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Abstract—It is widely recognized that complexity of work topologies. Various theoretical models are proposed
metabolic networks arises from duplication, recruitmentla to explain the emergence of the “scale-free” topologies of
recombination of enzyme protein domains. However, variametabolic networks (e.g., Jeong et al. 2000, Barabasi et al.
tions of the domain evolution mechanisms among differert999, Carlson and Doyle 2002). Despite the fundamental
organisms and metabolic subsystems are not well known. linsight, those theoretical models provide little inforiat
this work we demonstrate strong heterogeneity of domainegarding the mechanisms of network evolution. On the other
evolution mechanisms by comparing the domain composhand, a great number of researchers have investigatedisario
tions of the metabolic networks in human and Escherichianechanisms driving the evolution of metabolic networks,
coli. While addition of novel domains and duplication of such as sequence substitution (e.g., Enattah et al. 2088, g
domains from enzymes catalyzing other reactions dominatuplication (e.g., Ohno 1970), gene rearrangements (e.g.,
the evolution in both species, incorporation of novel funcVogel et al. 2004), fusion and fission (e.g., Fani et al. 2007)
tions and domain duplication within the same reactionsand horizontal gene transfer (e.g., Pal et al. 2005).
are much more frequent in human. Furthermore, different Proteins and genes may not be adequate subunits to
metabolic processes are driven by distinct evolution mechstudy metabolic network evolution since many changes are
anisms. Energy utilization and biosynthesis of nucleatide involved in parts of the proteins instead of their entirety.
amino acids, and lipids retain more conserved domaindomains are polypeptide subunits of proteins that consti-
and have more intra-reaction domain duplication events irtute similar molecular structures or sequences. Since many
human. In contrast, many alternative pathways of amino acianetabolic reactions share common substrates or chemical
degradation are formed by incorporating novel functions tooperations, it is sensible to expand and rewire the metaboli
conserved enzymes. Furthermore, addition of novel domainmgetworks by duplicating domains and creating different
occurs in signaling pathways of human and biosynthesis afombinations to form novel enzymes. Indeed, recruitment
species-specific compounds such as riboflavin (vitamin B2)f domains from enzymes of different parts of the metabolic
and chorismate in E. coli and cholesterol in human. Ournetwork is prevalent (Teichmann et al. 2001).
analysis provides insight about the functional constrsiot Domain evolution in metabolic networks has been in-
domain evolution in metabolic systems. vestigated in a considerable number of previous studies.
For instance, Chothia et al. showed the majority of pro-
Keywords: protein domain, metabolic network, evolution, bi- tein domains appeared before the prokaryote-eukaryate spl

partite graph. (Chothia et al. 2003). Teichmann et al. indicated frequent
. turnover of substrate binding domains and stability of cat-
Introduction alytic domains in enzymes (Teichmann et al. 2001). Vogel

Understanding the evolution of biomolecular systems it al. demonstrated the conservation of domain architestur
a central question in contemporary biology. Among variousn specific orders (Vogel et al. 2004). Caetano-Anolles et
systems the evolution of metabolic networks is likely to beal. and Fukami-Kobayashi et al. inferred the phylogenetic
deciphered soon as great amount of information across mamglations of domain architectures (Caetano-Anolles et al.
species is already available (e.g., Biocyc: Karp et al. 20052003, Fukami-Kobayashi et al. 2007). Caetano-Anolles et
KEGG: Kanehisa and Goto 2000, Recon 1: Duarte et alal. extended the analysis to infer the phylogeny of metaboli
2007). Comparative studies suggest the metabolic networlgmthways (Caetano-Anolles et al. 2007).
of all species share a conserved central core (Morowitz 1999 Despite intensive studies in phylogeny and evolution
Peegin-Alves et al. 2003). Yet how the highly specializedmechanisms of domain compositions in metabolic networks,
and complex metabolic system of an organism arises frontwo questions are not yet actively pursued: do the mecha-
a small set of core reactions remains unclear. nisms of domain evolution vary with organisms and specific

