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Abstract Gough and Teichmann 2001; Chothia et al. 2003), power-law
distribution of the number of co-occurring domain partners
It is widely accepted that complexity of biological sys- (Wuchty 2001; Ravasz et al. 2002), conserved linear orders
tems arises from combinations of common subunits. In thisf domains (Vogel et al. 2004), and possible mechanisms
work we investigate the combinatorial patterns of proteinof domain formation and recombination (Vogel et al. 2005;
domains in the metabolic networks and find several generabchmidt and Davies 2007; Kaessmann et al. 2007).
rules in the patterns of domain combinations and their There are three key questions regarding domain combi-
evolution. First, the reactions catalyzed by a domain sub-nations. What are the general patterns of domain combi-
unit carrying specialized or accessory functions are oftennations? How are the domain combinations related to the
subsumed to the reactions catalyzed by a domain subunftinctions of proteins? How are the domain combinations
carrying generic operations. Second, some reactions @onta evolved? Metabolic networks are an ideal system to answer
multiple domains in their enzymes because they requirthese questions for two reasons. First, many metabolic
multiple chemical operations carried by distinct domains.reactions share common substrates and chemical operations
Third, pleiotropy (multi-functionality) of enzymes etthre- It is reasonable to test whether modularity of metabolic
sults from the similarity of the catalyzed reactions or isreactions is achieved by domain combinations. Second, com-
achieved by merging domains with distinct functions. Fourt prehensive information about protein functions and domain
comparison of domain compositions and metabolic reactiongompositions of metabolic enzymes are available in many
between human and Escherichia coli suggests that requirespecies. There are a rich collection of databases about
ments for novel reactions, redundancy and pleiotropy aee th metabolic reactions (e.g., Biocyc, Karp et al. 2005; KEGG,
dominant driving factors for domain evolution. The methodsKanehisa and Goto 2000; Recon 1, Duarte et al. 2007),
and results provide a framework to study the combinatorialprotein functional annotations and sequences (e.g., RefSe

complexity of a biological system. Pruitt, Tatusova and Maglott 2007; Uniprot, Leinonen et
al. 2004), domain sequences and architectures (e.g., Pfam,
Introduction Bateman et al. 2002; ProDom, Corpet et al. 2000; SCOP,

Murzin et al. 1995). Comparative studies of these data

One remarkable discovery from the recent developmentevealed properties regarding the evolution of the metabol
of genomics is that the complexity and diversity of biolog- system (e.g., Chothia et al. 2003; Dandekar et al. 1999;
ical systems do not arise from genome size and sequendtal, Papp and Lercher 2005; Bowers et al. 2004). However,
disparity alone. It is widely accepted that most difference a comprehensive investigation of metabolic networks to
result from the combinations of a set of common subunitsaddress the three questions above has not been pursued yet.
Combinatorial complexity has been demonstrated in meltipl  In this study we address these three questions by investi-
biomolecular systems such as the transcription regulatorgating the domain compositions of enzyme proteins in the
circuitry (Carroll 2005), alternative splicing of exonsdtse = metabolomes oEscherichia coliand human. First, by in-
and Lynch 2008; Ben-Dor et al. 2008), and domain com-specting the the reactions catalyzed by each domain family,
positions of proteins (Apic, Gough and Teichmann 2001;we find most inclusion relations coincide with the functibna
Chothia et al. 2003). dependencies of the corresponding domains. Second, we

Domains are polypeptide subunits of proteins that contest the modularity hypothesis by identifying the reaction
stitute similar molecular structures or sequences. Coabin which require the chemical operations carried by distinct
torial complexity is manifested in the domain architecture domains in their enzymes. Third, we explain the pleiotropy
of proteins, as similar domains can be utilized in differentof enzyme proteins/complexes catalyzing multiple reaio
proteins and combinations of domains yield proteins ofby the operational similarity of the catalyzed reactiond an
diverse functions. Comparison of domain sequences andomain fusions. Fourth, by examining metabolic reactions
compositions has already led to insightful discoverieshsuc and domain compositions betwe&n coli and human, we
as the enriched patterns of domain combinations (Apicfind the need for new reactions, redundancy and pleiotropy



are the major factors driving the evolution of novel domain Table 1. Top 10 highly connected domains and

combinations. reactions
Domains:
i Description # reactions
Databases and data processing e rec
. Short chain dehydrogenase (PF00106) 36
We downloaded the human ariel coli subsets of the ’?AindingF-pr$tein-dgpendfent_ltrarggg% géstem (PF00528) 3135
. . tat
Biocyc database (Karp et al. 2005). Each dataset containSaenyds dehycrogenase | ot (PROOL71) 30
the substrates and enzymes of reactions and the metaboli€yridine nucleotide-disulphide oxidoreductase (PF0799226
h h bel C fth Cytochrome P450 (PF00067) 25
pat ways t €y belong to. Omponents of the same €NZYyMeE;ioacid dehalogenase-like hydrolase (PF00702) 24

complex are treated as co-occurring proteins in the samePyridine nucleotide-disulphide oxidoreductase (PF0§07023

