will absorb it unless it
is a signature. Since the 8197 chains occur in PDB
only once, this implies that every protein chain has at
least one signature. Thus, it is imperative that we in-
clude all signatures drawn from the 8197 chains in S,
together with all the remaining signatures as the
benchmark set. Then any protein in the PDB data-
base will be absorbed by the benchmark set in a
piece-wise fashion.

The concept of the sponge segment is a key
aspect of this paper so we elucidate it further using
Fig. 1 showing the distribution of segment lengths.

Four Thousand six hundred and forty five seg-
ments in S, are 10-29 AAs in length, and they can
be located at the tail end of a protein. The diversity
of their 3D-structures is largely due to the fact that
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Fig. 1. Histogram showing the number of segments for a given
length in the sponge set. Amongst the 9297 segments, there are
4645 segments whose lengths are between 10 and 29 residues;
2790 segments whose lengths are between 30 and 99 residues;
1550 segments whose lengths range between 100 and 299 resi-
dues; 249 segments whose lengths range between 300 and 499;
and only 63 segments whose lengths are more than 500 residues,
the longest segment consists of 1524 residues.
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Fig. 2. Histogram showing the distribution of the tail segments
according to their length in the sponge set. The particular num-
bers are 483 for the tail segments with 10-29 AAs, 407 for the
tail segments with 30-99 AAs, and 133 for the tail segments with
30-99 AAs.

it is not always possible to exactly determine the
coordinates of the AAs at the head (N-terminus)
and tail (C-terminus) ends of protein. Hence the
location of the segments in S, is quite important. In
Fig. 2 we show the distribution of the segments that
constitute the tail ends of proteins.

2.2. The Causes of the Emergence of Multi-
structural Segments

The differences between the individual struc-
tures of a multiple-structure protein are due to the
presence of special segments with multiple-struc-
tures. A protein chain can be also seen as a seg-
ment of the protein. By aligning the high-level
structures of segments in S, we find numerous
segments occurring naturally, except the tail seg-
ments with various structures resulting often from
human error. While the diversity of the structures
of segments is natural, it arises only as a result of
the following three causes.

First, a large number of multiple-structure pro-
teins are domain-swapped dimers that are linked
differently and which exhibit a rotation around the
hinge region (Barrientos et al., 2002). Typically, as
is the case with calmodulin, different structures are
found by making a rotation at its hinge region,
while the structure of every single domain is invari-
ant (Toyoshima and Nomura, 2002; Xu ef al., 2002)
as is shown as Fig. 3(a—).

For each of these segments, its secondary
structure is invariant, but the differences between
pairs of 3D structures of the multi-structural seg-
ment are very large. Generally, all multi-structural
segments occurring for this reason are called rotat-
ing segments.
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a) the 3D-structures with the
same primary sequence
occurring in 1K90 (Drum et
al., 2002)

b) the 3D-structures with the
same primary sequence occurting
in INWD (Yap et al., 2003)
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s

¢): the 3D-structures
with the same primary sequence
occurring in 1CDL (Meador et
al., 1992)

Fig. 3. Example domain-swapped dimmers; domains 1 (residues 1-75; in blue) and 2 (residues 81-147; in yellow), which are connected by
the link (residues 76-80; in green) are invariant in the three cases shown even though the shapes of the corresponding 3D-structures are

quite different.

Second, some segments often lose a helix or a
sheet, which may change their 3D-structures to
some degree. That is, a given segment occurs in at
least two proteins; it forms a helix or a sheet in one
protein but forms no particular motif (other than a
random coil) in another protein. In this case, we may
conclude that the latter protein misses a secondary
structure. For example, the segment (LEU214 to
LEU279) occurs in both proteins 2HMI (Ding et al.,
1998) and 1IKX (Lingberg, et al., 2002). Observing
the blue (dark) part in Fig. 4(a, b), we may find that
2HMI misses a sheet.

Again, the segment (VAL33 to LYS76) occurs
in both 1187 (Falzone et al., 2001) and 1WDB
(Muskett and Whitford, to be published) proteins.
Comparing Fig. 5(a, b) we find that it misses three
helices in 1187.

In general, all of these segments that miss their
secondary structure are called missing segments.

(a)

Third, segments are called disarranging when
their 3D-conformations are similar and secondary
structures are the same, but different residues in dif-
ferent regions form similar conformations. For
example, the two loops of the same segment
(GLU47 to VALS0) that occur in both 1IW7 (Ber-
man et al., 2000) and 1L9U (Chew ef al., 1999) are
similar, but are formed by different residue pieces.
For illustration compare the blue, green and yellow
parts in Fig. 6(a, b).

