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Abstract

Background: Sequence related families of genes and proteins are common in bacterial genomes.
In Escherichia coli they constitute over half of the genome. The presence of families and
superfamilies of proteins suggest a history of gene duplication and divergence during evolution.
Genome encoded protein families, their size and functional composition, reflect metabolic
potentials of the organisms they are found in. Comparing protein families of different organisms
give insight into functional differences and similarities.

Results: Equivalent enzyme families with metabolic functions were selected from the genomes of
four experimentally characterized bacteria belonging to separate genera. Both similarities and
differences were detected in the protein family memberships, with more similarities being detected
among the more closely related organisms. Protein family memberships reflected known metabolic
characteristics of the organisms. Differences in divergence of functionally characterized enzyme
family members accounted for characteristics of taxa known to differ in those biochemical
properties and capabilities. While some members of the gene families will have been acquired by
lateral exchange and other former family members will have been lost over time, duplication and
divergence of genes and functions appear to have been a significant contributor to the functional
diversity of today’s microbes.

Conclusions: Protein families seem likely to have arisen during evolution by gene duplication and
divergence where the gene copies that have been retained are the variants that have led to distinct
bacterial physiologies and taxa. Thus divergence of the duplicate enzymes has been a major process
in the generation of different kinds of bacteria.

Reviewers: This article was reviewed by Drs. lyer Aravind, Ardcady Mushegian, and Pierre
Pontarotti.
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Background

When Charles Darwin wrote The Origin of Species, no data
existed that could inform him of the molecular nature of
genetic variation that fuels evolutionary change. Today
the existence of sequences of entire genomes and the abil-
ity to compare related sequences allows identification and
characterization of sources of genetic variation. Evolution
at the molecular level is now known to have taken place
through both selection and neutral drift acting on genetic
variation arising from many avenues: single base changes,
horizontal transfer of genes, loss of genes, rearrangements
of genomic segments and, discussed here, gene duplica-
tion followed by divergence of the copies. The compara-
tive analysis of sequences of related and unrelated bacteria
has filled out our understanding of some of these mecha-
nisms of evolution.

Views of the nature of genetic change underlying evolu-
tion have changed over the last century. Koonin has sum-
marized the history of these changes up to the present
view [1]. In the beginning, Darwin thought that genetic
changes were small and evolution was gradual. This view
was maintained as plausible after the structure of DNA
became known. Successive single nucleotide changes by
point mutation would be small, conforming to the view
of the gradual nature of the process. Evolutionary change
according to this gradualist view was brought about by
selection, that is the fixation of beneficial mutations,
elimination of the deleterious. Subsequently Kimura [2]
and others introduced the neutral theory, stating that
selectively neutral mutations dominate and fixation
occurs by random drift. At this time, the type of genetic
change was still viewed as gradual accumulation of point
mutations.

However in 1970, Ohno [3] introduced the idea of gene
duplication as an important form of genetic variation, a
process that would go beyond gradualism and would per-
mit quantum changes. The process of gene duplication in
microbes as the agent of evolution of novel gene functions
is being studied by many scientific groups today e.g. [4-7].
Another source of sudden change was the discovery of
horizontal transfer of genes from one organism to another
not necessarily related organism [8]. Both these mecha-
nisms, gene duplication and lateral transfer, have the
capacity to bring about relatively large changes.

With availability of complete genome sequences of many
bacteria, studies have used such data to understand the
power law behavior of sizes of paralogous groups of genes
in many bacterial species [4]. Others have used collections
of genomic sequence data to enumerate types of fates of
ancestral genes, concluding that there has been a great
deal of loss following duplication, that selection for novel
functions has played a prominent role and that rates of
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divergence of paralogous genes depends on selection pres-
sure and functional constraints [6]. Gevers et al. [7] ana-
lyzed presence of sequence-related groups from a
functional standpoint. They found that in all the
genomes, largest families contained transport genes and
regulation genes, smaller families were involved in metab-
olism and energy production. They considered that dupli-
cated genes were retained if adapted to a changing
environment.

As distinguished from such studies of sequence-related
families in large data sets like collections of whole
genome sequences, we planned to examine a few paralo-
gous groups in a limited number of bacteria where the
great majority of the functions of the individual proteins
in each family is known. We wanted to see what kind of
impact expansion of a family by duplication and diver-
gence has on the host cell. Different paths of divergence
would be expected to create the differences one sees in the
taxa today. As to what kinds of proteins to examine, we
chose to look at enzymes even though they form smaller
data sets than those for transport and regulation proteins.
Our goal was not to reconstruct evolutionary events over
time, but to look at the power of duplication to affect the
identity of the cell in specific biochemical terms. We ask
in qualitative terms if the content of a family of enzymes
bears a relationship to the biological characteristics of the
organisms in which they reside.