. . - . . . Sugar (and other) transporter (PFO0083) 20
reaction, while distinct proteins catalyzing the same tieac
are treated as alternative enzymes. 166&olireactions and  Reactions:

. D ipti #d i

1313 human reactions were extracted from the datasets. priig{'np;ﬂgsphorymn ol

Domain architectures of 223B. colienzyme proteins and  protein éyrr:as(;ne phosphorylation 40

. NADH dehydrogenase 37
2635 human enzyme proteins were extracte_'d from_the Pfamy ochromoe ¢ oxidation 2
database (Bateman et al. 2002). 5122 domain families appearADH dlehydrogenase 34
; ; . [ : . RNA polymerization 32
in E. coli Qr.human. For simplicity the dqmaln archnectu_re protein tyrosine dephosphorylation 28
of a protein is reduced to a “bag of domains” representation: ATP qepende?th proton trarr:spo;t i 22%
H H B H proteln serine/threonine phosphory ation

we discarded the order of domains in a protein and treatedpy, polymerization 18

multiple occurrences of the same domain identical. 8042

distinct domain compositions were extracted fr&m coli

and human proteins. ) ) ) ) )
1460 E. coli and 996 human reactions are catalyzed byexclusively in human, suggesting complexity of domain

enzymes with known domain compositions. For simplicity COmpositions along eukaryotes lies on cell-cell and cell-

we collapsed the homologous reactions with identical sub€nvironment communications.

strates into one reaction. There are 1883 reduced reactions

in E. coli and/or human. 1776 of them are catalyzed by

enzymes of known domain compositions, and 479 reactionkdentification of domain and reaction subunits

contain homologous reactions in both species.

Bipartite networks of domain compositions and Domains and reactions may not be the basic subunits
enzymatic reactions of the network. Some domains always co-appear in the

same enzyme proteins/complexes, and some reactions are

The relations of protein domains and metabolic reaction§atalyzed by the same set of domains. We grouped these
are represented as a bipartite graphconstituting nodes of domains and reactions together and termed them domain
protein domain families and metabolic reactions. An edge irRnd reaction subunits. Members of a domain subunit need
G, from domainA to reactionB denotes thatd appears in  Not to co-appear in the same protein. For instance, a subunit
enzymes catalyzingg. Similar to other biological networks, of 5 domains are involved in the oxidation of xanthine.
G, exhibits a power-law distribution in their connectivity. I human these domains aggregate in the same protein
Table 1 lists the top 10 highly connected domains andXanthine dehydrogenase) (Kimiyoshi et al. 1993), whereas
reactions inG;. The hub domains are involved in transport, in E. colithey split into several proteins in a complex (xdhA,
NAD and NADP dependent oxidation/reduction, and transfexdhB, xdhC of xanthine dehydrogenase) (Xi, Schneider and
of amino groups. Highly connected reactions are Cata|yzegzeitze_r 2000). Figure 1 illustrates the domain and reaction
by either large protein complexes (such as cytochrome gubunits.
oxidoreductase, RNA polymerase and ATP synthetase) or To identify domain subunits we constructed an undirected
a diverse family of proteins (such as protein kinases). Wegraph G4, of domains. Two domains are adjacentGly,,
also counted the number of domain compositions containing they co-occur in the same enzyme proteins/complexes of
each domain and found the distribution of the memberall the reactions they catalyze. Isolated cliquesGip, are
ship counts also followed a power-law distribution. Thedomain subunits. Similarly, a reaction subunit consists of
results resemble the analysis in Wuchty 2001 of the domaineactions catalyzed by the same set of domain subunits. To
membership network. Highly connected domains appear ifind reaction subunits we constructed an undirected graph
many signaling proteins (EGF-like domain, SH3 domain),G.., of reactions. Two reactions are adjacentdn, if the
transcription factors (Zinc finger, C2H2 type), and tan-sets of all domain subunits catalyzing them are identical.
dem repeats (Ankyrin repeat). These domains occur almossolated cliques irG,,, are reaction subunits.



