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Abstract

We have devised novel methods to evaluate the
structurul simalerity of proleins.  [In thas paper, we
compare them. In each method, o hash veclor is
assocrated with each fired-length fragment of three.
dimensivnad prodvin structure, Then, we analyze the
stmelarity between fragments by evaluating e differ-
ence between two hash veclors. The novel aspect of the
miethods is that the following property s proved theo-
rebically: if the root mean square demintion belween
tu fragments 12 small, then the distance belween the
hash wectors assocted with the fragments is small,
The methods were compured with the prewious methods
using PO data, and were shown to be much faster,
Une of the new hashing methuds is wlveady meluded in
PROTEIX, a database management system for pro-
bein structures. The features of PROTELX are also
descrvhed in this paper.

1  Introduction

Currently, the number of protvins, for which three-
dimwensional {30 structures are known, is about 1000
aml it prows year by year. Thus, a database manasge-
wwent system for 3D protein strociures is roguired for
sludying structural relations among a large number of
protein structures, which mway contribute to molecular
biology and drug design.

3D daty of proteins are collected in Brookhaven's
Frotein Data Bank (PDB) as a sct of text files [3].
A number of tools which can treat PDR files have
breen developed. Although quick searching for similar
structures scems very lnportant for interactive uses of
toals, few tools have been developed that allow such
asearch. Thus, we Lave developed novel methods for
quick substructure searching, by which similar frag
ments can be retrieved from a database within a few
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seconds on a standard UNTX workstation, One of the
methods has beea adapted 1o PROTEIX, which is a
database management system for 3D protein struc-
tures being developed by us. This paper deseribes the
methods as well as the PROTEIX system,

Here, we briefly review previous work., While sev-
eral problems can be considered for searching similar
structures, this paper focuses on the following prob-
lem (the substructure search problem): given a frag-
went structure P oand a positive real number 8, find
all proteins in a database vach of which contains at
least a fragment 1! such that the rool mean square
deviation (rmsd, in shert) between [7 and It does not
exceed 4. A large number of pattern watching algo-
rithms for 3D protein structures have been proposed
[2. 8,911, 12. 15, 16, 17]. However, few of them can
be used for quick substructure seavching,  Nussinoy
anil Wolfson's method [8] based on the peometric hash-
ing technigue may be used. However, it requires long
preprocessing time and large memory space. Oiher
types of geometrie bashing techniques have also been
proposed in computer vision [6, 7). but none of them
seems to be suited to this problem. An FFT{Fast
Fuurier Transform )-based algorithm, which was devel-
oped for computer vision by Schwarty and Sharir [13],
may be used for quick substructure searching, Al
thongh their algorithen is elegant aud cfficient, it is not
practical for typical sizes of fragment structures, In-
deed, experimental results show that it is better than
a naive method enly when the number af residues is
more than 200 ~ 300 [14].

In the previous paper, one of the authors proposed
a method for quick substructure searching, named the
Ieast-sguores hushing method [1]. Tt is quite different
from the geometric hashing technique used by Nussi-
nov and Waolfson [8]. Tt is rather similar Lo the con-
ventional hashing technique, which is widely used in
database management systems. ln the conventional
hashing techmique. an integer uomber is compuled for



each object so that the nunbers are equal if the objects
are identical. Tn the least-squares hashing method,
this technique is modified for protein structures as fol-
lows. Since what should be scarched for are not iden-
tical substructures but similar substructures, a vector
of real munbers is associated with each fixed length
fragment of protein structure. Moreover, the following
propecty s reguired for hash vectors: if rimsd hetwesy
two fragments is sinall, the distance between the as-
sociated hash vectors is small. In the least-squares
bashing method, the above property is satisfied in
most cases. However, 1t is not proved theorvetically.
Indeed. the least-squares hashing method sometimes
fails Lo Hnd similar substractures. Tt is a erucial weak
peint of the least-squares hashing method. Thus, we
have developed new lushing methods, in which the
above property is theoretically proved. As far as we
know, the proposwd hash vectors are the first ones
[or which the above property is theoretically proved.
Maoreover, the new methods are much faster Uian the
least-squares hashing method.