A companion study to this one from our laboratory, used
MrBayes methodology to develop unrooted trees of the
enzymes of this study [9]. These data show that the
enzyme trees do not correspond to trees of the organisms,
nor would we expect them to. Protein family trees are dif-
ferent from phylogenetic trees of organisms. The selection
factors that operate on enzymes such as availability and
concentration of cofactors, energy supply (e.g. ATP,
NADH), interactions within metabolic pathways,
response to regulatory chains, tolerance to inhibitors, to
ion concentrations, the breadth of substrate accommoda-
tion, and so on and so on, need not connect quantitatively
with the factors that affect phylogeny of the organism as a
whole.

There have been few studies confined to enzymes as fac-
tors in molecular evolution. Jensen in 1976 pointed out
the importance of "recruitment" of new enzymes in evo-
lution by gene duplication followed by changes in the
specificity of the new copies so as to take on a related, but
new role [10]. Some relationships of enzymes within a
pathway could be understood in these terms. Another
mechanism is duplication and modification of one copy
by addition of another domain. An example of such a rela-
tionship is the pair of genes in Escherichia coli for the
ribose repressor (RbsR) and the periplasmic protein for
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ribose transport (RbsB). These proteins share the
sequence spanning the periplasmic binding protein (PBP)
domain (PF00352) but differ in the acquisition of a DNA-
binding domain by RbsR. An alignment of RbsR and RbsB
is shown in Figure 1. While both proteins have main-
tained their ability to bind ribose using the PBP domain,
RbsR has gained the ability to bind DNA and regulate
transcription while the RbsB has been modified to allow
for export to the periplasmic space and for interaction
with the membrane components of the ABC type trans-
porter.

Different from the rbs story, there are families of sequence
similar enzymes that use the same reaction mechanisms
but vary in substrate specificity. An example is the family
of aminotransferases Class III. However, perhaps even
more interesting, there are other families of sequence-sim-
ilar enzymes that catalyze related but different reactions.
Such mechanistically diverse collections are called super-
families of enzymes. Several enzyme superfamilies, iso-
lated from many biological sources, have been studied
carefully from a structural and biochemical point of view.
These include the enolase, Nudix, amidohydrolase, croto-
nase and haloacid dehalogenase superfamilies (reviewed
in [11]). We have focused on identifying the members of
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a superfamily within one organism, a group of enzymes
that could have arisen by duplication and divergence. We
ask whether the members of the family are of a kind that
would contribute to the metabolic identity of the organ-
ism.

One such superfamily is the Short Chain Dehydrogenase-
Reductase (SDR) family. Similarities among certain dehy-
drogenases from Streptomyces spp., Drosophila melanogaster
and several mammals, led to the identification of a type of
dehydrogenase given the name SDR [12]. All reactions
catalyzed by members of this superfamily require the
cofactor NAD(P)/H and all members possess the Ross-
man fold. As more and more members of this superfamily
were identified, the family was found also to include epi-
merases, dehydratases and isomerases [13]. It is variations
on a theme of reaction chemistry that ties members of the
superfamily together. This is different from earlier ideas
on evolution of enzymes where a single enzyme would
change by modifying substrate affinities, not by varying
the reaction.

In the context of evolution, one can ask what kinds of bio-
chemical properties have been conferred on a single
organism by this process. To answer the question we

RbsB -MNEMRRIBT@vsavALSATVSAf-—————— BVBK-—————- D 27
RbsR MAT.DV.R.AGVSTSTVSHVIIKDRFVSEAI TAKVEAAIKELNYAP lele LKLNQTH 60
* * * *
RbsB BEALVVSTLNNPEF vSEKDEAOKEADK LEENENV L.DSONNP AKE LANVODETVRGTKIEE 87
RbsR EEGMLITAS T-YSEIVR.VERSCFER.S.LCNTEGDEQRMNRILETIMQKRVDG. 120
kK e e e e * * * * . kK * *
RbsB INPEDSDAVGNAVKMANOANIBVI TLBROATKEEVVSHEASDNVEEEK IAGDEIAKRAGE 147
RbsR LLCIETHQP SRE IIQRYP TVITVMM.WAPFDIDSD LIQDNSL-DLITQILIDIG—— 176
. -k kK .k o« Kk .
RbsB GARVIELOBIAGTSAERERGEEFQOBVAAHKENVLA--SQOPABEDR I KELNVMONEETAH 205
RbsR HTRIACIT.P LDKTP.LIL.YRA.MKRAGLIIPDGYEVTG.EFNGIFDA.RQ.SHP 236
s ** * ** . *: . . . . ** *::'*: **
RbsB PDVOENEAONBEMALEA L REBO TEGKSDVMVVGEDETPEGEKEVNDGKLAABEAGLPBOTI 265