Figure 1. Domain and reaction subunits. Circles: do-
mains. Squares: reactions. (1)Two domains Dy, Ds are
involved in three reactions R1, Ry, Rs3. (2)D; and D ap-
pear in the same protein P;, and P; catalyzes the three
reactions. (3)D; and D, appear in distinct isozymes of
the t[plree rgzactions.

R1 R2 R3 R1 R2

A hierarchical network of domain compositions and
reactions

The functional relations of domain subunits are revealec
by the reactions they catalyze — effect reactions. Two set
of reactions may be identical, included, overlapped but no

included, or disjoint. These relations are implicit@. To

better represent this information we applied parsimony ant

transitivity of inclusion relations and transformét] into a
directed, hierarchical network/,:

1) For each domain subunitidentify its effect reactions

R(d).

2) Construct a graply; = (Vy, E4) of domain subunits.
A directed edggds, dz2) in G4 connectsd; to ds if
R(dg) - R(dl), or |R(d1)ﬂR(d2)| >5 and|R(d1)ﬂ

R(dz)| > |R(d2)| — 1. Bi-directed edges are allowed.

3) For each domain subunit € V,, find all ancestor

Figure 2. Three examples of hierarchies. Circles: do-
mains. Diamonds: reactions. Dashed lines: effect re-
actions of one domain contain the effect reactions of
another. Solid lines: a domain and its inclusion closure
catalyze the reaction. From top left to bottom right.
(1)Protein kinase domain pairs with other domains in
various phosphorylation reactions. (2)S1 RNA binding
domain pairs with other domains in RNA polymer-
ization, ribonuclease and mRNA processing. (3)ABC
transporter domain pairs with other domains in various
membrane transport reactions.

edge denotes an inclusion or catalytic relation irredecibl
from other inclusion and catalytic relations,, is hierarchi-
cal as it conveys the nested relations of inclusion.

To simplify analysis we decompoge, into subnetworks
called hierarchies. A hierarchy is a tree rooted at a generic

domain subunits whose effect reactions cover those ofparentless) domain subunit. 662 nontrivial hierarchiéf w

d: An(d) = {d'|(d',d) € Eq}.

4) For each domain subunit € V;;, prune edges from

indirect ancestors. A uni-directional eddd, d’) is
removed fromE, if 3d” such thatd” € An(d’") and

d € An(d"). Proceed until there is no edge from

indirect ancestors.

5) Build a bi-partite graph;, = (V3,, E,) of domain
and reaction subunits. A directed edgér) in Gy
connectsd to r if r € R(d). Copy all edges o7, to
Gh.

6) For each reaction subunite V},, prune edges from

indirect ancestors. An edggl,r) € Ej is removed
from Ej, if 3d’ such thatl € An(d’') and(d’,r) € Ej,.

more than one domain subunit were extracted. We show
three major hierarchies in Figure 2. The protein kinase
domain (PF00069) is part of the conserved catalytic core
shared by serine/threonine and tyrosine kinases in eutesyo
(Hanks and Hunter 1995). Three specialized domains — pro-
tein tyrosine kinase (PF07714), regulator of G protein sig-
naling domain (PF00615), and calcium/calmodulin depen-
dent protein kinase (PF08332) — appear in non-overlapping
subsets of protein kinases respectively.

S1 RNA binding domain (PF00575) occurs in many RNA-
associated proteins such as ribosome, RNA polymerase, ri-
bonuclease and polynucleotide phosphorylase (Bycroft et a
1997). This domain family is involved in diverse functions

Proceed until there is no domain-reaction edge fromwith distinct partners — ribosome domains, RNA polymerase

indirect ancestors.
7) ReturnGy,.

domains, RNB domain (PF00773), KH domain (PF00013)
respectively.

Similar methods have been applied to reconstruct the causal ABC transporter domain (PF0O0005) is a large family
order of genes in a regulatory network from knock-outresponsible for translocating a variety of compounds acros
experiments (Wagner 2001; Markowetz, Bloch and Spangnembranes (Higgins 2001). In addition to the generic ABC
2005). The resulting networ&’, preserves the information transporters, many compounds are also transported by spe-
of G; and makes the inclusion relations explicit. A directedcific domains. For example, PFO0005 and a domain of