The organization of this paper is as follows, First,
the roesd fitting is veviewed, and the substructure
search problem is defined formally wsing rmsd. Next,
new hashing methods and thweir theoretical proper-
ties are deseribed in Seetion 3. and experiimental re-
sults for comparing them are described in Section 4.
A database management systemn PROTEIX is then
overviewed.  Finally, we conclude with o Lricl sum-
mary and future worl,

2  Preliminaries

First, we cousider representation of 3D protein
structures.  As we are only interested in represent-
ing an outline of 3D strocture, we follow the comumon
procedure ol ignoring side chains and consider only Co
atoms (or the carbon and pitrogen atoms in the main
chain). which are treated as paints in 3D space. Ouly
the geometry of protein structures is considered wud
details such as the identity of specitic atoms are ig-
noved, Thus, each protein structure is treated ns o se-
guence of points. Fur each structure P = (p'. - p"),
I; ; denotes the fragment (p'.p'* ... p/) of £,

2.1 IRoot mean square deviation

Here, we briefty review the root wean square devia-
tion, which is used as a common measure for compar
ng two protein structures in wwolecular biology, Hrsd
fitting is a kind of least-squares fitting miethod for two

sequences of points, and was developed by several per-
sons independently [3, 10, 13].

Let P=(p',---.p")and Q = (g', -, q") be two
sequences of points. We assume that [? is translated

: ol .
so that its centroid {— Lp" }is at the origin. We
I
k=1
also assume that () is translated in the sane way. For

each point or vector 5, 8; (i = 1,2,73) denotes the i-th
(XY, 4) coordinate value of 5. Lot

l h_';“
d( 7, ¢, ﬂ'.u} = \J’V_ L ||j?p1.' Fa— gt I
n

where [7is a rotation malrix, @ 15 a translation vector,
and |jz|| denotes the length of a vector 2. Then, the
rmsd value d{ P, Q) between P and Q is defined by
dil () = IJ[i'Iitli,l"'l'rP' O .R.a).

:’!I:-P, Q1 .H-, ﬂ.} 15 minimized when & s Lhe rero vee-

tor amd B = (A'4)247", where the matrix 4 =

(Aij) (1,7 = L2,3) is given by 4;; = Z pfql":, anud
k=1

AY% = B means BB = A [13]. Thus, d(, ), I and

 can be computed in Ofn) time, where O f{n)) time

teans that the computation thine is at meost O x fln)

for some constant C.

Output: Q': Qf LI

Fig. 1. Substructure search problein.

2.2 Substructure search

Using vesesed, we define the substructure search
problem as follows (sec Fig. 1)



Input: A {pattern) fragment P = (p',--.p™), a
real number & > 0 and a set of proteins Q8 =

(@, .}

Output: All structures ¢ each of which con-
tains at least a fragment €. such that

rt{n 1“:;?Jr'.i+'r.l!—l.} 5 5'

The substructure search problem can be solved by a
naive method which computes visd for all Q{.Hm—l s,
However, it takes ({Nmn) time, where we assume
that the length of each 7 i3 O(n). In fact, exper-
imental results described in Section 4 show that it
takes about a minute. 1t is too long for interactive
uses of database management systems.

3 MNew hash vectors
3.1 Conditions for hash vectors

Before describing new hash vectors, we describe
general conditions which should be satisfied by any
hash vector. In conventional hashing methods, an in-
teger number is associated with each object. However,
i thee hinshing methods for protein stoucturey, a ves-
tor of reals is associated with each feagment of fixed
lengrh. For each fragment P = (p'.. .-, p") of length
H, a hash vector ks P} ois associated. Then, the fol-
lowing conditions should be satisficd by ha{ P):

(A) Rs() is invaviant with any isometric transforma-
tion {rotation/translation) for £,

(D) Rs(l) is close to hs(Q) if d( P, 2} is small.

