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An Information Content Maximization Alignment Algorithm
for Metabolic Pathway Analysis

YUuKAKO ToHsATO.t HIDEO MATSUDAt and AKIHIRO HASHIMOTOt

In many of the chemical reactions in living cells, enzymes act as catalysts in the conversion
of certain compounds (substrates) into other compounds (products). Comparative analyses
of the metabolic pathways formed by such reactions give important information on their evo-
lution and on pharmacological targets. Each of the enzymes that constitute a pathway is
classified according to the EC (Enzyme Commission) numbering system, which consists of
4 sets of numbers that categorize the type of the chemical reaction catalyzed. Therefore,
in order to find a common pattern among pathways, it is desirable to be able to use this
functional hierarchy to relax the match conditions. In this paper, we propose a multiple
alignment algorithm utilizing information content, that is extended to symbols having a hier-
archical structure. The effectiveness of cur method is demcnstrated by applying the method
to pathway analyses of sugar. DNA and amino acid metabolisms.
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Fig.1 Sugar degradation pathway. The enzymes are shown in boxes with the EC

numbers inside. The shaded boxes represent those enzymes whose genes

are identified in Escherichia coli. Pathways indicated by dotted lines are

not shown. Acetyl-CoA is the final product in the pathway.
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Fig. 2 Example of enzyme hierarchy.
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Fig.3 Structural comparison of similar pathways. The enzymes’ name are shown

above their EC numbers, and the compounds’ names are shown between

the enzymes. The structural components that are modified by the enzymes

arc circled.
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Fig.4 Paths of alignment between two pathways.

[24.2.3]3.5.4.5]13.1.3.512.7.4.14]

[24.24]|[242]| [*) [*] 21

(3.1.35]) (%] 31 §3.1.35] ™

(2749)] (2] *) {*] |[2.7.4)

5 HiE MREESE XV 11 [2.4.2.3] [3.5.4.5] [3.1.3.5]
[2.7.4.14] & [2.4.2.4] [3.1.3.5] [2.7.4.9] DHBE
Fig.5 Common higher rank class reference table.
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Pathway1 Pathway2 Pattern MatchScore
[2.4.2.3] [24.2.4] [2.4.2] —3.40
[3.5.4,5] e —15
[3.1.3.5] [3.1.3.5] [3.1.3.5] 1.80
[2.7.4.14]  [2.7.4.9] [2.7.4] —2.51
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Fig.6 Example of an alignment between two pathways,
showing construction of a covering pattern from the
minimally inclusive class covering both aligned el-
ements (see Fig.2) and the resulting information
content between aligned pathway elements. The
result of the alignment consists of sequences repre-
senting the enzymes (e.g. [3.1.3.5]), enzyme classes
(e.g. [24.2] and [#]) and gapped positions, “-7 .
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procedure IMA
input: A set of pathways S;
output: A set of patterns P;
n:=#S; P:=8: Py := 8; max := I(P);
for k:=n — 1 downto 1 do
foreach p; € P do
foreach p; € P (p; # p;) do
p = G(pi.p;):
P’ = (P — {pi.ps}) U {p}:
if maz < I(P') then

P,_y = P’;
max = I(P'):
endforeach
endforeach
if I(Pp_) < I(Pp_j_1) then
return P;
P:=P,_;
endfor
return P:

H7 WBRERKILNVFINVTSAAMTIVIVZL, p =
G(pi.pj) WAV x4 p; & pj ONTIARXTSARAY
FRIT 1 2R p RO ZFHRERRT.

Fig.7 Information content maximization alignment algo-
rithm: p := G(pi.p;) is a procedure which performs
pairwise alignment of two pathways p; and p; and
calculates a pattern p.
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Fig.8 Glucose, fucose, rhamnose and mannose

degradation pathways in Escherichia coli.
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Fig.9 DNA and RNA replication pathways in Escherichia

coli: 6 purine pathways: 4 pyrimidine pathways.
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1242 123161[13997]421.17]1.1.1.35] 23.1.9 |
1242 |13997]42117[1.1.135] 23.19 |

Cel{ +[ 2312 [13993[421.17[1.1.1.35
+ 2312 ]13996[421.17[1.1.1.35
+[1.3992[421.17]1.1.1.35

K10 BEZEWMECOoAVOALTr, Yy, NITRTron
LOT I8 GRT A AT 4. Eco 3 KB, Afuld
FRMERREDRTEAE. Cel 3RBEPERT. 4+ 2B
PFATONRY 2 A3 BEICERET 2 BBRHTEEL 2.

Fig. 10 Isoleucine, lysine, tryptophan and other degrada-

tion pathways in different organisms: Eco, Es-
cherichia coli; Afu, Archaeoglobus fulgidus; Cel,
Caenorhabditis elegans. The pathway marked by
“+" does not have a complete pathway from its

substrate.
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