Figure 3. Connection types of domain subunits. Circles: ~ Eisenberg 2001). The two FAD binding domains (PF00667
domains. Diamonds: reactions. An edge designates a  and PF00970) are subsumed to the NAD binding domain.
domain appears in the enzyme of a reaction. From up- Cooperative.A domain subunit is cooperative if its effect
per left to lower right. (1)Cytochrome C oxidase subunit ~ reactions are also catalyzed by multiple generic domain sub
I, periplasmic domain belongs to a generic domain  units and their specialized domain subunits. In other words
subunit. (2)Two FAD binding domains are specialized a cooperative domain ;uburaﬂthas multiple non-equivalent.
domain subunits. (3)pfkB domain cooperates with three ~ parents inG/,. Alternatively, a cooperative domain subunit

domains in distinct reactions. (4)Two copper amine oxi-  Co-catalyzes some reactions with other domain subunits,
dase domains are equivalent. (5)Fatty acid hydroxylase ~ and these co-catalytic partners are neither ancestors nor
domain is isolated. descendants of in Gy,. In the lower left graph of Figure

3.3, pfkB family carbohydrate kinase family (PF00294)
constitutes a variety of carbohydrate and pyrimidine késas
(Sigrell et al. 1998). It co-catalyzes with three domains in
distinct reactions. Each of these domains also catalyzes th
reactions not covered by pfkB.

Equivalent. Two domain subunits are equivalent if they
have identical neighbors id7;. In other words, domain
subunits in a clique of bi-directional edgesah, constitute
an equivalent class. In the lower middle graph of Figure
3, two domains in copper amine oxidase — N terminal
domain (PF07833) and N2 domain (PF02727) — catalyze
the oxidative deamination of primary amines (Parsons et al.
1995).

Isolated. A domain subunit is isolated if it does not co-
catalyze with other domain subunits in any effect reaction.

) ) ) other words, an isolated domain subunit is not connected to
branched-chain amino acid transport system (PF02653) aig, other domain subunit i6i;.. In the lower right graph of
both involved in the transport of L-valine and D-allose Figure 3, the fatty acid hydroxylase superfamily (PF04116)
(Adams et al. 1990). alone catalyzes the hydrolysis of fatty acids in human (Li

. ) . . and Kaplan 1996).
Inclusion relations of domain subunits reflect An inclusion relation such as domain subuitis sub-
their functional dependency sumed to domain subunit may imply thatA is required for
B to take effect. To verify this hypothesis we examine the

We categorize domain subunits into 5 classes according tiunctions 415 domain subunit pairs with inclusion relation
their intersection relations and illustrate an exampleaohe The majority of the pairs (243 of 415) exhibit asymmetric
class in Figure 3. functional dependency. Table 2 reports selected function-

Generic. A domain subunit is generic if its effect reactions ally dependent pairs. Roughly the functional dependency
are not subsumed to the effect reactions of any other domaican be categorized into the following types. (1)Domain
subunits. In other words, it has no parent&in. In the upper A manipulates a chemical group and domdn partici-
left graph of Figure 3, the periplasmic domain of cytochromepates in the reactions of specific substrates. For instance,
c oxidase (PF00116) catalyzes electron transfer in botthe domains of glutamine amidotransferases transfer an
human ancE. coli (Tsukihara et al. 1996). Subunit Vb of ammonia group from glutamine (van den Heuvel et al.
cytochrome c oxidase (PF01215) and bacterial cytochrom2002). These domains co-occur with domains involved in
ubiquinol oxidase (PF01654) exist only in eukaryotes andglutamate synthesis (Filetici et al. 1996) and asparagine
bacteria respectively (Tsukihara et al. 1996; Sturr et alsynthesis (Larsen et al. 1999) respectively. (2)Donmdiis
1996). involved in a generic operation and domaparticipates

Specialized.A domain subunit is specialized if its effect in a specific reaction requiring the generic operation. For
reactions are subsumed to the effect reactions of onlynstance, the OB-fold nucleic acid binding domain binds
one generic domain subunit. In other words, a specializetb nucleic acids (Ruff et al. 1991). It co-occurs with the
domain subunitd has one parent or a single equivalentdomains of tRNA synthetase (Perona et al. 1993) and
class of parents inG4. In the top right graph of Figure DNA polymerase Il (Aravind et al. 1998) respectively.
3, all the NAD/NADP dependent oxidoreductases contain3)Domain A carries the essential function of an enzyme
an oxidoreductase NAD binding domain (PF00175). Many(catalytic domain, ligand binding domain, active site) and
of them also contain FAD binding domains (Dym and domainB carries an accessory function (regulatory domain,