In addition to the three main sources above, we
found only seven multi-structural segments, i.e.
1FJI, 3ITS, 1DL9, 1LQN, 1ITN, 1B29 and 1B61
(Bamborough et al., 1994; Brody et al., 1999; Hans-
son et al., 1997; Tiraboshi et al., 1999; Veerapan-
dian, 1992), which arise due to other causes. The
differences between their 3D structures are due to
the fact that each of these seven segments has a pair
of 3D structures, one is given by a theoretical model

(b)

Fig. 4. The LEU214 to LEU279 segment from (a) 2HMI and (b) 1IKX.
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Fig. 5. The VAL33 to LYS76 segment from (a) IWDB and (b) 1187.

while the other is found empirically. The references
given above indicate that these theoretical models
may be fraught with some problems hence we ignore
these cases as we have reason to believe that the dif-
ferences are due to a human error. That is, we only
consider the 9290 segments in the sponge set.

3. METHODS
3.1. The Measurement Method

In order to compare two distinct protein struc-
tures, we must ignore the rigid translational and
rotational transforms that leave the structure invari-
ant. Thus, we translate each 3D-structure of a mul-
ti-structural segment into a sequence consisting of
unit vectors in R>. An ideal measure for this is the
so-called URMSD which stands for the Root Mean
Square Distance for Unit Vectors proposed by

Chew et al. (1999) for detecting the common geo-
metric substructure in proteins.

URMSD is a variant of the RMS distance, in
which instead of comparing residue positions we
compare the corresponding unit vectors. The ter-
tiary protein structure is represented by a set of
coordinates of the Cy-atoms, {C.(i), which become
inputs for the root mean square distance (RMSD)
(Kabsch, 1978). Given two n residues long struc-
tures, A and B, and the corresponding two sets of
coordinates {C,(i)} denoted as (x4(i),y4(i),z4(i))
and (xp(i),y5(i), zp(i)), the RMSD is defined as

RMSD(4, B) = RMS({x4(i), y4(i),z4(i) },
{xp(i),yp(i),zp(i)};i=1,2,...,n)

URMSD is defined as the minimal RMS distance
between the corresponding unit vectors. Let V/; and
W; be the vectors from atom Cy(i + 1) to Cu(i) in
structure A4 and B, respectively:

(b)

Fig. 6. The GLU47 to VALS80 segment from (a) 1IW7 and (b) 1L9U.
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Vi= (vit,via,vis) = (xa(i+ 1), 4 + 1),
za(i+ 1)) = (xa(i), ya(i), z4(D))

Wi = (wi,wp,wn) = (xp(i+ 1), yp(i+ 1),
zp(i+ 1)) — (x(i), ys(i), z5(i))

The sets of the two vectors {V;} and {W;}, i =
I, 2, ..., n, can be used to represent the struc-
tures of 4 and B, respectively. For proteins, {V;}
and {W;} can be normalized to ‘‘unit vector”
since their lengths have almost the same value of
3.84.

Vi Wi

T: = (ta, tp, t3) = i Ui = (upn,up,uz) = il

where ||[Vi]| = ||Wi|| = 3.8. The URMSD of struc-
ture 4 and B is defined as:

URMSD(A, B) = RMS({Z,‘l, tn, ti3},
{up,up,uzt;i=1,2,...n—1)
The above formula shows that URMSD is com-
puted in the same way as the RMSD, but it uses

different inputs, i.e. unit vectors. Therefore, UR-
MSD is defined as follows:

2n — 2 % trace(svd C)
n

URMSD(4, B) = \/

where C is the autocorrelation matrix between the
unit vectors for 4 and B, svd C denotes diagonal
matrix in the singular value decomposition of C,
and trace denotes the sum of the diagonal terms of
the svd C matrix.

Figure 7 shows an example calculation of UR-
MSD between the 4-residue segment from GIn28 to

Coordinates of 1IFOV
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Lys31 in chain A of 1F0V and chain E of 1RTA
(we follow up on this example later in the text):

Stepl: Transform the C,-atoms coordinates into
vectors {V;} and {W;}.

Step2: Normalize the vectors to unit vectors {77}
and {U;}.

