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Abstract

This paper describes an experiment on a knowledge base ap
proach to molecular biological databases, especially focusing on
i protemn function database,

Although there are many databanks of DN As and proteing w
support research enales ular hiﬂlug}'. their :.J'.lt‘?;rﬂ'l}d database
iz urgenthy requested. beepuse rednndancies and gaps among
them preavent effectiveness of such data and Eneswlerdge.

For the integrated database. we take an approach to write var
ioes data and knowledge in oa single knowledge representation
language, QuetoTy, which is designed at OO for dedurtive
and object-oriented database (DOOD ). As & protein function
dadabase = a typival one with complex data and inference rules,
wr start Loy desenbe il n Qﬁf.l'{jff a6 a part of the jl‘lI.'EETaL!'d
datakase.

‘I'his paper deseribes madives [or sur experiments, siatus quo of
hiclogical database rescarches, featnres of QUTYOTE, the concept
of a protein function database, examples of its representation in
OUINOTE, and evaluation,

1 Introduction

LTI L:I:lrll'i"':ll..‘\. ul database ma.na,gem@-n‘. EI‘JST.EI'.I'IE- CLPHME b dre
anxiousiy awaited in molernlar biniogy. DEMS are nsed for stor-
ing and statistically analyzing data. both of which play imporian
roles in molecular biclogical reserrch. When we treat molecular
biological data, we find that the traditional relational database
model 15 not suitable for representing them. DNA sequences Vary
ereatly in their length, wnd the featurs descriptions of their re-
gions overlap and are complicated.  Awonn acid segquences are
generally shorter than DWa. butl they have complex secondary
and 3.1 structures. The traditional model has many restrictions
in itself to prevents natural representation of such data,

Besides. an integrated database of molecular biology is ur-
gently required. Tlherre sre varions kinds of databanks” in molec-
ular biology so that every time biologists have o use & new one,
they are annoved at understanding characteristics of sach at-
tribute: name. definition, syutax, and access methnds.

lz order to design an effective integrated database by means
of a new concept, we have to do two works, Firstly, we should
trazslale sach existing databank into a database in new DBMS,
so that svntactic mismatehes wonld disappear. [U s alse impor-
tant 1o discuss what kind of schema we shonld chimse for them,

ln order Lo aveid semantical wverluading ul a term “database”, T use
1erm “databank” for a collecuon of dats and “datsbase™ lor data related to
& data model ar TRAMS.

or how to parge valuable knowledge written in their comments,
Secondly, we have to construct a knowledge base which has var-
s kmowledge items supplementary to them. so that semantic
mismatches would be reduced. For example, if & certain attribute
kad its own rele to access data. or another table which explains
meanings of its values, they art as knowledge to make jts seman-
tics clear.

At ICOT, we have several projects related Lo malecular biology,
meluding the development of DBMS and the design of a knowl
edge representation language [12]. We have developed a DBMS,
Kappa[l7]. based on a nested relational model, where GenBank
anil PIR wre stored . and will develop some applications to help bi-
alogsts. We are also developing a deductive and ob ject-oriented
database (DOODI[1E] language named QUTYOTS 13

{hur research shows Lhat i s not difficult to translate data-
banks whose schema are so eonerete as ones mentioned above,
into both kappa and QUIX¥OTE,

Thus | proceed to the second issue, through providing formal
function descriptions of DNas or proteing as knowledge items.
Funetion descriptions are what biologists really want to get and
sbisret, Lhamsgl: it i not usefully acceptable in the existing data-
man ks, These are soimportant bo be written in a formal language,
to be used In reasoning

| choose a protein function databise to beild in a DOOL con-
cept, as a first step to see following two points. First point is
what kinds of knowledge are really useful for molecular hiole
gists, | should provide an example knowledge base to get an
swors of this question. A protein function database seems useful
m itsell, o Bochemistey of protein enginesring, Second point
iz how efficiently we comld adapt this new coucept to molecular
biological knowledge. Une of the features of QUINOTE is natn-
ral representation and inference of complex ohjects. It seems a
good example that representing chemical reactions which weave
complicated networks.