Table 2. Functional dependency of selected domains Table 3. Selected reactions with synthetic operations
with inclusion relations

reaction EC reaction domain subunit 1
Generic domains Specialized domains 6.3.5.8 glutamine— glutamate glutamine amidotransferase class
ABC transporter ATP hydrolysis _ Branched-chain amino acahsport 6.1.13 tRNA synthesis tRNA synthetase core domain
PEP utilizing enzyme Transfer of phosphoryl groups 2.7.7.8 RNA synthesis S1 RNA binding domain
Aminotransferase class | and II Regulation of aminotranasie 2132 carbamoyl transfer to aspartate  aspartate captiaansferase
4Fe-4S binding domain NADH ubiquinone oxidoreductase operation 1 domain subunit 2 operation 2
Glutamine amidotransferase Carbamoyl-phosphate symthas amino group transfer chorismate binding enzyme chorisrbiatging
Protein kinase domain Regulator of G protein signaling catalytic domain TGS domain regulatory domain
ATP hydrolysis K+-transporting ATPase RNA binding Exoribonuclease family Nucleic acid cleavage
Acetyltransferase family Citrate lyase ligase C-terminal carbamoyl group transfer ~ MGS-like domain regulatory domai
SH3 domain Signal transduction
Binding to 4Fe-S Electron transfer from NADH
Alpha amylase, catalytic domain  Alpha amylase C-terminal
S1 RNA binding domain Ribonuclease, RNA polymerase 3) For each enzyme of the reaction, mark the functional
B12 binding domain B12 dependent methionine synthase

labels of the remaining active domain subunits.
4) If the functional labels of the enzymes of the reaction

dimerisation domain) which may be dispensable in some are _not all identical,.then mar_k the reaction.sy.nthetic.

reactions. For instance, aminotransferase domains mansfloo reactions are synthetic according to these criterialeTa

an amino group between substrates. They co-occur with ddg- Sh(_)WS an excerpt of th_ese reactit_)ns. Functional synthesis

mains containing aminotransferase ubiquitination site t IS ewdgnt in these reactlons.. For mstans:e, the transfer of

regulate the activities of the enzymes (Gross-Mesilatyl.et a@n amino group frpm qutamlne. to chorl_smate BN coli

1997), while some enzymes contain the aminotransferas@c#6'3'5'8_) requires the domains of amidotransferase and

domains but no ubiquitination sites. About one third of theChorismate binding.

pairs without evident functional dependency (54 of 172) are_ . ) . )

in the enzymes of protein modification (phosphorylation,Pl€iotropy of enzymes is achieved by reaction

acetylation, ubiquitination, etc.). There are diverseifem  Similarity and domain fusion

of domains participating in protein modification but do not

confer functional dependencies in any of the three types A reciprocol question of the functional synthesis of

above. reactions is the pleiotropy of enzyme proteins/complexes.
The number of reactions catalyzed by each protein/complex

Combinations of domains with no apparent again follows a power-law distribution. Despite the mdjori

. : . of enzymes are specific to one reaction, 498 of 2238
]:aunnz(;flrggzl dependency synthesize functions of E. coli proteins/complexes and 372 of 2635 human pro-

teins/complexes catalyze multiple reactions. It is of ies¢
to understand how pleiotropy of these enzymes is achieved.
633 of 1883 reactions are catalyzed by multiple domain One obvious explanation is that multiple reactions cat-
subunits. It is of interest to know why certain reactionsalyzed by the same enzyme are similar. For instance, in
require multiple domains in their enzymes. One obvioustE. coli the ProP osmosensory MFS transporter transports a
explanation is that each domain subunit constitutes andisti variety of substrates across the cellular membrane to adapt
isozyme of the reaction. 72 reactions fall into that catggor the change of osmotic pressure (Mileykovskaya 2007). For
An alternative explanation consistent with the modularityeach pleiotropic enzyme, we checked whether its effect
hypothesis is that a reaction requires multiple chemicateactions belonged to the same category according to the
operations and each domain subunit is responsible for &C number hierarchies. As expected, 458 of 4898coli
specific operation. Homologous domains can be used ienzymes and 327 of 372 human enzymes catalyze similar
other reactions requiring the same operations. We termeed threactions.
reactions of this type “synthetic” since they are catalylagd Despite that reaction similarity is the dominant factor for
the synthesis of distinct domain functions. We implementedenzyme pleiotropy, certain enzymes do catalyze heteroge-
the following procedures to identify reactions containingneous reactions. The pleiotropy of some of these enzymes
domains of distinct functional labels. In metabolism thecan be explained by domain fusion: The protein/complex is
functional labels of domains are determined by the ECan aggregation of domains responsible for distinct reastio
numbers of the reactions they catalyze. To reduce redundaie developed a method to detect the functional domains
information we only considered the domain subunits withresponsible for each reaction and identify the pleiotrepie

no inclusion relations. zymes containing distinct functional domains in their effe
1) For each reaction identify its functional domain sub-reactions. The following procedures were implemented.
units according to the criteria described above. 1) Extract all domain subunits and effect reactions of the

2) Remove the domain subunits with inclusion relations. enzyme.