One aspect of studying network evolution is to findmetabolic processes? In this work, we provide positive
the principles governing the formation of specific net-evidence to answer both questions by comparing the domain



compositions of the metabolic networks in human &  simplicity the domain architecture of a protein is reduced
cherichia coli Our study demonstrates strong heterogeneityo a “bag of domains” representation: we discard the order
of the domain evolution mechanisms between human andf domains in a protein and treat multiple occurrences of
E. coli and among various metabolic functional classesthe same domain identical. 2838 human enzymes and 1658
Addition of novel domains and duplication of domains fromE. coli enzymes constitute known domain architectures, and
enzymes of other reactions are common in both speciethey catalyze 1201 and 1481 reactions respectively.
However, incorporation of novel functions for conserved A domain-metabolic networki = (Vp U Vg, E) is a bi-
enzymes and intra-reaction domain duplication occur muchartite graph of domain nodé4, and reaction nodéeigz. An
more frequently in human. Furthermore, different metaboli edgee = (d,r) € E denotes that domaid appears in the
functional classes are driven by distinct domain evolutiorenzyme(s) catalyzing reaction DenoteAp : Vp — Fp %
mechanisms. Pp the annotation of Pfam familyi{p) and protein/complex
The rest of the paper is organized as follows. We first defPp) for each domain, andlp : Vx — Sr the annotation
scribe an algorithm of reconstructing the consensus domairf reactants for each reaction. A parsimonious reconstnct
metabolic network ofE. coli and human, and define five of two domain-metabolic networks is the consensus of the
types of mechanisms for domain-metabolic network evolutwo networks and the proper mapping from the consensus
tion. We then compare the domain evolution mechanismt& each domain-metabolic network. We adopt the algorithm
betweerE. coliand human and identify the distinct species-in Figure 1 to find the consensus network. Briefly, it finds
specific mechanisms. We also compare the differences of thibe identical reactions in the two species and the one-to-on
domain evolution mechanisms among reactions of 15 funazorrespondence between enzyme proteins/complexes on the
tional classes, and relate these mechanisms with properti@entical reactions. The consensus domains of a consensus
of the metabolic processes. We then list metabolic pathway®action are the common domains in the corresponding
enriched with each type of domain evolution mechanisnproteins/complexes. We identify the mechanisms of domain-
and give plausible explanations for the occurrence of thesmetabolic network evolution by comparing the domain com-
domain changes. Finally we discuss the implications opositions between the consensus network and the network of
domain evolution in shaping metabolic networks, extensiotuman orE. coli. These mechanisms are categorized into five

and limitation of our method. types and are illustrated in Figure 2.
] ] ) 1) Domain conservation. A reactiol € Vi, in species
Reconstruction of domain-metabolic net- 2 contains conserved domains if it can be mapped from

; a consensus reaction. = (r1,7}) € Vg, and the
work evolution domain neighbors of{ in G> and those of. in G.

To investigate the mechanisms of domain-metabolic net- have a non-empty intersection. In other words, there
work evolution we have to reconstruct the domain-metabolic exists conserved domains in the enzymes catalyzing
networks of ancestral species from the data of contemporary  the consensus reaction of both species. In contrast,

species. In this work we use the data of human Bndoli a consensus reaction undergoes domain displacement
for the poor annotations of reaction-enzyme associations i if its catalyzing domains in the two species have no
other organisms. About 13% and 2586 coli and human intersection (Chothia et al. 2003).

reactions in Biocyc are not annotated with enzymes, while 2) Incorporation of novel domain functions (abbreviated
in Saccharomyces cerevisigbe fraction of unannotated as incorporation). A reaction, € Vgo in species 2