This paper describes a tiny example of a protein function
dataliase in QUINOTE, as an ingredient of an integrated knowl-
eebgre base of molecular ootogy, Through this experiment | show
the possibility of resdization of inlegrated koowledge base as well
a8 the uselulness of QUTXOTE.

I make a brief survey of molerular biological databases in Sec-
tien 2, and explain how to represent the functions of proteins and
show the configuration of the protein function database in Section
3. Introduction to the concepts and the features of QUIXOTE is
shuwn in Section 1. and an experimental description of protein
fanetions, eleciron transfer through cytochromee for example, in
Section 5. Section § is for the evaluation of the protein {unetion



database in QUIXOTS at the present and the future works. and
Section 7 ks for concluding remarks.

2 Molecular Biological Databases

I 'make a briel survey of researches in molecular biclogical
databaszes. There are two points as [ mentioned: new data modeis
and integration of databases.

2.1 Data Models for Existing Databanks

Existing databanks [6] fall into roughly four categories: sequence,
structure. map. and function.,

I'he main problem in building the data maodel for sequence
databases i3 how 1o represent feature descriplions of sequences.
A relational model[2], CYC and inverval caleulus!8), and a nested
relational model[17] have been tried.

How to represemt “motifs” (s another important issue, A maotif
it i snh-sequence of DN As or amino acids representing & certain
feature. [0 s usually represented in a syntax like regular expres-
sion at the present[11].

The datz model for protein strecture databank e also dis
casad: o deductive database4] and an object-oriented database
with a functional date model[3].

Nao adequate data maodel has been proposed for either map or
function databases. Helational DEMS are usually used for them.
enduring inconveniences.

Among data models mentioned above, object-oriented one is
the most suitable to represent all databanks commonly. But
provided that we require pot only svntactic integration but also
sernantic cne. the date model neads a certain mechanism to de-
actibe various relations between any attribetes or any values #as.
il

1 propese we wae a deductive and object-oriented data model.
which allows us to write any rules of atiributes or values. It
vould e wsed efficiently in representing most data and rules in
malecular biology,

2.2 Researches on Integrated Database

There are two kinds of trials to conguer impedance mismatchas
and realize an inteprated database,

One is standardization. CODATA [Committee on Data for
Science and Techrology ) in ICST (International Council of Sci-
entific Unions) proposed standardization of attributes so that
it seems like one large database, which really consists of many
databases[10]. NILM (National Library of Medicine) provides
Genlnfu Backhone Database|8]. They are built as a standard-
iged primary databases, which are assumed 1o be a basis for sec-
andary, value-added databases for each interest of biclogists. In
that sense, really convenient databases should be built by sach
biclogist.

I choose another approach, to make an integrated knowledge
base. It consists of two stages: to represent all facte in one
language, and to supplement rules necessary lo access facls, in
the same language. The former corresponds to standardization.
and realizes a syntactically integrated database. In the later
slage, supplementary knowledge items such as access methods
for attributes or another table which explains its values as to
relations, types, and other constraints or rules are provided.

A DOOD concept used ip QNTXYOTE has enough power to rep
resent every data in existing databanks and most rules for them.
Building a protein function database belongs to both stages, It
iz an ingredient of integrated database, as well as supplementary
knowledge base for protein sequence or grructure database,

3 Protein Function Datal

A protein function database is the first step in the second stage
toward an integrated knowledge base of molecular biology. I fo-
cus to represent chemical reactions, not only reactions among
compoands bat also relations among reactions. [ show the rea-
son why [ choose chemical reactions, cutline of an example, and
how T desige a total protein function database in QUIYOTE.

3.1 Functiong of Proteins

Proteins grouped by functions[3) and the corresponding proper-
ties to alescribe their fuoclions are shown as follows:

Froteins: Properties:

Enzymes substrates, products, coenzvmes.
environments | ons. temperature, ..}

Transpor ohject, from, to, environments

place, environments
place environments

Nutrient and Storage
Contractile or Motile

Structura place, environments
Defense object, place, environments
Regulatory abject, place, environments
Others i

Function descriptions of proteins other than enzvmes are ex-
pressed by names and environments, though the names vary in
tiwir meanngs. | choose a methodology for representing enzyme
function as a main issue, It is no more than chemical reaction
expressions and the relations among them. They include the
information of enzvme functions implicitly.