Step3: Calculate the autocorrelation matrix C
between the two groups of unite vectors; cell val-

ues in lcolumn p and row ¢ are defined as
P

Cpg = Z LipUig-

Step4: Compute singular value decomposition of
C denoted as svd C.
Step5:
URMSD(A,B) =

URMSD is superior to the RMSD since:

Calculate
2n—2+trace(svd A)
—_—

e URMSD is not overly sensitive to the
change of the protein’s outliers. The struc-
tural differences of just a few AAs in a long
sequence can induce a large value of
RMSD, which is not the case for URMSD.
For example, chain A of 1FOV and chain E
of 1RTA share a sequence segment ranging
between GLN28 and SER 123. The RMSD
distance between the two structures equals
9.6354, while the URMSD equals 0.435A4.
In fact, almost 90% of the two structures
are essentially the same, see Figure 8, and
larger RMSD is due to the tail of segment
in 1FOV which protrudes from the center of
the structure and forms an outlier. At the
same time, two structures of about 100 AAs
are assumed different when the correspond-
ing RMSD is about 94. Therefore, RMSD

Step1 Step2
17.392 18.475 -15.286
e N O N
11821 19.582 -14.722 E>-1.597 1'351 -3'1so|:>-0.420 0.3« -o.ss<
13.418 20.933 -17.902 - 92 . - 090 5999
20.028 12859 -17.898 3.503 -1.416 0.207 0.929 -0.366 0.054
16.435 11443 -17.691 E>:238< _3‘021 0269 |:>:0.602 _0‘796 0.071
14.150  14.464 -17.960 1.67; 0.744 -3‘184 o'4<7 0'202 -0’866
15.828 15.208 -21.144 - . . -2 . -
Coordinates of 1IRTA Step3
Steps Step4
1.614 -0.001 -0.000 1.363 -0.079 -0.367
URMSD=0.057 <j -0.001  0.959 _o.ooo(::] 0.148 0.880 -0.390
-0.000 -0.000 0.422 -0.483 -0.094 0.718

Fig. 7. An example calculation of the URMSD from coordinates for 4-residue segment from GIn28 to Lys31 in chain A of 1FOV and

chain E of IRTA.
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a) b)
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Fig. 8. The GLN28 to SER123 segment from (a) chain A of 1FOV and (b) chain E of 1RTA. The yellow segment (GLN28 to ASN113)
corresponds to common structure in the two chains, while the blue segment (PRO114 to SER 123) correspond to the different structure,
which results in RMSD = 9.6354. The common, yellow segment covers 89.6% of the two structures.

should not be used to compare structures
that have outliers.

e URMSD weighs all portions of the protein
equally, while in RMSD portions far from
the center of mass are weighted more heavily.

e RMSD usually increases with the length of
the segment while URMSD has an upper
bound of 2.04 and is not sensitive to the in-
crease of the length of the segment. For
every pair of random unit sequences with
the same length n, the expected upper bound

is about /2 — %

e Finally, URMSD has the same computa-
tional complexity as the RMSD.

3.2. The Threshold

RMSD is a popular measure used to determine
structural similarity. It is generally believed that two
structures can be regarded as the same if their
RMSD is less than 34. On the other hand, UR-
MSD is not as popular, but we believe that it is
more appropriate in case of our investigation. In a
recent study, Yona and Kedem suggested URMSD
threshold equal to 0.6 to differentiate between simi-
lar and dissimilar structures for 8-residue segments
(Yona and Kedem, 2005). Using thresholds of 0.6
and 0.5, more than 80% and 85% of the fragment
pairs from the sponge set will be assumed to have
the same structure, respectively. Although there is
no direct mapping that would transfer a RMSD
threshold into the corresponding URMSD value,
we show that the URMSD threshold of 0.5 should
be used by comparing it to using RMSD of 34.

Assuming that a given sequence segment has n
different 3D-structures we need to compute UR-
MSD for each pair of the different 3D-structures.
Therefore, n(n—1)/2 URMSD values must be com-
puted to consider all pairs and the maximal UR-
MSD is the maximum among the n(n-1)/2
URMSD values. Among 9297 segments from the
sponge set, 8486 segments have maximal
URMSD < 0.54 and the remaining 811 segments
have maximal URMSD>0.54. The distribution of
the segments as a function of the maximal UR-
MSD is illustrated in Fig. 9.