reactions jumps to near 50%. Thus the results obtained from  undergoes incorporation of novel domain functions if
the current datasets of multiple species can be misleading.  there exists a domai#; € Vp, which can be mapped
Nevertheless, the method can be extended to multiple specie  from a consensus domaif.. € Vp.. (d},r%) is an
when more complete information becomes available. edge inG, but eitherr) is not a consensus reaction
We download human anf. coli subsets of the Biocyc or d. is not adjacent to the consensus reaction of
database (Karp et al. 2005) as the version of October rh In G.. In other words, there exists homologous
2008. The database contains the substrates and enzymes proteins/complexes catalyzing some consensus reac-
of reactions and the metabolic pathways they belong to. tions of the two species, but the association of the
1620 reactions, 2862 enzyme proteins/complexes and 332  homologous proteins/complexes witfj is novel in
pathways from human and 1714 reactions, 2311 enzymes  species 2.
and 289 pathways frork. coli are extracted. 3) Intra-reaction domain duplication. A reactiof) €
Domain architectures of human afd coli enzyme pro- Vro in species 2 undergoes intra-reaction domain du-
teins are extracted from the Pfam database (Bateman et al.  plication if it can be mapped from a consensus reaction
2002) as the version of August 2007. 5122 domain families re = (r1,7]) € Vg, and multiple domain neighbors of
appear inE. coli or human. We count the occurrence of r} in G2 are duplicated from one domain neighbor of
each domain family in the proteome of each species. For r. in G¢. In other words, multiple catalyzing domains



4)
Fig. 1. Algorithm of finding a consensus domain-metabolic
network
Inputs: Domain-metabolic networks?; = (Vp; U 5)

Vi1, E1),Gs = (Vp2UVga, E2) and the annotations of their
nOdeSADl,ADQ,ARl,ARQ.

Outputs: A consensus network. = (Vp. U Vg, E.),
mappingsMp; : Vp. — Vpi1,Mps : Vp. — Vpo from

of 7}, are duplicated from one catalyzing domain of
the consensus reaction.

Inter-reaction domain duplication. A reactioy <
Vro in species 2 undergoes inter-reaction domain du-
plication if it does not undergo intra-reaction domain
duplication, and some adjacent domainsgfin Go

is duplicated from a consensus dom@ine Vp. of
other consensus reactions.

Novel domain addition. A reactioff € Vz, in species

2 undergoes novel domain addition if it is catalyzed
by some domainl; that only appears in species 2.

Notice these mechanisms are not mutually exclusive.

the consensus domains to the domains in species 1 andDdmain conservation and intra-reaction duplication occur

respectively, mapping8/zr; : Vg — Vg1, Mgo : Vg —

only in conserved reactions, whereas other mechanisms can

Vre from the consensus reactions to the reactions in specigscur in both conserved and novel reactions.

1 and 2 respectively, annotatioty,. of consensus domains.

1) Find the set of reaction paif3P = {(r1,72) € Vg1 X
Vie : Api1(r1) = Ago(r2)}. Eachry andr, constitute

Fig. 2: Mechanisms of domain evolution. Small circles:
domains. Ellipses: enzymes. Squares: reactions. An edge

identical reactants. Construct the consensus reactiorfenotes an enzyme catalyzes a reactién.and d; are

Vre. = RP and the corresponding mappingég; :
RP — Vg andMRg : RP — Vgs.

For each consensus reactipn, r2) € Vg, wherer;
andry are adjacent to some domains@y and Gs,
find the consensus domaifdsD (rq, 72):

a) Find the enzyme proteins/complexescatalyz-
ing r1. For each protein/compley; € Py, find
the domain compositio®C'(p1).

b) Repeat the same step to find catalyzing pro-

teins/complexesd? and their domain composi-

tions DC(p2) for rs.

Find likely correspondence between elements in

P, and P,. Construct a bi-partite graptpio

betweenP; and P,. For eachp,; € P, find the

protein(s)ps € P» such thai DC(p1) N DC(p2)|

is maximal among all the proteins i%,. Connect

p1 to each such proteips in Gpi2. Repeat

the same procedure to find likely corresponding

proteins for eaclps € P, and connect these
proteins topy in Gpio.

Apply the augmenting path algorithm (Cormen et

al. 2001) onGp12 to find the optimal matching

MP = {(p1,p2) € P, x P»} betweenP; and

Ps.