Although condition (A} may be implied by condition
(B, we deseribe chey separately to make the presen-
tation clear. Note that once such a vector 15 given,
070 st be computed only when hs{l) is close
Lo fes{ Q). I the least-squares hashing method previ-
ously propused ['lJ condition {A)] is satishied but con-
dition {B) is not necessarily satisfied, Indeed, it some-
tiines Fails to fidd similare fragments,

3.2 Hash vector - a basic one

Here, we describe new hash vecrors. All vectors are
computed moa sinolar way. First, we desenbe a baswe
one. denoted by HASH{A)

HASH(A):

as(Py= (e (PLs(P) oo ep Plospl P, where

I )
fP) = a D lip* — ell {onsf ?1'-[-:;,' Uy,
l-1
k—
siP) = nan ~ elleint 1) 4 ).

Note that e denotes the centroid of P (ie.,
i

e= Ep"}l. Thus, ||p* — ¢|| denotes the length be-
k=1

vween the centrotd and che kth peint. Alse note that

a (oo = 0) and 3 (F 2 0) are fixed veals and 7 s a

fixed integer, which are to be determined later. ‘1'hus,

hs[P] Is -L'l.'l-ll].E.lI.llL‘d i Lhe I’ulluwi:% WHY.

(1} Compuie the controid o of P,
(2) Fori =110 [, repeat {3)-(6).
f.]} oy =0, 5 1.

(4) For k =1 to H, repeat (3)(6).

(3) c; + ¢, +allp® — el (cos( %_—'1] + 3.
(6) s e st allpt — ef|(sing 201 4 ),
(7) ha{P) + {1, 51, €pa5p).

Note that hs(FP} is similar to {a low frequency part
af } the Fourier spectrum of the distances between Lhe
points and the centroid (see Fig. 2). Although the
Fourier spectrum has been already applied to geomet-
ric hashing [6], hs(P) is quite diffcrent from it,

Now, we will prove that hs{ ) defined in HASH{A)
satisfies conditions (A) and (B). Condition {A] is triv-
ially satisfied since hs(P) is computed only from the
distances belween the points and the centroid. ‘To
show that condition (B) is satisfied, we first. prove the
following lemma. Readers who are not interested in
details of the theoretical analysis might skip lemmeas,
proofs and theorems.

Lemma 1: Assume that P = (p'. . p") and ) =
{q'. - . g™} are translated so that the controids are at
i

H

the origin. Then, | 3 p'] = Y llgll| < 1d(P.Q).
| i=1

Proof: Let @ = (§'.---.¢" ) denote the rotated se-

quence of G such that d{P.Q, T 0) = P, Q). where

0 denotes the zero vector and  denotes the identicy

matrix.

Then, the following inequality holds:

| )_, I —}_,II# I | i:llp'}l— gllﬁ"lll

=l
< Zlup"n lla' )1 ;up" |l

1A



centroid

Fourier like
spactrum

Hash Vector:
hs (P)= (610, 850, 190, 110, 410, 140, 550, §30)

Fig. 2. Computation of a bash vector.

where the last inequality comws [rom the tnﬂumlﬁ
inequality. Since h +oot ity £ VEVE T TR,
holds for oll £ 20,8y 20,

It
_ZIIP" -4l g '-’r-’-"\ LIIF‘ §'ll* = Hd(P.Q)

holds and the theorem follows, O

From Lennua [, the following theorem is inmnedi-
ately proved, which shows that HASH{ A satisfies con-
adilion (B

Theorem 1 For all & je;(P) = ()] < Holl +
Al PQY and [8:(P) = 500 < Hall 4 3)d(PQ).

Let HS{ P, v} denote the condition Uhat {|s;{P)—
sA(Q1 £ 7 A e P) = oil@)] € <) halds for all i,
Fromi Thearewn 1, the following property holds: if
HE(F.Q. v} does not hold fur 5 = Ha{l + 5)4, then
AP QY > 8. Thus, if HS(F.Q, =) does not hold, i

can be concluded that (P, Q) > § without comput-
ing rmsd ({d(F,Q)). Huwever, note that d(P, Q) < &
does not necessarily hold if fFS(F, Q. +) holds.

Note that As(P) can be computed in O(H) time,
and condition HS{P, Q. ~) can be tested in constant
time since we assume that D is a fixed small integer.