One hundred and forty seven of the 9297 seg-
ments from the sponge set have maximal
URMSD < 0.5 and corresponding maximal
RMSD > 34. Thus, only about 1.58% of the
segments would be incorrectly classified as structur-
ally similar based on URMSD, when compared to
the classification using RMSD. At the same time,
257 of the 9297 segments have maximal
URMSD > 0.5 and maximal RMSD < 34. Again,
only about 2.76% of the segments that URMSD
would classify as dissimilar are in fact similar
according to the RMSD. Similarly, for the 8,486
segments we found that only about 1.78% of
them have maximal RMSDs < 34. The maximal
RMSDs for most of the remaining 811 segments are
greater than 34, which is shown in detail later in
the paper. Assuming that 811 segments are in fact
structurally dissimilar, the probability of an error
due to using URMSD instead of RMSD can be
estimated as 1.78 x g‘z‘—gg = 1.62%. The above discus-
sion implies that 0.5 is a suitable threshold for UR-
MSD to decide if a given segment is structurally
conserved.
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Fig. 9. The distribution of the maximal URMSD distances of the 9297 segments from the sponge set.

Generally, RMSD increases with the increase
of segment’s length. For segments with more than
200 residues, 34 threshold is too strict to detect
similarity between two structures. The RMSD
threshold can reach even 64 value (Kihara and
Skolnick, 2003; Reva er al. 1998). At the same time,
as argued above, the URMSD value is not sensitive
with respect to the sequence length, and thus a sin-
gle threshold value can be used for sequences of dif-
ferent length. To further illustrate this fact we
computed average RMSD value for sequence of
varying length, for which URMSD equals 0.5:

— for segments of 150-160 residues, URMSD of 0.5
on average equals RMSD of 34

— for segments of about 200 residues, URMSD of
0.5 on average equals RMSD of 3.74

— for longer segments, we do not have sufficient
number of samples to calculate the average, but

3.5 %l
3 “
/M'J

"%25
2 [

0 50 100 150 200 250
length

Fig. 10. Average RMSD value for sequences for which URMSD
equals 0.5. The value of the RMSD increases with the increase of
the length of the segments.

for some segments of about 400 residues that
have a maximal URMSD of about 0.5, the corre-
sponding RMSD equals about 54— 64.

The detailed relation between sequence of different
length for which URMSD equals 0.5 and the corre-
sponding value of RMSD is shown in Fig. 10. This
demonstrates that in contrast to RMSD, the fixed
URMSD threshold can be successfully used to
decide about structural conservation for sequences
of varying length.

3.3. Construction of the Indicator Sequence for a
Pair of 3D Structures

We notice that URMSD sometimes is not sen-
sitive to small changes; conversely it sometimes
overestimates the effect of minor local changes. For
example, in the segments that lose either a helix or
a sheet, the URMSD is not sensitive enough to
detect that. On the other hand, in rotating seg-
ments, common minor changes in the hinge may re-
sult in a large URMSD. To repair this shortcoming,
we introduce an indicator sequence that reflects the
local change more reliably. We divide one segment
into smaller pieces of fixed length so that URMSD
is sensitive enough to catch the local changes taking
place at more than two residues simultaneously
being able to overcome the overestimate of the
effects of rotation. The fixed length is selected based
on the following facts.

Following Lemma 2 (see (Shen et al., 2004),
p. 9), for a pair of five-unit-vectors, we state
that

e If two unit vectors are different, _then the
expected URMSD is /2 — % ~0A4.
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e If three vectors are different, the expected
URMSD is /2 — 28— 0.614.

e If four vectors are different, then the ex-
pected URMSD is , /2 — 27812 =0.77A.

e If all five vectors ar¢ random variables, then

the expected URMSD is /2 — % =0.864.

Therefore, the threshold of 0.54 is sensitive enough
to catch these changes at each location where at
least three vectors in each five-unit-vector are chan-
ged. On the other hand, for every pair of 3D-struc-
tures corresponding to a multi-structural segment,
we have a pair of C,-atom sequences.

e If 2 coordinates of the C,-atoms are differ-
ent, then at least 3 unit vectors in the pair
of the corresponding unit vector sequences
are different.

e If 3 coordinates of the C,-atoms are differ-
ent, then at least 4 unit vectors are different.

e If 4 coordinates of the C,-atoms are differ-
ent, then at least 5 unit vectors are different.

Since the average length of a strand is about 2.3
AAs and the average length of a helix is 3.6 AAs, it
implies that this will result in at least three vectors
being changed in a five-unit-vector. Therefore, 0.54
used as the threshold for the URMSD offers suffi-
cient sensitivity to catch these changes for a strand
or a helix but it will allow only one coordinate of a
C,-atom to be given incorrectly. Thus, choosing the
fixed length of 6 AAs is appropriate.

In general, a segment that consists of N resi-
dues has N — 6 six-residue pieces:

Ist to 6th C,,2nd to 7th C,,..., and N — 5th to Nth C,.