The consensus domaiag)(ry, r2) is the union

of the consensus domains for ea@h,ps) €

MP.
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Evolution of human and E. coli metabolic
networks is driven by distinct mecha-
nisms

orthologous domains in species 1 andi?.is a paralogous
domain ofd}. r andr| are identical reactions in species
1 and 2.7}, is another reaction in species 2. Each column
represents a mechanism of domain evolution. From left to
right: domain conservation, incorporation of novel domain
functions, intra-reaction domain duplication, interggan
domain duplication, novel domain addition.
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One critical question about the evolution of metabolic net-
works is whether various domain evolution mechanisms are
homogeneous or species specific. To answer this question we
count the number of human atd coli reactions with each
type of mechanism and report them in Table 1. The numbers
demonstrate strong heterogeneity and suggest evolution of

f) Annotate the domain family and protein/complexthe metabolic network is driven by distinct mechanisms
in species 1 and 2 for each consensus domain.&long the lineages of prokaryotes and eukaryotes.

Table 1: Domain evolution mechanisms m|. coli and
human.

species | conserved

incorporation intra duplication inter duplicat novel

E. coli
Human

281
281

54
110

20
88

284
211

554
546



The number of reactions with conserved domains betweereactions (61E. coli reactions and 74 human reactions) are
the two species are identical by definition. Human hasssigned to multiple labels. Table 2 shows the counts of each
about twice the number of reactions with domain functiontype domain evolution mechanism in each functional class.
incorporation compared t8. coli (110 vs 54). Incorporation

has two possible implications. An enzyme of a conserveeaple 2: Domain evolution mechanisms in each functional
reaction may acquire an additional function to catalyzeshov |55

reactions. Multiple enzymes of distinct reactions in one functional class total conserved incorporation
species may be fused into one protein/complex in anotherggﬁg}%b")‘;jm:fs e > o
species. Pleiotropy and consolidation of human enzymesnucleotide biosynthesis 141 61 22
caused by incorporation partially explain the previousepbs ﬁ";‘é“gijsc;‘r‘]tﬁg’;imhes's o a8 >
vation that the fraction of enzyme numbers in the eukaryote amino acid degradation 107 21 16
proteome is lower than that of the prokaryotes (Freilich et caohvdrates degradation % - 3

| 2005) igfk;g%ygfat;sok;?on;ymhesis 53 14 2
al. )

The number of human reactions undergoing intra-reactiong[ﬁ;‘i‘g;’;‘::ggﬁ;f‘s o 20 2
domain duplication is about four times &s coli reactions secondary metabolite degrad. 37 1 0
(88 vs 20). The numbers confirm a more prevalent redun-ﬁ";‘('j"gzg‘:gg:t‘%f“’” gé . °
dancy in the eukaryotes metabolic network (Freilich et al. nucleotide degradation 18 7 1
2005) and the hypothesis that gene duplication is a dominant, _ . . . . -

. K X unctional class intra duplication inter duplication novel
molecular mechanism for eukaryotic evolution (Ohno 1970) cofactor biosynthesis 6 a9 63
In contrast, theE. coli metabolic network encounters Signaling pathways 2 27 79
A ) R N i nucleotide biosynthesis 20 27 54
more inter-reaction domain duplication than the human amino acid biosynthesis 13 35 58
counterpart (284 vs 211). This mechanism recruits domaing!iid biosynthesis 1 22 68
. . amino acid degradation 4 39 31
duplicated from existing enzymes to form new enzymes and carbohydrates degradation 2 18 20
to catalyze novel or conserved reactions. The large numbergneray metabolism . 12 16 26
! . . R X . K carbohydrates biosynthesis 3 9 17
of reactions undergoing inter-reaction domain dupligatio protein biosynthesis 5 7 16
i i i i Wi ther degradation 3 5 29
both species s_uggest it is a dom_mant mechanism driving Fhegecondary metabolte degrad. 0 14 13
network evolution. Domain recruitment models of metabolic amines degradation 0 15 6
network evolution have been proposed (Schmidt et al. 2003,/Pid degradation 6 8 >
nucleotide degradation 0 7 5