3.3 Vanmants

In this subsection, we describe several variants
of HASH(A). First, we describe HASH(B) and
HASH(B'), which are obtained by replacing the cen-
troid e of HASH{A) with other positions.

HASH(B):

hs(P) = (c|(P) s\ (P), -+, (P, siy(P)). where
dip) = a ZH:IIF'--'!IH 2”{;—””3}
S(P) = nZIlp* dj sint 0= 4 3.

andd:ip (i.e., dis the centroid of {p'.-- ., pt}).

I-IASH[;;:

hs(P) = '[f’f{Flgf{Pl v el P, Sf_r’r[PIlIl where

P) = a3 1P~ el con =y a),
4P = @ I —ello (2= 4
N E=1
and e= z p* (i, e is the centroid of
k=N L+1

(Y141 V),

Next, we  describe HASH(A | B) and
HASH(A+B+B), each of which is a combination of
the vectors described above,

HASH(A+B):

ha{P) = (¢, (P}, 5,(F), - . en(P). sp(P).
L) 8 (P el P)wp(P)).

HASH(A+B4+B"):

hs(P) = (cy(P).si(P).---. cn(P), sp(P).

cpll). 8, (P,
» €p(P} spiP))-

A8 (),
ef (P).8\(P), - -

AlE hash vectors described above use rhie distances
[rum a special point, while HASH(C) described below
uaes the distanees belween points in the input frag-
mient.



HASH(C):

hs{! = (&L 5 (FP), ---, ep(P) 50l F)), where

H
T a 5
£ i i 2- k"' 1
T = E [l —_p+j§|||,:::15f—rll:H ‘I:I+,']'j|,

k=1
M
% , 2rifk — 1
E(P) = n LZ [lp* — pf #" {RIIII:%]-I—&T}.
™
HASH(A+C):

hs(F) = (co(£), s1(F), -
e PLos (P,

s el PY s p{P),
var tf;l,rp}u-'-'if?{P}]

Finally, we describe HASH(X). While all vectors
deseribod above correspond to a 1D Fourier spec-
triun, HASH{X) corvesponds to a 2D Fourier spee-
truin. HASH{X) 15 stilar to {a low frequency part
af | & 2D Fourier spectnan of the distance map.

HASH(X):

ha{P) = {con Phoosa (Phoscn (Phossn (P cope( )
caa(P) s (P)ss (P ceepp(P) espp( P,
HL;;DLF‘] sann[P-‘lj wliere

ohyy = uz E Lu[cas[h “ ]tm{zﬂj[::f_ ”] =+ i),
hoal Aol

s, = nii Lialeos| zril::: ”}ain[zﬂj[‘:{_ I}}+ 4,
-1 fi—1

Aty = "ii Lhk[bllll:g itk :I:lﬂ.kl{zﬂjl::l_ ]}}+ r':j_:h
* Ll'l I

S8} _QZZ Lipe{simi '“' ]] {EI'FJ“E }]'+.I'i:|~
k 1 k= :

L = I0* - 2.

Here, we consider theoretical properties of the vart
ants. The following lenuna can be proved in a simlar
wiay 48 in Lenmes 1.

Lemma 2:

Lee P = Lplr"W?"}r Q =

I [
(g'.---.q")d' = = Zpi and o® = %Zqi. Then,

IEIIP - l1I—EII*1r ~dll| <

me Lemuna 2, the following theoremn is nmnmedi-
ately proved, which shows that HASH[B] satisfics con-
dlilioens {-ﬂt] anirl {BJ

{1+ —~}|H d( P, Q).

Theorem 2: For all i, |[c}(P)}) — {@)| =
IVHa(l + $)d(P.Q) and |#1{P) = s{(Q)] = {1
EiHa(l+ d(P.Q).

+ +

It 1= not difficult to see that simalar propertics old
for the other vectors except HASH{X), However, we
have not yet proved a similar property for HASH{X).

4.4 Substructure search using hash vee-
tors

Tsing hs(I'), the substructure search can be done
quickly. For a quick substructure search, two phases
are required: the preprocessing phase awl the search
phase,

First, we describe the preprocessing phase. It is
done whenever & pew prolein strocture is vegistered
in a database. Let ¢ be a new protein structure
being registered, where we assumie that GF consists
of w points. Then, hash vectors are computed in the
following way.