They correspond to N —6 five-unit-vectors. If more
than two coordinates of Cy,-atoms are different in
every pair of 6-residue pieces, then in the corre-
sponding pair of five-unit-vectors at least three vec-
tors are not the same. This difference will be
detected by URMSD with the threshold of 0.5A4.

A piece is called active if its maximal URMSD
is greater than 0.54, and we assign its correspond-
ing region a label ‘a’. Otherwise, we say it is
conserved, and assign its corresponding region a la-
bel ‘c’. Of course, the state of the last 4 portions

Primary sequence

corresponding to the front five-unit-vector will be
covered by the state of the first 4 portions corre-
sponding to the next five-unit-vector. Finally, we
have an indicator sequence that indicates the state
of activity or conservation, which is illustrated in
Fig. 11.

If for a given residue the result is a, we say the
nth residue is “a”-type, then there is at least one

pair of five-unit vectors, say, vy, vpig,..., niq and
Wn, Wntl, - -+ Wnega such that the URMSD between
Vi Vot ls -« Vard @nd wy, Wagp, .., Wapg IS greater

than 0.54. Using the coordinates of C,-atoms to
describe this difference, the RMSD between the
coordinates of C,-atoms, say, Cy .1, Cy 4y -..n Cy
n+a and CVy,q, CVy 4y oy CVg,44, would be
greater than 3A4. If the nth residue is “a’-type
alone, then it means the difference between C, .1,
Cy o and CV'y ., CV/y, is very large, but that dif-
ference between

.and C L C

Ca,n+17 LR Ca,n+4a .. on+1) o4

is small. In general, there is no ‘“a”’-type residue
standing alone in a sequence.

3.4. Classification of the Benchmark Set

Combining with the indicator sequence, we
classify the segments in the benchmark set as fol-
lows. We regard a segment as

1. invariant, if it has a unique 3D-structure.

2. absolutely conserved, if its indicator sequence
consists purely of ‘c’-type residues.

3. conserved, if its maximal URMSD is less than
0.5A.

4. missing, if it is conserved but not absolutely con-
served.

5. rotating, if it is not conserved and there is a
small region in the middle of the segment, in
which, the indicator sequence is of ‘a’-type.

6. disarranging, if it not conserved and there is at
least one bigger region, in which, almost all the
indicator states are of ‘a’-type, but if we allow
a shift, then the number of ‘a’-type residues is
lower.

EIPPRSEKANVLQIALQTKIKLFYRPAAIK

Indicator sequence

aaaaaaaaaaaaaaaaaccccccccccecceccecce

Fig. 11. Example indicator sequence; the first row is the sequence of AAs represented by single-letters. The second row is the indicator

sequence for conservation (‘a’ means active and ‘c’ means conserved).
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Note that the definitions of rotating, missing and
disarranging segments are the same as those given
in Section 2.2. However, this definition does not
cover all segments in the benchmark set. Typically,
for all 9290 segments in the sponge set studied,
there are 652 segments that cannot be included in
any of the above six classes due to the fact that
0.54 gives too strict a condition. However, if we
raise the threshold from 0.54 to 0.64 or 0.74, then
the 645 segments will uniquely belong to the “gen-
eralized conservation class”. This is discussed in
Section 4.3.

4. RESULTS

The above classification was applied to the
entire benchmark set and the results are summa-
rized in this section. We start by clarifying the rela-
tion between the missing, rotating and disarranging
segments and the segment conservation, and next
we estimate number of segments in the benchmark
set that are not conserved.

It is clear that an invariant segment must be
absolutely conserved. In the Appendix 1 a mathe-
matical proof is given that an absolutely conserved
segment must be conserved. That is, for a segment,
if its indicator sequence is purely a ‘‘c’-sequence,
then its maximal URMSD must be less than 0.54.
But the inverse is not true. In fact, we have poin-
ted out that 8486 segments in the sponge set are
conserved. The remaining 811 segments include the
rotating, disarranging and other 645 segments (see
Sections 4.1 and 4.2). However, amongst the 8486
segments, only 6222 segments are absolutely con-
served, and 2264 segments are not absolutely con-
served.