3.2 Reactions and Relations of Reactions

A scheme of a chemical reaction among compounds, concerning
enzymes and co-enzymes is shown in the expression in Fig. 3.1
As all the attributes are multi-valued, even with an infinite struc-
ture, it is nocessary Lo represent in complex objects. A proper
frame-like language allows chemical reactions to be represented
in the scheme in Fig. &.1. It is enough to describe its static
information.

Enzvmes
Substrates + Coenzymes =
Environments

Products

Substrates = { ... }
Enzymes ={ ...}

Producte =4{ ... }

Chamical Heaction :

Fig. .1 Scheme of Chemical Reactions

The relations among reactions, such as electron transfer
through cytochromes or the relation between catabolism and an-
abolism, is harder to describe than the reactions themselves. If



we regard only compounds as entities. it would be a complicated
description (see Fig, 3.2-(1) ). It hecomes easier however, oonce
we regard each sort as an entity. such as cylochirome boor oy
tachrome o). and then regard each reaction as an entity, and so
o isee Fig, 32121 ). And it is sure that both representation are
necessary, i we expect Lo gel answer in both lower level (such as
“aidized evtachrome b7 and higher level (sach as “cytochnoeme
(S

€1 fox) a fox}
to
Sl TS N e Gl B

b o ! I"='E‘ ¢ lox)

111 All-in-one description

-O=O=O=O-

X freduced)

oxidation m X

reduction u oxidation l [

X foidized ) reduction in ¥ # X

{21 Step by ostep description

Fig 3.2 Electron Fransport throogl Cyliwchromes

Chemical reactions and the relations among them can be writ-
tem in & frame-like language or scheme if we focus on the abii-
ity &n answer gquestions on the function of the enzymes. namely
static information as shown above. Dut once we have to get the
relations among compounds or proteins, deductive features are
mandatery, in tracing their connections or deducing from prim-
itive knowledge such as a “step-byv-step description™ o appro-
priate knowlelge such as an “allan-one descroplion™ as shown
Fig. 3.2,

Henee we think DOOD is suitable, for it requires both object-
orrented (or frame-like) and deductive features to represent
motecular biological knowledge.

4.3 Design of a Protein Function Database

Fig. 3.3 shows the configurativn for a protein lunetion database
which T plan to build o QUTYOTE, QUIXOTE has a comeepl of
mwlalis (s Sechon 4], 0 each database module is designed ta
be independent.

In this system, GenBank and PIR are provided in the simplest
schema, as near to the schema of originad databanks as possible,
The protein fanction database consists of several soh-modubes:
cherucal reactions. relations among them. and the others that
were cnumerated before, 'I'he interface modole shown in Fig, 4.3
inherits all other modales and & engaged in query processing.
It has rules for getting questions, transforming them inte proper

gueries, getting knowledge items in the implicit forms, and trans-
forming those nlo proper answers.

GenBank module

INTERFACE
MODULE

PIR module

Frotein Function IMB module

Whole (submodules)
Chemical reactions
Helations of Reartions
Transport

Joagratan (snn lmenenad i lesss

Feature Descriptions in PIR
Muotifs

Fig 3.3 Protein Function Datahase 10 QUT.YOTE

4 Quivore : a DOOD Language

In [13] & new database language @UIYEOTE has been proposed
a5 & knowledge representation language, whose ancestors are lan-
guages for deductive and object-oriented databases [15] and nat-
ural language processing applications. 1t is shown more precisely
i [14] and [7}.

4.1 Object Terms and Properties

I QUTAOTE. an objecl consists of the identifier naed wn ob ject
term and the attributes. Each attribute of them is a triple of a
label, an uperator and & value. An object term consists of the
Dead and he adinbuites. For example:

head[lol = vol, l62 — wol, .. ]

where lol and 102 are labels, vol and vo2 are values, and = — are
operators. Values are alen object terme sa that complex objecta
can be represented. (tbject terms are partially ordered.
An object term can have attributes as follows:
af(lal = val,la2 — val,.. .}

where o is an object term, lal and la? are labels, val and va?
afe values, and =, — are operators. Such a terin be called an
attribute term. The right hand side of / iz a List of attributes,
According to the order of object terms, attributes with = or
— are inherited from upper objects to the kower objects. As

attributes in an object term cannot be wpdated, exception of
inheritance is oecurred at the object.