(1) Fori=1ton— H ¢ 1 repeat (2).
(2)  Compuee he(Q .y ).

Note that H is a constant and ff = 40 is vsed in the
current version.

The computed hash vectors arc stored in a database
along with the position data of Co atoms (see Fig. 3).
Althowgh it takes O{Hn) time to compute the hash
vectors for each ¢, the time can be ignored since the
hash vectors for QF must be computed onty when (X
is stored in a database. The memory space required to
store the hash vectors for each Q7 is O(n), because the
size of a hash vector can be considered as a constant.

Next, we describe the search phase. In the scarch
phiase, a pattern struclure F o= 'L:|1||Irt-._ where we
assume that the length of P is m = H. Then,
a substructure search is done in the following way.
First, hs{P y} is comwpuled,  Next, for all frag-
ments 7o hs( Py ) and hs(Q;‘;H g g ) e coin-
pared. I concition HS{P g, Qf, v 1T is satisfied,
A’ 6} 4y is computed and tested.  Otherwise,
d( PG -] isnot computed, but the next fragment
is tested, The following sumunarizes the proevdore lor
the search phase (see also Fig, 4), where [(F] denotes
the number of Cov atoms in & protein structure @7, and
we assume that there are N straclures in g database.

(1) Compute hs(P) u).
(2) For j = 1 to V. repeat {3)-{53).
(3 Fori=1to Q4] - m+ L repeat (4)(5).
(4) If condition HS[-P'-~H=Qr'.a+u-|~"J} laolds,
then do (5).
(5) W d(P, Q! ) < 6.
then output QF and try nexe j.



- - e

hash vectors
hs(Q] )=(680,3023,61890, 2125)

hs(Q) )= (645, 3320, 1920, 2070)

hs(Q] )=(525,63940,1644,2015)
’ .

A
e

Fig. 3. The proprocessing phase (H = 4,

* Database

>

Here, we consider the computation time for the
above procedure. We consider the time for (2)-(5),
because the time for (1) i much smaller. Tt is ex-
pected that (5) is not executed for most i. Thus, the
time for each protein structure QY is expected to be
) in mest casen. Thas, the search time for N pro-
teiu structures in a database is expected to be O Nn)
101 1ot cises,

Next, we consider the parameter <. From Thearem
Loy = Hafl + 314 should be wsed {in the case of
m = H}. However, experimental results show that it
does not fail to find similar fragments even if a much
sinaller value is used, Trois obvious that che search time
i reduced if 2 spaller 5 is used. Thus, the value for 5
should be determined based on experimental results.

The search time might be reduced if hash vectars
ape stored i a special data strocture in which similar
vectors can b recrieved gquickly [1B]. Flowever, woe did
pot implenent such o data strueture sinee it is too
complicated and does not seem to e practical.

hs(Q! )= (680, 3020, 1890, 2120)
= not close to hs (P, 4)
— d(P, Elja} is not computed

et

-
-

hs(Q] )= (1610, 2330, 820, 3180)

=+ close to hs(P, ,)

= d(P, Q] )is computed
it

Fig. 4. The seawch phase (= §),

4 Experimental results

Experiments have been done using DO data [3].
Although PDB data contains various kinds of infor-
mation, only positions of Co atoms are used, All al-
gorithims are implemented in the C language on a SUN
SPARC STATION-10 {a UNIX workstation).

The new hashing methods are compared with the
previous and the naive ones in Table 1. NV denotes
the naive method described in Subsection 2,2, LS de-
notes the least-squares hashing method [1]. Both A
awd A denote HASH(A), where £ = 4 is used in A
and D = 8 is used in A B, A+DB and A+B+D de-
note HASH(B), HASH(A+B) and HASH{A+B4+B"),
respieetively, where [P = 4 and L = % i nsed Ly ovach
case, A+C denotes HASH{AHCY, where 1) = 4 is



Table 1. Companson of the new hastong methods,

used. X denotes HASH(X), where I? = 3 is used.