Intuitively, the missing segments should belong
to the set consisting of all conserved segments
because the operation of segment removal does not
change the shape of the corresponding 3D-struc-
ture. But these must not be absolutely conserved
segments because the missing helices or strands
surely result in the corresponding five-unit-vector
being changed largely since the average length of
the strands is 2.3 AAs while that of the helices 3.6
AAs. So, the indicator sequence will catch the miss-
ing ones. Since the missing ones mainly affect the
secondary structure of the protein rather than its
3D-shape, we can ignore this case if we predict the
coordinates of the C,-atoms.
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It is clear that a rotating segment should not
be conserved because rotation causes the hinge to
change, which usually increases the URMSD of the
whole segment by more than 0.54 while the indica-
tor sequence in the hinge region is also greater than
0.54 because every five-unit-vector in this region
changes significantly. For the disarranging segment,
both the global URMSD and local URMSD are
larger unless we compare them accounting for a
shift. Hence the AAs are active in the indicator se-
quence and almost all of them are of the ‘a’ type.
However, in this region, if we permit each piece to
shift freely, every piece will find its best match.

4.1. Estimating the Number of Rotating Segments

Rotating segments are those segments, in
which backbones in the hinge regions are rotated,
while the domains are structure-conserving. These
rotations will make the URMSD of a whole seg-
ment large and its indicator sequence will be of
‘a’-type in the middle region corresponding to a
hinge. On the one hand, a rotating segment usu-
ally has a large URMSD as a whole, which is
usually larger than 0.84. For example, the longest
rotating segment is GLN238 to GLU993 as found
in chain A of 1EUL (Toyoshima et al., 2000) and
chain B of 1IWO (Toyoshima and Nomura,
2002). Figure 12(a, b) shows the conformations of
the same segment GLY88 to ARGS37 found in
chain A and chain B of 1UAA (Korolev et al.,
1997); the URMSD is 0.844. On the other hand,
the rate defined as the length of hinge regions di-
vided by the length of the segment, is much smal-
ler than 20% AAs. Moreover, all ‘a’-type
sequences should be located in the middle region.

We can estimate the upper bound on the total
number of rotating segments using the following
procedure:

e First, calculate the URMSD between every
pair of 3D-structures of one n-length
segment and denote its maximal URMSD
by D.

e Second, make the indicator sequence of the
segment.

e Third, if D> 0.5 and the rate of ‘a’-type
sequences in its indicator sequence is less
than 20%, we regard this segment as a pos-
sible rotating segment.
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Fig. 12. The 3D-structures of the same segment occurring in (a) chain A of 1UAA, and (b) chain B of 1UAA; the segments consist of
two structure-conserved parts (residues 88-371 in red and residues 378-537 in green), and link part (residues 373-377 in black).

After checking the segments acquired by the above
steps, among all of the 9290 segments, only 66 seg-
ments have been found to be rotating segments.
That is, at most 0.71% of the sponge set would be
rotating segments.

4.2. Estimating the Number of Disarranging
Segments

For most of these segments, amongst all of its
3D-comformations, the maximal similarity is not as
good as for the conserved segments. Moreover, in
its indicator sequence, the rate of ‘a’-type sequences
is very high. To detect disarranging characteristics,
we use a method that is similar to the cycle-convo-
lution used in Signal Processing. We let uy, ..., u,
and vy,...,v, be unit vector sequences that are cal-
culated from a pair of 3D-structures of a segment,
for a shift /=0,1,2,...,.n—1. We then have

orderly permutation sequences induced by vy, ..., v,
as shown in Table 1. "
Then, z=(z1,...,z,), where z;,= 5 uy,e

. m=1
1 ({vi})(m) and w, @ m({v})m) is the point
product of two unit vectors. We formally say it is
the cycle-convolution of uy,...,u, and v,...,v,. If

Table 1. Permutation Sequences Where 7;({vi })(m) Corresponds
to the Unit Vector in the ith row and mth Vector

Shift Abbreviation Complete form
/=0 no({vi}) UL, 02,03, ..., Uy

l=1 m({vi}) 02,03, U4y - oy Up, U

/=2 o ({vi}) U3, 04, VS, + - -, Up, U], 02
l=n-1 a1 ({vi}) Uy, U1, 02,03, 04, U5, ..y Uy

there is an /> 1 such that |z|>|z|, we conclude
that the segment is a disarranging segment. In
short, the procedure is as follows:

e If there is a pair of unit vector sequences
uy,...,u, and vy,...,v, such that the UR-
MSD greater than 0.54

e If the indicator sequence produced by
uy, ..., u, and vy, ..., v, has a region that the
rate of ‘a’-type residues is greater than 50%.

e In the region, the corresponding pair of unit
vector sub-sequences is given by u, .. ., Uty
and vy, ..., Vmyp, If there is a shift / > 1 such
that the similarity coefficient between {v(/)}
and uy,...,u, is strictly larger than that be-
tween {v/(0)} and uy, ..., u,.

Then we regard this segment as a disarranging
segment.