Teichmann et al. 2001). However, our results indicate that

domain duplication plays equally important roles in béth Among various processes nucleotide biosynthesis, energy
coli and human but is utilized differently in the two species.metabolism and protein biosynthesis contain the highest
In_human, domain duplication both expands the size angactions of reactions with conserved domains (61/141529/
connectivity of the metabolic network and adds redundancynq 20/46). These reactions constitute a highly conserved
of isozymes. InE. coli, domain duplication/recruitment iSs «central core” of metabolism (Morowitz 1999, Peegin-Alves
mainly used to expand the network. et al. 2003). In contrast, reactions involved in signaling
Novel domain additions are the most common changegathways and the degradation of carbohydrates and other
among the reactions of human akd coli (546 vs 554).  compounds have fewer reactions with conserved domains.
Both E. coli and human rely on novel domains to alter |ntriguingly, degradation reactions tend to be less coreskr
the metabolic networks. Many reactions involved in proteinan biosynthesis reactions.
modification or the synthesis of species-specific compounds Nycleotide biosynthesis, amino acid degradation, lipid
are catalyzed by novel domains. Detailed analysis of somgng cofactor biosynthesis encounter more incorporatian th
of those reactions will appear in the subsequent sections. gther processes (22, 16, 12 and 11 reactions respectively).

) ) One consequence of functional incorporation in amino acid
Evolution of the subnetworks of different  gegradation is the emergence of alternative degradation
metabolic processes is driven by distinct pathways of identical or similar amino acids (see the arglys
mechanisms below). Several domain fusion events occur in the reactions

of nucleotide and lipid biosynthesis (see the analysisvigelo
Another important question is whether the evolution ofintriguingly, reactions involved in the carbon metabolism

the networks of different metabolic processes is driver(energy metabolism, carbohydrates degradation and biosyn
by distinct mechanisms. We assign 15 labels to reactiontesis) have very few domain incorporation events (3, 3, and
according to their functional classes in Biocyc and couat th 2 reactions) despite the large size of each class.

occurrences of each type of mechanism in the reactions of Nucleotide and amino acid biosynthesis, energy
each functional class. 8&2. coli reactions and 945 human metabolism and lipid biosynthesis encounter more
reactions are labeled accordingly. Only a small fraction ofntra-reaction domain duplication (20, 13, 12 and 11



reactions respectively). A considerable number of humamaple 3: Selected pathways enriched with domain evolution
reactions involved in these processes are catalyzed byechanisms.V,: # reactions.N;: # reactions with the

multiple isozymes sharing common domain compositionsmechanism.
More biosynthesis reactions encounter intra-reaction E. coli

R ; ; : ; R pathway mechanism Ny Ny p-value
domain d_upl_lcat|on than degradatlon_reacnons. A plaesml_ ConTalSarBor TetaboTST e ersd S5 T8IED10
hypothesis is that energy metabolism and biosynthesishistidine & nucleotide biosynthesis  conserved 52 31  4.09E-

; ; fatty acid 3 oxidation | conserved 7 7 8.33E-006
of esser)tlal compounds occur in every cell, whereas glucoeogenesis consorved 13 9 03E.005
degradation of many compounds is undertaken Dby colanic acid biosynthesis conserved 10 7  5.88E-004

iali : ; . e CDP-diacylglycerol biosynthesis Il conserved 4 4 1.278-00
speC|aI|zed tissues in human' The UquUItOUS bu_t dlffEBHiél’l'[. octaprenyl diphosphate biosynthesis  incorporation 5 4 1H-G06
demand for energy metabolism and biosynthesis may drivemenaquinone-8 biosynthesis incorporation 14 4 1.21E-003

; ; _ H P proline degradation | incorporation 2 2 1.31E-003
the evolution of tI_SSUG Sp?CIfIC_ISOZymeS' . polyisoprenoid biosynthesis incorporation 16 4 2.08E-003

Only two reactions of signaling pathways undergo intra- isoleucine biosynthesis intra duplication 5 2 1.69E-003