RbsR LRP_TG.A.V.VYQ.YQIELQVPQD IAVIIYDIIILISFMTPPLT-HIPKIEL 296

**** * * ** * |

* k% ***

RbsB BAKGVETADKVLKGERV@AKYPVDLKLVVKQ-—— 296
RbsR IELAIDVLIHRITQPTL.QQRLQLTPILMERGSA 330
* ek e e e e e
Figure |

Alignment of the E. coli ribose transport protein RbsB and the ribose repressor RbsR. The protein sequences were
aligned with ClustalWV 2.0.1 1. Identical residues are highlighted in dark grey while conserved and semi-conserved residues are

highlighted in light grey.
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decided to gather the members of the SDR family in E.
coli, and then expand the study to other sequence-related
enzyme families, not only from E. coli but from other bac-
teria as well.

Results and Discussion

To find out how many members of the SDR family are
present in E. coli K-12 MG1655, henceforth E. coli, we
assembled enzymes identified with an EC number 1.1.1.x.
Among these are enzymes with the structural and
sequence characteristics of the SDR superfamily. Initially
we used the AlIAIIDb program of the Darwin system [14]
(after first separating independent, fused proteins into
their components) to collect all sequence related E. coli
enzymes from this group. Parameters of the initial pair-
wise similarity search were set as requiring a Pam value of
at least 200, an alignment of 83 residues and an involve-
ment of at least 50% of the length of the smaller protein
of any sequence-similar pair. Related enzymes were
assembled by transitive relationship. To extend member-
ship in the groups to include proteins whose sequence
may have diverged further, we submitted all members to
PSI-BLAST analysis [15].

E. coli has 15 members of the SDR family whose substrates
and reactions are known (Table 1). We found that the

Table I: List of E. coli SDR related enzymes and metabolic pathways.
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entire superfamily could be subdivided based their
sequence similarity into two separate groups. One of these
groups contained all the dehydrogenase/reductases, the
other all the epimerase/dehydratases. Although the reac-
tions of the second group are not oxidative the apparent
anomaly is explained by their reaction mechanisms. For
SDR enzymes, reactions of epimerization, dehydration or
isomerization are promoted with an oxidation-reduction
type of chemistry that promotes both loss and gain of a
proton so as to change the placement of the moieties of
the substrate or to promote dehydration. Both types of
reactions are facilitated by a Ser-Tyr-Lys catalytic triad
whose spatial configuration and charge distribution is
affected by the binding of each substrate [16].

Examination of the sequence alignments of the E. coli SDR
enzymes revealed four regions that aligned for all mem-
bers of the extended family, the substrate binding site, the
NAD(P)/H-binding Rossman fold and two sites of
unknown function, likely to be important for folding (Fig.
2). Each of the conserved sequences occurs in approxi-
mately the same region within each protein. Small
changes in the residues in conserved regions have large
effects on the affinity for particular substrates and on the
specific reaction that is catalyzed.

Gene Gene Product Pathway

Phenotype

fabG  3-oxoacyl- [acyl-carrier-protein] reductase

fabl enoyl- [acyl-carrier-protein] reductase (NADH)

hcaB  2,3-dihydroxy-2,3-dihydrophenylpropionate
dehydrogenase

sriD glucitol (sorbitol)-6-phosphate dehydrogenase

idnO  5-keto-D-gluconate 5-reductase

kduD*  2-deoxy-D-gluconate 3-dehydrogenase

hdhA NAD-dependent 7alpha-hydroxysteroid
dehydrogenase

entA 2,3-dihydro-2,3-dihydroxybenzoate
dehydrogenase

rfbD dTDP-6-deoxy-L-mannose-dehydrogenase

fatty acid biosynthesis
fatty acid biosynthesis
3 phenylpropionate degradation

sorbitol (glucitol) degradation
L-idonate degradation

pentose and glucuronate
interconversions

degradation of human bile acids

enterochelin/enterobactin biosynthesis

dTDP-L-rhamnose biosynthesis

synthesis of essential metabolites
synthesis of essential metabolites
utilization of aromatic compounds