Using this procedure, we obtained 93 segments
among all of the 9290 segments as possible disar-
ranging segments, which is about 1% of the size of
the sponge set.

4.3. Analysis of the Remaining 652 Segments

The remaining 652 segments, which cannot be
included in any of the six classes defined in the Sec-
tion 3.4 due to the fact that 0.54 gives too strict a
condition, have been checked manually and the
result is as follows:

e 3D-structures of each segment within the
645 segment set are almost the same, even
though its whole URMSD is greater than
0.54 (the corresponding RMSD may be
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Table 2. The Statistical Correspondence between URMSD and
RMSD for the Set of 652 Segments

The set for which URMSD 0.64 0.74 0.84
< the given threshold

The mean RMSD for 2.9134 3.4054 4.6964
the given set

The maximum RMSD
for the given set

The number the segments 20 32 36
that RMSD > 44

11.0654 15.3664 19.8514

greater than 3A4). Since the threshold (34)
in terms of the RMSD is too strict, it is
relaxed somewhat in practice. There is a sta-
tistical relationship between the URMSD
and RMSD for the 652 segment as can be
seen in Table 2. If we relax the threshold
slightly, then most of the 645 segments will
be classified as conserved segments, which
agrees with our manual inspection.

e There are 7 segments: 1FJI, 3ITS, 1DL9,
1LQN, 1ITN, 1B29 and 1B61 (see Section
2.2) which are exceptions, each of which has
a pair of 3D-structures that are quite differ-
ent. However, all of these exceptions are
due to one given by a theoretical model and
the other given by an experimental method.
So we suspect that these exceptions are not
reliable and ignore them.

The missing segments are included in the set that
has conserved but not absolutely conserved
sequences, and their total number is less than 2264.
Since the 3D-configurations of each missing seg-
ment show no significant differences, we do not
present it as an independent subsection.

5. SUMMARY AND CONCLUSIONS

Below, we give the summary of our findings as
follows:

e For a possible multi-structural segment that
belongs to one of the invariant segments,
absolutely conserved segments, or conserved
segments, its 3D structures always seem to
be unique structurally.

e For each segment that is not conserved
and also not the rotating and the disarranging
segment, its 3D-structures have very small
structural differences. Therefore these segments
can be regarded as structurally conserved.
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e Only for all rotating segments and disarrang-
ing segments, their maximal RMSD may be
significant indicating variability of their
structure. However, the number of the rotat-
ing segments divided by the size of the
sponge set that is less than 0.71%, and the
same number for the disarranging segments
is less than 1%. Furthermore, the total num-
ber of all possible rotating segments and dis-
arranging segments divided by the number of
sequences in the benchmark set, which repre-
sents sequences in PDB, is less than 0.085%.

The ‘“‘uniqueness” (conservation) of the 3D-struc-
tures of segments is a strong property that allows to
predict 3D-structures based on alignment of the pri-
mary sequences given that sufficient level of
sequence homology is present. At the same time,
1.71% of segments, which account for the rotating
and disarranging cases, exhibit variability in the
structure despite having identical sequences. These
segments may results in inaccuracies for the
sequences alignment based methods for both 3D-
structure and secondary structure predictions. We
also conclude that the prediction accuracy of the
secondary structure will suffer bigger loses in com-
parison with the 3D structure. The 2264 conserved
but not absolutely conserved segments, which con-
stitute about 25% of the sponge set, may lead to
wrong secondary structure prediction result.

The indicator sequence, which is proposed in
this paper, plays an important role in distinguishing
rotating, missing and disarranging segments. This
knowledge can be used to find the active and the con-
served regions for a segment. The absolutely con-
served segments of length more than 10 residues form
the most useful class, in which each segment is con-
served if we ignore the change of the coordinate of a
single C,-atom per 6-residue segment. The mathe-
matical proof given in the Appendix 1 shows that for
any multi-structure segment of length greater than
10, if it is an absolutely conserved segment, then it
must be a conserved segment. The inverse is not true.

The sponge set S, defined in this paper is an
unexpected result. All chains in the PDB database can
be covered by the 17,494 segments drawn from the
sponge set consisting of the 9297 protein segments and
the signature set that includes 8197 protein chains.
This shows that space of valid AA sequences that can
be used to assemble the structural information is sig-
nificantly smaller than the source protein set of 53,000
collected from PDB and the set of all possible AA
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sequences, i.e., assuming the segment length of 10,
which was the minimum length of segments in the
sponge set, there are 20'° = 10, 240, 000, 000, 000 pos-
sible sequences.