: : R : ; ; : _ phenylacetate degradation | inter duplication 5 5 2.52E-00
reacthn domain duphcapon. This number is ser_|ously UN- 0Gpp biosynthesis inter duplication 4 4 1396003
derestimated because Biocyc collapses all protein phesphoomithine biosynthesis inter duplication 5 4 5.64E-003

; : : ADP-L-3-D-heptose biosyn. inter duplication 5 4 5.64E-003
rylatlons mt_o one regctlon. . . peptidoglycan biosynthesis | novel 10 9 9.18E-004
Most major functional classes are enriched with both Phe, Tyr and Trp biosyn. novel 19 14  1.36E-003
: : f f : : P flavin biosynthesis novel 9 8 2.24E-003
inter-reaction domgu'n dgpllcatlon and novel domam addm. chorismate biosynthesis novel s 7 & A1E-003
Novel domain addition is more prevalent than inter-reactio
domain duplication in most functional classes. Specifigall |, ...
in signaling pathways and lipid biosynthesis novel domain pathway mechanism No N; p-value
ixi ; ; : ; central carbon metabolism conserved 24 19 8.89E-009
addition dominates doma!n eY0|UtIOﬂ (79 and 68 reacnpns). histidine & nucleotide biosynthesis conserved 52 31 1.068-
Carbohydrates and protein biosynthesis and degradation ofatty acid 5 oxidation | conserved 7 7 3.72E-005
; f ; _uridine-5'-monophosphate biosyn. conserved 6 6 1.61E-004
mlscgllaneous pres of m_etabolltes have much fewer mtgr glliconeogenesis conserved 3 9 5 6OE.004
reaction domain duplication compared to novel domain colanic acid biosynthesis conserved 0 7 2.28E-003
e : CDP-diacylglycerol biosynthesis Il conserved 4 4 2.99B-00
addltl(_)n (9 \_/S 17,7 VS_ 16 and 5vs 29) In contrast, reaCtlon_Suridine-5’-m0n0phosphate biosyn. incorporation 6 5 3806
of amino acid and amines degradation undergo more domairpyrimidine biosynthesis incorporation 10 5 1.02E-003
; ; R g fatty acid elongation incorporation 5 3 6.53E-003
dupllcat|on than novel'do.maln addition (39 vs 31 and'15 Vs central carbon metabolism intra duplication 24 10 2.26B-00
6). Moreover, the majority of the domains are duplicated gluconeogenesis intra duplication ~ 13 7 1.07E-005
f f ; fatty acid 3 oxidation | intra duplication 7 5 3.54E-005
from the enzymes n _dlﬁeren.t functional classes (data.n_Ot histidine & nucleotide biosynthesis intra duplication 52 2 1 2.06E-004
shown). This observation confirms the heterogeneous @rigin serine-isocitrate lyase intra duplication 14 6 2.44E-004
R ; : ; R CDP-diacylglycerol biosynthesis | intra duplication 4 3 44E-003
of domain duplication (Schmidt et al. 2003, Teichmann et phospholipid biosynthesis | intra duplication 11 4 5 9TB0
al. 2001). N-acetylneuraminate degradation intra duplication 18 5 53E-003
isoleucine degradation Il inter duplication 9 6 1.45E-003
. . . valine degradation | inter duplication 7 5 2.48E-003
Spec|f|c cases of domain-metabolic net- methyimalonyl pathway inter duplicaton 3 3 5.36E-003
cholesterol biosynthesis novel 50 37 2.80E-005

work evolution

Tables 1 and 2 provide a general overview regarding the
evolution of domain compositions of the entire metaboliccore reactions imposes a strong selective pressure on domai
network. To grasp more specific information of the domain-compositions. In addition, pathways of gluconeogenesis an
metabolic network evolution we identify the pathways en-colanic acid building blocks biosynthesis are also endche
riched with each type of the evolution mechanism andwith conserved domains in both species.
scrutinize selected reactions undergoing these changes. Most conserved reactions retain at least one common