Table 4. Selected pleiotropic enzymes containing Table 5. Counts of domain and reaction conservation

aggregation of domains of distinct reactions between E. coli and human
species protein | Conserved reactions  Novel reactions
E. coli aspartate kinase Conserved domaing 237 686
E. coli LYSU-CPLX Novel domains 85 757
human H6PD
human purine biosynthetic protein
human uridine 5’-monophosphate synthase . .
reaction 1 reaction 2 Requirements for novel reactions, redundancy
lysine biosyn. homoserine biosyn. . . e
{RNA synthesis ATP hydrolysis and pleiotropy are the main driving factors for
pentose phosphate reac 1  pentose phosphate reac 2 i i
purines biosyn. phosphoribosylglycinamide biosyn. domaln ev0|Ut|0n
biosyn. of pyrimidines synthesis of uridine-5’-monophioate

One bhillion years of separation between human &nd
coli substantially alters their metabolic networks and protein
domain architectures. We compared the domain composi-
tions and reactions betweds. coli and human, reported

2) Build a bi-partite graphG of these domain subunits the general properties about their network evolution, and
and effect reactions. Domain subunit is adjacent gave possible explanations for the driving forces of their
to reactionB if A is assigned a functional domain evolution. There are four possible configurations in terfs o

subunit of B. the conservation of reactions and domains.
3) Build an unconnected grapl’ of the same nodes as , conserved reaction, conserved domain. Reactions with
G_' ) . identical substrates appear in both species. Enzyme
4) E_Igqulsg;attgg/blcllques af and add the edges of these proteins/complexes between the conserved reactions of
icliqu .

the two species share at least one common domain.

« Novel reaction, novel domain composition. The reac-
tion is specific inE. colior human. There exists at least
oneE. coli or human specific domain in the enzyme.

« Conserved reaction, novel domain. Reactions with iden-
tical substrates appear in both species. Some domains
appear in the enzymes of only one species.

« Novel reaction, conserved domain. The reaction is spe-
cific in E. coli or human. The domains in the enzymes

5) Identify the nodes irG with one neighbor. Copy the
edges inG connecting these nodes €&.

6) Incrementally copy the maximal edges @& that
connect the unconnected nodesGh

7) Stop when all connected nodegirare also connected
in G'.

G’ is a parsimonious assignment of domains to the effect . . .
reactions of an enzyme. The neighbors of each reaction in for the novel reactions Of one species also appear in
G’ correspond to the functional domains assigned to the enzymes of another speC|es.. ) _ )
reaction. A pleiotropic enzyme is labeled as case 2 if its e counted the number of reactions in each configuration
effect reactions possess distinct sets of functional dosnai @nd report them in Table 5. The sum of the four numbers

is not equal to the total number of reactions because (1)(3)

18 E. coli enzymes and 13 human enzymes exhibitand (2)(4) are not mutually exclusive.
aggregation of functional domains. Table 4 reports exserpt Conserved reaction, conserved domainConserved re-
of these enzymes. We present two examples of domaiactions are likely to retain conserved domains and domain
aggregation. InE. coli, metL encodes a bifunctional en- compositions in their enzymes. Among the 287 conserved
zyme that catalyzes the first step of lysine biosyntheteactions, 237 (82.5%) have overlapping domains between
sis (ASPARTATEKIN-RXN, 2.7.2.4) and the last step of the two species. 171 (59.6%) have identical compositions
homoserine biosynthesis. (HOMOSERDEHYDROG-RXN, in at least one enzyme protein/complex, and 138 (48.4%)
1.1.1.3) (Falcoz-Kelly et al. 1969). It contains a do- have identical domain compositions in all enzyme pro-
main of amino acid kinase (PF00696) for the first reac-teins/complexes.
tion and domains of homoserine dehydrogenase (PF00742, Novel reaction, novel domain.There are 1404&. coli
PF03447) for the second reaction. In human, H6PD ener human specific reactions. 849 reactions contain enzyme
codes a bifunctional protein that catalyzes two reactiongroteins/complexes with novel domains, and the two sets
in the pentose phosphate pathway — 6PGLUCONOLACTintersect in 757 reactions. A great majority (89.2%) of
RXN, 3.1.1.31 and GLUCOSE-1-DEHYDROGENASE- reactions with novel domains ake coli or human specific,
RXN, 1.1.1.47 (Beutler and Morrison 1967). It contains asuggesting that the need to catalyze novel reactions is a
domain of 6-phosphogluconolactonase (PF01182) responginain driving force for the emergence of novel domains. In
ble for the first reaction and domains of glucose-6-phosphatcontrast, only about half (53.9%) species-specific reastio
dehydrogenase (PF00479, PF02781) for the second reacticare catalyzed by novel domains, suggesting the emergence of