APPENDIX 1

For proving that an absolutely conserved seg-
ment must be a conserved segment, we first consider
the definition of URMSD. We need to prove the
following statement mathematically.

Let

d({vi}, {wi}) = min¢{\/r112n: [Ivi = ¢(Wi)|2}
i1

be the URMSD between the two unit vector
sequences {v;};_; and {w,}, 1> and let d; be the UR-
MSD between the pair of wviq,...,vas and
d(Wit1), - p(Wirs).

Then d({vi},{w:}) <max{d; | i=0,1,2,...,
n— 5} for all n > 10.

Proof. It is easily followed that

{ Zm— w,||}

g {\/ va,— |}
{\/ vazn + 10w - (v,,qb(wz-))}
wzz ]
B

We can regard that Z(vl, (w;)) as the trace of the

=
correlation matrix R(n) where

(v, d(w1)) (vi, p(w2)) ...
R(n, ¢) = (v2, p(w1)) (v2, P(w2)) ...

(Vs @(W1)) (Y, @(w2)) ...

That is, we have

2n — 2 x trace(R(n, ¢))
n

d({vi}, {wi}) = mingg, \/

For a fixed ¢ and every pair of five-unit-vector

Vitly -y Vits and (,ZS(WHLI), EERR ¢(1/VI'+5)’ we have a
correlation matrix

(Vi 1,0 (Wis1)) (Vis 1,0 (Wit2)) . (Vi 1,0 (Wi 5))
Ri(5)= Vis2, 0 (Wir 1)) Vig2,p(Wisa)) oo (Vi2 s (Wiss))

(Virs,@(Wir1)) (Vigs,d(Wir2)) o (Vies, P (Wirs))

Letd; = \/trace(Rf(S)/R,-(S)) fori=0,1,2,...,n—5.
For convenience, then we may assume
dy =max{d; | i=0,1,2,...,n— 5}, then

J=1 j=1 J=1 j=1

55 5
\IZZV,, (w;)) 2>Jzzvl+k, (Wjtk))

for all £k > 1.

Considering the relationship




314

By ordinary fact of structure of protein: for
most AAs, the state at site 7 is not more frequently
correlated to the state at site j if the distance be-
tween the two sites is greater than 5 AAs. That is,
we may assume that R(n) R(n) has the following
relations mathematically:

e The number of the set

5

{k | Zl Z (vi, d (W])) < Zl Zl (Vitk, @(w))) }
J=li= J=li=

related to n—5 is very small.

e The number of the set
{kl ZZ (vi, p(w)))? <ZZ(VH d(wiix))’}

i= 1]7 i=1 J*
is also very small related to n— 5.

o (0 d(9))>(igi, (w)* and (v, §(wy))*>
(vi, ¢(wjyx))” for all i,j <5 and almost all
k> 6.

j=li=1 j=5i=1
5 5 5 5 5 5
o 22 ) =20 3 (Vi i)
i=1j=1 i=1j=1
5°5 5 5°5
o I )= X ik )
i=1j=1 i=1j=1

for all £ > 6. Without lost the generality, we
may assume that n = 0 (mod5), and then we
have

==

tr(R(n)'R(n)) =
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That is, we have proved that

\/01(”)2 + 02(”)2 +oe Tt O'n(”)z
n
3 \/01(5)2 + 025+ +as5(5)°
5
where o;(j) for j=5,n and i <j, are the singular
value of R(5) and R(n) respectively. Replacing R(n)
and R(5) by their “squared root™:

if n > 10.

V1000 VI, 02)] [(ve, yu)
Rn) = | V102 V10202 [(v2, 7))
\/|(Vnayl)| \/|(Vnay2)| | (Vs )|
and with the same argument, we have
o1(n) + o2(n) + - + 3,(n)
n
0'1(5)+O'2(5)5+"'+0'5(5) it 7> 10,
That is, tI"dCC(;vd R(5)) > tI‘dCG(;LdR ") for n > 10.

Therefore, the maximal URMD among the all
five-unit-vectors is greater than the URMSD for the
whole segment. This ends the proof.

n

,,1_2 Z(v,,y,)

Jj=li=1

_ ,,%(iiu,-,yj)%ii(vl,y,) 325 () +i'z’<vl,y]>)

—1i=6 Jj=61i=6

(v,,y,) + ZS: > (v, ) >

Jj=1i=6

._.
~.
Il

i ()" 4255 (01 7) )

55 5 s
2;’,;25 (Z Z (Vi,yj)2> < % (Z Z V,,yj) >h0p<n>10 1

trace(R(5)'R(5)
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