1.2 Rules

In QurxerTe, rules to create new objects can be written as fol-
lows:

newobject < ohject,object, .. ..

A new object is created if all the objects on the right hand side
exist,



4.3 Constraints

In QUTXYOTE, an obiect term. an attribute term. and a rale can
e written in a cannonical constraint form. For example, any
rule can be written as follows:

o e =y op | {eges, b
where {eg,...} ix a sel of constraints of o, and {e,e5,...} 05 a

set of comstruinis of oy, 0y, . ... Conditions in & chemical reaction
ran be written as a part of such constraints.

4.4 Modules

CuiroTe has a concept of modules, each of which is a ser of
objects and rules. A submodule relation between modules makes
rofe inheritance possible, An objeet can have different states o
properties in each module, Modules are written as follows:

modualeid @ object.
moduledd = role.

4.5 Features

A pOOD language QUIYOTE has various features as follows:
(1 DDA deductive featy res*
(2] Inheritance inheritance mechanism in abjeris
(31 Madule features of modules

{4) Object-ID
{5) Constraints
(6] Infinite Terms
[T] Fxceptions

representation of ahject identity
representalion nf ronstraints
represenlation of circalar structures
representation of exceptions

This hst iz explained in more detwil in Seetion 6.

5 Representation in Quirors

1 have tried several experimenlial 4|pm,'ri|:|‘ti.|:mﬁ of molecular bi-
ological knowiedme, especially pratein funetion . in Qurverrs, In
this section. 1 show a smill one which includes a lot of issues Lo
discuss. [ choose electron transfer through cytochromes for this
PUrpEe,

5.1 Electron Transfer

The respiratory chain of mitochondria contains a large numboer
of electron carrving proteins. such as cytochromes. They act in
sexpuence Lo iransfer slectrons from substrates to oxveen. 1he oy-
tuclirmes &re iron-containing electron transferring red of brown
proteins that act in sequence to carry electrons from ubiguinone
b molecular exygen. They undergo oudation and reduction as
they carry electrons. There arc three classes of evtochromes,
a, b and ¢, distinguished by differences in their light-absorption
spectra. Bach cxtochrome in s ferric |Fe(1l1})] form accepts one
electron to become the ferrous form [Fe{ 11}, [5]

I simply showed the sequence and the mechaniam in Fig 3.2,

5.2 FElectron Transfer in Quivors

I described the electron transferring thromgh cytochromes in
QUIXOTE as simply as possible in Fig. 5.1.

w1l e 4
e_transfer [1_donors cyto_b, l_acceptors cyte_si].
u_transfer [1_donors n]tu_c!,l_al:!:apmr- cyto_c 1.
e_transfer [1_doneor= cyto_c, l_acceptors cyto.a J.

cyto b =< cytochrome. §i cyte.b is a cytechrome.
cyte.cl =< cytochrome,
cyto_c =< cycochroms.
cyto_.a =4 cytochroma.
1}
m_2 = m 1. %% .1 is a submodule of m_Z.
m_2
oxidatien [1_sbject = X]
¢=g_transfer [1_donor = X, 1_mcceptor = Y],
reduction [1_object = X]
<=a_transfer [l_acceptor = X, 1l_donor = Y],
oxidation =< reactiom.
raducticn =< roaction.
ragction.
oxidation [1_object = X] /
[1_source+ <= ¥, 1_product+ <- Z]|[
{Y =< X, Y'l_type = roduced, T =< X,
Il _typn = axidized]}.
WY/ [otype = ¥Y!1_type]
raduction [1_abject = X1 /
[I_source+ «- Y, 1_preduct+ <- Z]}|
¥ =< X, Y'l_type = oxidized, Z =< I,
I'1l_type = raducad},

cytachreme [1_type = reduced ).
cytochrome [1_type = oxidized].