Table 6. Top metabolic pathways in E coli and human

enriched with novel domains Figure 4. Examples of domain incorporation. Circles:

domains. Diamonds: reactions. Solid lines: a domain
E. coli: appears in the enzyme of a reaction. Pink nodes: con-

pathway _ o # feactions ¥ novel domains % novel reactio¥erved domains and reactions between E. coli and hu-

His, Pur, and Pyr biosyn. 52 19 12 man. Green nodes: species specific domains and reac-

g@%ﬁggg@iﬁa’;‘%iﬂofyn o > 2 tions. Top networks are in human, bottom networks are

K DO>-lipid A biosyn. 16 9 16 in E. coli. From left to right, (1)Two additional domains

g*s’sgr':‘[;g gsg‘;‘:\o"sm » : 8 in human are incorporated in the enzyme for carbamoyl

central carbon metabolism 24 8 0 phosphate synthesis from glutamine, and the enzyme

If;’r')?r;'igf]y?énaembic) % s 8 8, can catalyze two additional reactions. (2)One addition
domain in human is incorporated in the enzyme for

Human: i

pathway # reactions  # novel domains  # novel reaction%rOtate. phosphorylatmn, and the. .enzyme Ca.‘n _Catalyze.

cholesterol biosyn. 50 37 6 an addition reaction. (3)One additional domain in E. coli

Elfgﬁ'yr}i.gﬁ%r:%aeté?g o | % % is added to the enzyme for proline degradation and the

reductive acetyl coenzyme A 10 4 1 enzyme can catalyze an additional reaction.

methionine degradation 15 4 5

nucleotides salvage 16 4 1

formylTHF biosyn. | 12 4 0

central carbon metabolism 24 3 0

glycine degradation | 6 3 1

novel domains is not necessary to generate a novel reactio
We counted the numbers of novel reactions and reaction
with novel domains in 27&. coli and 229 human metabolic
pathways. The number of novel domains appeared in
pathway is proportional to the number of novel reactions
(Pearson correlation coefficients 0.72 tér coli data, 0.93
for human data), confirming the correlation between novel
reactions and novel domains. Table 6 lists the toge100li

and human pathways enriched with novel domainsEIn  metabolic network. Three examples are illustrated in Fig-
coli the chorismate superpathway has the highest numbgjre 4. (1)6 domains of carbamoyl phosphate synthetase
of novel reactions and domains. Chorismate is a precursgnqg glutamine amidotransferase appear in the enzymes
for many reactants in plants and microbes. Most reactiongs carbamoyl phosphate synthesis (CARBPSYN-RXN, EC
and domains involved in chorismate metabolism do noty 6.3.5.5) in both species (Guillou et al. 1992). In hu-
exist in human. In human the superpathway of cholesterohan three additional domains of aspartate/ornithine car-
biosynthesis has the highest numbers of novel reactions arghmoyitransferase are incorporated in the enzyme, and
domains. they catalyze carbmoyl-aspartate synthesis (EC # 3.5.2.3

Conserved reaction, novel domain85 conserved reac- and 2.1.3.2). These three reactions constitute the first
tions contain domains which appear in the enzymes of onlyhree steps of pyrimidine biosynthesis (Chen et al. 1989).
one species. The appearance of novel domains in conserve2) The phosphoribosyl transferase domain appears in the en
reactions can be explained by redundancy and pleiotropy:ymes of phosphryl group transfer to orotidine-5"-phogpha
35 of 85 reactions contain overlapping domains in thelOROPRIBTRANS-RXN, EC # 2.4.2.10) in both species. In
enzymes of the two species. In these reactions there atuman the phosphoribosyl transferase incorporates ai orot
conserved enzymes in the two species. The novel domaingine 5’-phosphate decarboxylase domain, and also catalyze
either constitute an alternative isozyme or are incorgarat carboxylation of orotidine-5’-phosphate (OROTPDECARB-
to the conserved enzyme(s). Furthermore, the new domairRxN, 4.1.1.23). The two reactions constitute the last two
may expand the function of a conserved enzyme to catalyzeteps of de novo pyrimidine biosynthesis (Suchi et al.
additional reactions. Alteration of enzymatic functiorss i 1997). (3)The proline dehydrogenase domain appears in the
revealed by the change of co-catalytic partner reactions beanzymes of proline reduction (RXN-821, EC # 1.5.99.8)
tweenE. coliand human. Among the 85 reactions 45 exhibitin both species. InE. coli the enzyme incorporates an
the change of co-catalytic partners. Overall redundandy anadditional domain of aldehyde dehydrogenase, and cat-
pleiotropy explain 57 of 85 reactions. alyzes conversion of pyrroline 5-carboxylate to glutamate

Augmentation of species-specific domains to enzyme$PYRROLINECARBDEHYDROG-RXN, EC # 1.5.1.12)
of conserved reactions is a common way to alter thgling et al. 1994).