Each item in DATA denotes a filename (denoting
a protein structure) of PDB data, wihers chain A is
wsed o the case of 4HHB, Each pair of munbers in
parenthieses denotes the mange of positions of a frag-
ment P, Each item in NUM denctes the nuniber of
protein structures 4's each of which contains a frag-
went Q5 osuch that {P.QY ) < 4 For
each algorithm and each pattern fragment, search time
(CPU time [scc)) among all structores in a database
i shwown, where 811 struciures are gscd aod all steace
cural data are stored in main memory of the work-
station. A percentage of indices, for which rinsd is
1'-:Hu|u|h-r|., is described too, To each algm'lthm PR
HASH(X), preprocessing (Le., computation of hash
vty ) for all strociores wis compalited in e few mine-
utes, so that it can be neglected. In HASH{X), it took
more than an hour. However, it may be allowed since
preprocessing must he done only onee,

The following parameters were used: f = 40,
no= 200, 3 = 05 § = 40{4) aml 7 = 1200.0,
where o = L0 was used in HASH(X). In gencral.
it is expected that search rime is reduced if a larger
value of IV is used, However, comparison of A and A’
shows that search time increases although a larger £
ix viserl, Becanse the time for comparing hash vectors
increases, while the percentage of indices, for which
rmad is computed, is reduced at most 0.2%. Thus,
D=4 b used. Although ~ @ Haf(l + 338 was used,
cach method except LS could find all structures each
of which contained a fragment Q-'F.J'l-m ; such that
el{ 1, Q:i.l'-—rn—l] < 4. LS failed o find 3 structurcs
in the case of JADR, Murcover, LS took longer than
the other hashing methods in most cases. Thus, it is
proved that the new hashing methods are uneh more
useful than the least IR l1.r-|_-'.hiug', methodl.

=3

DATA [[NUM [NV [L§ A A B A+B [A+B [A+C [X
| LB

AHHB(A) [ 57 630 [ 121 [ 49 5.2 a0 25 1.5 30 1z
(50-94) 26% | 67% [ 66% |o0% |30% |[L3% |35% |a2%W
TLZM BG G40 | 237 |88 9.4 5.1 23 1.3 31 4T
{15-80) 225 % | 1275 [ 125% |65 W (25 % (09 % [36 % |59 %
THGH i G7.5 | 28 6.7 7.2 LA 1E 1.5 4.5 4.7
(5-35) | 25% [01% | 00% |11.2% [45% [ 1L1% | 54% | 58%
3ADK || 5 700 | 51 6.8 T 4.9 3.4 1.8 3.5 1.7
(115170} |f 44 % [87% |[8T7T% |57W [38% [18% [30% [55%
SLDH [ 10 632 | 8.1 1.2 1.2 11 0.6 03 0.7 L5
(150 194} || 80% |12% [11% |07% [03% |00% [03% |15%

From Table 1, it is seen that the following relation
holds approximately:

A4+D+D" = A4D = A4 C = X =
ArsA’=BxL5» NV,

where & = g denotes that o is faster than g, and » = y
denotes that @ is as fnst as y. Thos, it can be said
that we had better combine different types of hash
vectors, Ineach of the new hashing methods, it can
be sern that the search bme was vedueed consider.
ably compared with the naive method, Especially, it
iz seen that HASH{A+B+D) 15 30 ~ 100 times laster
thau the naive method. Thus, it is proved that the
new hashing methods, especially HASH{A+B<+B),

e very effeetive.

5 PROTEIX

One of the hashing methods (HASH{A+B4B"))
was  already inelnded in PROTEIX (TROTEID
database management systein on uniX ), which 15 a
database system for 3D protein struetures, PROTETX
is heing developed to supply a tool for moleculay Liol-
agists who analyze 3D structural patlerns of proteins.