Table 3 lists selected Biocyc pathwaysfcoli and hu- domain between the two species. However, 64 reactions
man enriched with each type of the evolution mechanism. Amindergo domain displacement, i.e., domain compositions
enriched pathway is discarded if a superpathway containingf the enzymes of the two species are completely differ-
it is also enriched with the same evolution mechanism.  ent. One possible cause to completely replace the domain

Superpathways of the central carbon energy metabolis@rchitectures is the function of the catalytic apparatus is
(glycolysis, pyruvate dehydrogenase, TCA and glyoxylatehanged. The two sets of enzymes may catalyze distinct
bypass) and histidine, purine and pyrimidine biosynthesiseactions except the one where domain displacement occurs.
as well as the pathway of fatty acid@ oxidation | are We test this hypothesis by counting the overlap of co-
highly enriched with conserved domains in both speciescatalytic partners of reactions with domain displacement a
For instance, 19 of 24 reactions in the central carbomll conserved reactions. About half of reactions with domai
metabolism contain conserved domains (hyper-geometric mlisplacement share no co-catalytic partners between the tw
value< 10~8 for both species). The stability of these ancientspecies (35 in 64), whereas only one third of all conserved



reactions have this property (95 in 281). The enrichment ipathway of glycogen degradation (RXN-9025) is incorpo-
rated by PYGM, an enzyme catalyzing a reaction in the first
pathway of glycogen degradation (GLYCOPHOSPHORYL-
RXN). Similarly, reactions in the degradation or biosyrsilse

of various amino acids, glycerol and nucleotides are ddrive

statistically significant (hyper-geometric p-valse0.0017).

Table 4: Pathways of reactions undergoing domain fusion

pathway : species of fusion _# fused reactiongrqm regctions metabolizing identical or similar composind
proline degradation E. coli 2 i i i : . i

Fatty acid elongation Human 3 Intra-domain duplication occurs primarily in human
Fatty acid biosyn. initiation Human 2 ; s _
Uridine-5-monophosphate de novo biosyn.  Human ) metab_ollc pathways. Specifically, abc_Jut half of the reac
Uridine-5'-monophosphate de novo biosyn.  Human 3 tions in the central carbon metabolism (10 of 24) and
tRNA charging pathway Human 2 ; R _ : ;
Purine nucleotides de novo biosyn. Human 3 gluconeogenesis (7 of 13) undergo intra-reaction domain

duplication. Fatty acids oxidation | pathway (5 of 7) and
the superpathway of nucleotide biosynthesis (12 of 52) are
In E. coli the biosynthesis involved in electron carri- also enriched with intra-reaction domain duplication.
ers (octaprenyl diphosphate, menaquinone-8 and polyiso- Despite the abundance of inter-reaction domain dupli-
prenoid) and proline degradation are enriched with domaigation in both species, fewer pathways are enriched with
novel function incorporation. In human the biosynthesis ofreactions of this kind. InE. coli most or all reactions
uridine-5’-monophosphate, pyrimidine ribonucleotidesia in the pathways of phenylacetate degradation | (5 of 5),
fatty acid elongation are enriched with incorporation. Mos ppGpp biosynthesis (4 of 4), ornithine biosynthesis (4 of 5)
incorporation events in these pathways are domain fusioand several others encounter domain duplication. In human
events. Table 4 lists the pathways of domain fusion detectedoleucine degradation Il (6 of 9), valine degradation | (5
in the metabolic networks d&. coliand human. For instance, of 7) and methylmalonyl metabolism (3 of 3) are enriched
three successive reactions in the pathway of fatty acigvith inter-reaction domain duplication.
elongation are catalyzed by three distinct proteinsEin
coli and one fused enzyme in human (Wakil 1989). All

the domain fusion events occur in consecutive reactions ia—able 6: Top domains undergoing inter-reaction duplicatio