Fig. 5.1 Electron Transfer through Cytochromes

The module m_t describes only the flow of an electron, while
m-2 shows its mechanism in detail,

In m.1. there are declarations on ohjects in this module: three
objects under “electron-transfer” and four objects under “cy-
tochirome™. Attributes in a lower object (ex. cytochrome b) in
herit their values from the corresponding atiributes in the upper
nhjeet (8% 2ytochrome).

In w2, there are four groups of rules or facts. The first group
rontains rules that the oxidation occurs in the donor of electron
transfer and the reduction in the acceptor. The second group
contains declarations of oxidation, reduction and reaction. The
third group shows simplified mechanisms of exidation and re
duction in cytochromes. The lusi group contains declarations of
reduced type and oxidized type of eviochromes. The declaration
that objects under cytochrome have both types is included.

If we ask module m_1 how the electron flows, it anawers:

<>

Tmo 1 : a_transfer [I_doner = X, 1_accaptor = Y],

<h>

e_transfer [l donor = cyto_b. 1_acceptor = cyte_ci].
e.transfer [l_donar = cyro_cil, l_accepter = cyto_c J.
s_trangfer [1_donor = cyto.c, l_accepter = cyto_m J.

And if we ask .2 itz mechanism, it answers as follows: {‘Vem-
porary rules can be pul to goeries)
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T m.% : e transfer / [l_from® = X, 1_teh = ¥].

mZ o9

e_tranefer [1_fromR = redoction [L_ebject = X],

1.taR = pxldation [l_uhjact = 1'] ]

<= a_tranafer [1_domer = &, l_mcceptoer = ¥J.
H
b 1

e_transfer [1_fromR = reduction[l_object = cyto b],
1_tech = oxidatien[l_object = cyto_ci] 1.

e.transfar [1_frosR = reduction[l_cbjest = cyto_cl],
1_toR = oxidation[l_object = cyto_c] 1.

e_transfer [1_fromi = redustisn[l_object = cyto_c],
1.toR = oxidation[l_skject = eyto_a] ].

| evaluate tin: work from two peints of view: the needs. namely
frorn a molecular biological point of view and the seeds, namely
from & viewpoinl of QNIXOTE.

6.1 Influences on Molecular Biolopy

Thas paper describes only about chemical reactions in QUTYOTS .
which is so small part of our target, an integrated knowledge base,
that I cannot discuss a lot from that poant. Thus [ evaluate only
the result of Section 5.

For the molecular biology. the major benefit is that data wluch
wats lheali to stere in dadabages can now be stored, T is also
easy to retrieve whatever data we want when we use QUIYOT
[t i5s powerful in knowiedge description and enables us to retrieve
comples data by means of the dedoctive mechanism,

T he fodlevwang are mstances tha can now e stored., other Chan
chemical reartions.

(17 Forma! descriptions of features in sequence databases

The feature descriplions i existing databanks are written
mastly in English, not in formal lanenaszes. We can put an
abject term of QETYOTE instead of Lnglish words. sueh as:

English:
[l

“egsential myosin light chain, exon 17
“myosinl; = essential. [y = light chain.

by = exon. dy = 1.7 or
“essential_myosin| [z = light chadn, i3 = exon. /s = 1}.7

LB

I Positions in features

Arnther issue s oin describing positions of regions. Kecent
GenBank allows operaters such as “jein” or “one-of” to de
scribe a region separated in several subregions. [t is hard
to represent maturally in both relational and nested rela-
tional models, while deductive representation is vesy easy in
QUTRaTE, Overton et al. also show the need jor hierarchi-
cal representation in feature deseription and efficency of an
ohject oriented database [

(¥ Motifs

Each protomn has demains which have cortan functions. One
of the main issues related to protein research is what kind
of amino acid sequence represents a certain fuouction. The
sequences whose functions are known are called functional

motifs, We also have structural motifs, which represent the
local structure of proteins.