Here, we overview PROTEIX,
5.1 Overview of the system

Fig. 5 illustrates an overview of the PROTEIX sy«
temn, PROTEIX conststs of theee parts:

{A) An in-memory «database consisting of protein
structures,

(3) An interactive graphic wderfuce for Jisplaying 30D
protein stroetires and inputing commands,
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(C) A set ol pattern matching programs for 30 pro-
tebn structures and amine acid SO UENCEs,

All parts of PROTEIX are written in the € lan-
guage, while X-window { XI1R5) and Motif bave been
adopted for the graphic interface. While PROTEIX
is now working on SUN SPARC workstations, it will
work on various UNIN workstations witl: slight mod
ilications, because it Ls higl portability,

5.2  Pattern matching facilitios

The mos: importent feature of PROTETX &s thal it
hins powerful pattern matching programs for 3D pr-
tein structures. It has three pattern matching pro-
grams fur 3D protein structures: a conventional ransd
ficting program. a substructure search PUrOFratn ts-
ing the hashing method deseribed in this paper, and

an alignment program for two 3D structures. For
the alignment program, an algorithm based on the
cly namie pregramming technique is used, which we
have alreaddy proposed [1). To allow yuick substinc-
ture searching, all protein structure data are stoped
in main wemory. Since compact data straclures are
used, more than 1000 structures can be stored within
J2Mbyte main mewory.

The fullowing is a typical method of using the above
facilities. Assume that we want to study prolein struc
tures similar to some protein structure 5. We first pick
some small fragment P from 8. and find structures
*'s each of which contains a fragment similar P,
using the substrocture search program. Then. for each
structure 4, we study structural similaritics between
§ and €, using the structural alignment program and
the rosd ﬁTtlnL" PrOgram.
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5.3 Graphic interface

PROTEIX has au inleractive color graphic inter-
face for displaying M protein stroctures and inputing
conunands (see Fig. 6). It has two modes (M1 and
M2} for displayving o 3D strueturee, Inomode ML, Co
aroms {or the carbon and nitrogen atoms in a back-
bone chain) and bonds connecting thewn are displaycd
(Fig. 6). T owede M2, an outlies of the shape of
ik hi—l{:kh(]]li" {'11}111] i.!‘S l:].iﬁ'[]l.:'i_}'{‘.ll i 7l li'l.'ll"-"l":]. |:|.'IL'“:‘. Nli:lt-e
that proteins are displayed on a color display althowgh
[1]]1 :lr E.l_d‘\ E'{:ll.l S e ll‘\l'[l ill Fi.:._"'l ﬁ ?'t'illl'i'li‘r'f'l'. ﬂf'.'m' ﬂp'
plving a pattern matching program to twe structures,
two structures are shown superimposed. Of course, n
each muorle, steierures can be rorared aodd ecaled down
ur .

PROTEIX allows the user to use fragments of strue-

4

tures, by specifying the start and cnd positions of
residues. It is uscful to look at details of the struc-
ture as well as to specify a fragment for a substructure
szl

The graphic interface of PROTELX is designed so
that users not fanilisr with UNIX can use it Cuor-
rently, all commands are input wsing the "mouse’ de-
vice only. Such commuands as rotation amd scaling can
s done by elicking the mouse button at an appropri-
ate position of the bar. The user can specify PDB files
using the file selection box, which appears on the right
of the display window. A PDB file can be specified by
clicking the mouse at the position where the Gle name
appears. Because Uhiere are oot of files in PO, the hi-
erarchical file structure (directory structure) of UNIX
15 adopred. Files found by a substructure search are
alsa displayed i Lhe file selection box,



6 Conclusion

I this paper, we have described new hashing meth-
ods for quick substructure searching as well as the
PROTEIX database management system for 30 pro-
tein structures, The proposed hashing methods have
desirable properties, which are proved theoretieally.
Moreover, experimental results show that the meth
ods are very fast and effective. It seems that making
a considerable improvement on the methads is very
difficult. Thus, such an improvement is a challenging
open problem.

e of the proposid methods was already included
i the PROTEIX system. We believe that PROTELY
is a useful tool for molecular biologists who study
structural relations among proteins. For that purpose,
we will continue to improve PROTEIX. The followings
are futwre plans for PROTEIN:

¢ A graphic editor which allows user to input new
structures or modily existing structures,

® Structural aligminent  algorithms/programs. for
more than two structures,

¢ Interfaces to other systems/programs for protein
SErUChures,
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