Novel reaction, conserved domain686 of 1404 species- A considerable number of conserved reactions are cat-
specific reactions contain domains utilized in other remsti alyzed by enzymes with species-specific domains. Two
of another species. A likely explanation is that these “hovepossible assumptions may explain why novel domains are
reactions” are similar to some conserved reactions anécluded in the enzymes of conserved reactions. A novel
therefore can be catalyzed by conserved domains. Indeedpmain may be added to a conserved enzyme to improve
591 of 686 reactions (86.2%) have the same EC labels dts catalytic function in human oE. coli. Alternatively,
share the same substrates with reactions in another speciéts may expand the function of the enzyme to catalyze

other reactions. About two thirds of the conserved reastion
Conclusions with novel domains are consistent with these hypotheses.
Complete replacement of domains (non-orthologous dis-

In this work we demonstrate that the combinatorial in-placement, Chothia et al. 2003) occurs in the remaining
teractions of metabolic enzyme protein domains followreactions.
certain general rules. First, the effect reactions of many Many species-specific reactions are catalyzed by enzymes
domain subunits have nested inclusion relations. We haveith conserved domains. Indeed, the majority of these
shown that the majority of domains with inclusion relationsreactions are not “novel”, as they have the same EC labels
also exhibit asymmetric functional dependency. A domainor share the same substrates with the conserved reactions.
subunit whose effect reactions cover those of another domai  The methodological framework and data in this study have
subunit typically carries generic operations such as teans several limitations. The completeness and accuracy of data
ring an amino group or nucleic acid binding. In contrast,are one major concern. The current version of Biocyc has
a domain subunit whose effect reactions are subsumed tmany “holes” in reactions where information about their
those of another domain subunit often carries specializedatalytic enzymes is missing. As the two species in this
or accessory functions such as interactions with a specifianalysis are among the most well studied model organisms,
substrate or regulation of enzyme activities. problems of data sparsity will be more prominent as com-

Second, about one third of reactions in humanEor parative analysis extends to other species. Also, deniancat
coli are catalyzed by multiple domain subunits. Some ofof domains and domain families in Pfam may not precisely
these reactions need multiple domain subunits becauge thehatch the structural and evolutionary properties of pnsei
operational requirements are the synthesis of the furgtionSome domain families contain members with several distinct
provided by each domain subunit. For instance, a reactiofunctions, and some domain families may have evolutionary
may require one domain to transfer amino groups andelations. The current version of Pfam groups evolutidpari
another domain to bind to a specific substrate. The comrelated domain families into clans. Incorporation of clan
binations of these domain subunits can in principle creaténformation and comparison with other domain databases
great complexity of the metabolic network. However, since(e.g., ProDom and SCOP) will be a useful extension of the
the number of partners is small for most domain subunitscurrent work.
the actual complexity of the network is restricted. Our analysis does not tackle the sequence substitution

Third, many enzyme proteins/complexes are able to catamong the domain family members. Sequence substitution
alyze multiple reactions. In most cases pleiotropy of en4s a major evolutionary mechanism between closely related
zymes results from the similarity of the effect reactions.species. Incorporation of sequence substitution models be
For instance, a transporter protein can transport multipléween the sites of the same or distinct domains will be a
substrates across the cellular membrane. However, in somgeful extension. We do not incorporate the information
enzymes pleiotropy is achieved by merging domains withof allosteric and transcriptional regulation of enzymes in
distinct functions. Many of these merged enzymes havehis analysis, either. It would be of great interest to study
a selective advantage for catalyzing reactions in the samge evolution of the (allosteric and transcriptional) riegu
metabolic pathway (e.g., Chen et al. 1989; Suchi et al. 1997}ory networks of the metabolic system. However, current

Comparison of domain compositions and metabolic reacknowledge about regulation may not be sufficient for a

tions between human arl coli provides insights regarding comprehensive analysis like the metabolic network.
the evolution of the metabolic network. coli and human

share a substantlal_ number_of common rea(_:tlons. O\_/er SO%eferences

of conserved reactions retain either the entire domain com-

positions or overlapping domains between the two species,
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reactions is a major driving force to create novel domains. 283(3):1217-1221.
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