Many of both structural and functional motifs are known so
far. but they are also written in some patterans, which are
difficult for programs o use. (11

Maotifs have their own syptax which we have to remember
1o use them. 5o we could easily use motifs if we have the
melhods ty access them of how to read them in a class and
store motif data as its subelasges.

8.2 Features of QuiyoTs

This table shows the features of QUIYOTE (e Section 4] and
their vsages and aims in this experiment.

Features Usages Aims

i1y DDB relations among primitive
reactions —appropriate
reaction paths trace paths

{2} Inheritance SOTLE reduce amount

(A} Maduale
{4) Object. 1L}
{5) Constraints

rheck inronsistency
share ahjects
represent i domain

knowledge modules
ohiects & moduies
body of rules
queries

(G} Infinite Terms — —
{71 Exeeplinns - —_

Generally speaking, deductive mechanism enables to deduce
appropriate knowledgs fron primitive knowledge. constraint rep-
ressntation is used in writing conditions efliciently, object iden-
tity is nzeful in sharing objects, and inheritance and the module
reduce the amount of knowledge description. while the reprasen-
tation of exceptions and comples stroeture are not wsed well at
the present,

(1 Deductive feature

We can deduce appropriate knowledge from primitive knowl-
cdge. so that we can store knowledge i primitive style. As
I mentioned in Section 2, i redace complicated knowledge
such as electron transfer into several simple facts.

I 1= absn nsefnl when s seaech varions paths, especially
tngether with infinite term to represent & path including cir-
cles. But I defer this issue.

{2h Inbwnitance mechanism in object lerms

The inheritance mechanism s oies] o redoce the amownt
ol desenptiog of pach ohject. For example, “cytochrome o
inherits all the properties of “cytochrome™ 20 we ean omit
those properties in all objects under *cytochrome”™.
(31 Module

It is important 1o make small modules of knowledge, so that
we can easily check them and keep inconsistency within the
module. As | mentioned in Section 3, we can store GenBank
antd FIR an moduies, provide an interlaee modole for them,

add our own protein fanction database as another module
and so on, without any trouhble.

{4y Object identity
The ohject identifier in QUITAOTE has its name and praperty
with which users can find & specific object from & pool of ob-
jects. It enables sharing a persistent object AmMong programs.,
It makes compound objects to be represented efficiently.



15} Constraints
Constraints are wseful for writing complex attribute values
snch s specification of the range of 2 vaive. and condition
to be satisfied in the body of a rule,

(i} Infinite Terms
It would be useful when we represent various paths including
circles, for we can use infinite terms, Bui 1 defer this issie.

{7) Fxceplion
1 have not found 2ny proper examples io molecular biology.
though the well known example of birds and penguins are in
& wery near sobject.

6.3 TFuture Works
There are three directions to ]'}rm'.\eted wur researches.

(1] An useful tool for biologists

It is important {or biologist’s nse to process guanity infor
mation. The chemical reaction has various guantity infor-
miation, or stoichiometrcal moes such as coefficient of each
compounds or differences of free cpergy. Brutlag et al. em-
ploy the REE sysiem for this purpase{1].

Besides, We should estimate the performance of QuIAroTs.
and increase it

[2) A more useful protein function databasze

Maotifa are indispensable to describe functions of domains.
We should look for the hest way to represent them, to search
the corresponding sequences efficiently.

Representation of complex stroctures, especially circular
structures, should be tried and evaluated to see whether they
are useful or not. for representing the resalt of searching var-
ious paths,

An integrated knowledge hase

It 15 important to increase its mgredients. For example. a
genome map should be the next targel 1o make an expers-
mental representation.

i

And itis also mportant Lo increase it supplementary knowl-
adge, We shonld research the way to extract such knowledge
ar tules. from biclogistz or from facts in databanks.

7 Concluding Remarks

I show the effectiveness and the possibility of an integrated
knowledge base of molecular biology, through an example of &
protein function database in QUIYOTE,

I also introduced & DOOD jangnage QUIXOTE, designed at
ICOT. Its great expressive power allows facts 10 be described
in 50 many ways, that we are discussing a standard forman for
description. @NIAOTE is suitable for describing data and know]-
edge which could not be deserileed before and enebles ws bo se
them throngh programs
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