dups: # duplications

the same pathways, reaffirming the previous conclusion thft

E. coli
physically and functionally coupled proteins tend to fuse accession  description # dups
i PF00070 pyridine nucleotide-disulphide oxidoreductase 5 1
together (Ennght etal. 1999)' PF07992 pyridine nucleotide-disulphide oxidoreductase 5 1
PF00171 aldehyde dehydrogenase family 13
PF00294 pfkB family carbohydrate kinase 11
Table 5: Origins of selected novel reactions undergoing EEggggé Arl:/IP-lﬂndi?g er;zyn_Te 20
. . K . phosphorylase family
domain novel function incorporation PF03099  biotin/lipoate A/B protein ligase family 9
E. coli PF00106  short chain dehydrogenase 8
origin reaction id pathway of origin reaction PF00109  [-ketoacyl synthase, N-terminal domain 8
OHACYL-COA-DEHYDROG-RXN fatty acid3 oxidation | PF00291 pyridoxal-phosphate dependent enzyme 8
ACONITATEDEHYDR-RXN central carbon metabolism PF02801  3-ketoacyl synthase, C-terminal domain 8
PF00293 NUDIX domain 7
destination reaction id pathway of destination reaction
RXNO0-5391 oleatg3 oxidation Human:
4.2.1.99-RXN methylcitrate cycle | accession  description # dups
PF00106 short chain dehydrogenase 21
Human PF00107 zinc-binding dehydrogenase 16
origin reaction id pathway of origin reaction PF01266 FAD dependent oxidoreductase 10
GLYCOPHOSPHORYL-RXN glycogen degradation | PF02770 acyl-CoA dehydrogenase, middle domain 10
GLYC3PDEHYDROG-RXN glycerol degradation | PF00248 aldo/keto reductase family 9
PYRROLINECARBDEHYDROG proline degradation | PF00441 acyl-CoA dehydrogenase, C-terminal domain 9
SAICARSYN-RXN purine biosynthesis | PF00171 aldehyde dehydrogenase family 8
OHACYL-COA-DEHYDROG-RXN fatty acid3 oxidation | PF01370 NAD dependent epimerase/dehydratase family 8
PF02771 acyl-CoA dehydrogenase, N-terminal domain 8
destination reaction id pathway of destination reaction PF00378 enoyl-CoA hydratase/isomerase family 7
RXN-9025 glycogen degradation II, lI PF08240 alcohol dehydrogenase GroES-like domain 7
RXN-6841 glycerol degradation IV PFO0111 2Fe-2S iron-sulfur cluster binding domain 6

HYDROXYPYRROLINEDEH-RXN
AIRCARBOXY-RXN
TIGLYLCOA-HYDROXY-RXN

hydroxyproline degradation |
purine biosynthesis Il
isoleucine degradation |

Table 6 lists the top domains undergoing inter-reaction
duplications. Most of the frequently duplicated domains ar

If a novel reaction is incorporated by a conserved enzymegatalytic subunits carrying out common chemical operation
then the conserved function carried by this enzyme can bgarticularly oxidation/reduction and proton transfer.i-Ox
viewed as the origin of the novel reaction. Table 5 listsdoreductases and dehydrogenases constitute 4 and 9 of the
the origins of selected novel reactions according to domaitop 12 domains irkE. coli and human respectively. Other top
incorporation. Most novel reactions arise from reactiohs odomains include kinases, phosphorylases and hydratases. |
similar processes. For instance, a reaction in the secortel coli the AMP-binding domain appears in a variety of



ATP-dependent reactions. specific isozymes? How are the metabolic networks of
Despite both species encounter frequent novel domaibacteria evolved to adapt diverse environment on earth?

addition, human has much fewer enriched pathways han The parsimonious reconstruction algorithm can be extended

coli. Most pathways enriched with novel domain additionto multiple species with minor modifications. However, the

produceE. coli or human specific compounds: the biosyn-quality and completeness of the data in other species may

thesis of peptidoglycan (bacterial cellular surface coat)limit the accuracy of inference results. Improved annotai

riboflavin (vitamin B2) and chorismate (a microbe-specificof protein domain architectures and the enzyme-reaction
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of cholesterol in human. However, two pathways of aminahe domain evolution of metabolic networks.
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