utilization of a sugar alcohol
utilization of a sugar

interconversion of 5- and 6-carbon
carbohydrates

decomposition of intestinal bile acids

binds and solubilizes iron in enteric bacteria

biosynthesis of enterobacterial common
antigen

rfbB dTDP-glucose 4,6 dehydratase

ffG dTDP-glucose 4,6-dehydratase 2

galE UDP-galactose-4-epimerase

fel GDP 4 keto 6 deoxymannose epimerase,
dehydrogenase

gmd GDP-D-mannose dehydratase
rfaD ~ ADP-L-glycero-D-mannoheptose-6-epimerase

dTDP-L-rhamnose biosynthesis
dTDP-L-rhamnose biosynthesis
UDP-galactose biosynthesis
GDP-L-fucose biosynthesis
GDP-L-fucose biosynthesis

ADP-L-glycero-D-mannoheptose
biosynthesis

biosynthesis of enterobacterial common
antigen

biosynthesis of entobacterial common
antigen

metabolism of galactose; biosynthesis of
colanic acid

biosynthesis of colanic acid

biosynthesis of colanic acid
biosynthesis of Lipid A

* predicted activity

The grey line separates the dehydrogenases/reductases (top) from the epimerases/dehydratases (bottom).
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entA
galE
fabG
fabl
hdhA
rfbD
rfbB
fcl

gmd

hcaB
srlD
kduD
rfabD
rffG
idnO

entA
galk
fabG
fabI
hdhA
rfbD
rfbB
fcl

gmd

hcaB
srlD
kduD
rfaD
rffG
idnO

Figure 2
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7 —NVWVT GK——II YATALAFVEAGA-K-VTGFD 73 LDALVNAAG
1 MRVLVTIGGSG--YIGSHTCVQLLONGH-D-VIILD 74 IDTVIHFAG
9 ———LVT SR——II RAIAETLAARGA-K-VIGTA 80 VDILVNNAG
8 -RILVTIGVASKLSIAYGIAQAMHREGA-E-LAFTY 95 FDGFVHSIG
5 ——IITGAGA--GIGKEIAITFATAGA-S-VVVSD 89 VDILVNNAG
1 MNILLFGKTG-- WELORALAPLG————————— 55 PDIIVNAAA
1 MKILVTGGAG--FIGSAVVRHIINNTQ-DSVVNVD 74 PDAVMHLAA
5 —-RVFIAGHRG--MVGSAIRRQLEQRGD-V-ELVLR 56 IDOQVY-LAA
6 ——LITGVIG——QDGSYLAEFLLEKGY-E-VHGIK 80 PDEVYNLGA
9 —-IFIT GGS——IL LALVERFIEEGA-Q-VATLE 81 LDCFIGNAG
6 ———VVIGGGQ--TLGAFLCHGLAAEGY-R-VAVVD 82 VDLLVYSAG
4 ——-VVT CDT——IL QGMALGLAQAGC-D-IVGIN 86 IDILVNNAG
2 ——IIVIGGAG—-FIGSNIVKALNDKGITD-ILVVD 09 VEAIFHEGA
3 -KILITGGAG--FIGSALVRYIINETS-DAVVVNVD 75 PDCVMHLAA
1 -NILIT SAQ——II FLLATGLGKYGA-Q-IIIND 87 IDVLVNNAG
{GXXXGXG} conserved
co—enzyme binding fold region?2
143 GASKAALKSLAL 208 PLGKIARPQEIA
148 PMGKSKLMVEQILT 229 GVRDYIHVMDLA
150 NNMAAARAGLIGESK 205 PAGRLGGAQEIA
158 VMGLAKASLEANVR 215 PIRRTVTIEDVG
158 SNASSKAAASHLVR 214 PIRRLGQPQDIA
127 GETKRLAGEKALO —mm—m————————
166 PMSASKASSDHLVR 229 QIRDWLYVEDHA
135 PNATI IAGIKLCE 207 PMREFLHVDDMA
156 PYAVAKLYAYWITV 229 HAKDYVKMQWMM
152 IL¥TASKHAATGLIR ————————————
153 GNMSAAKFGGVGLTQ 220 PLKRGCDYQDVL
157 SMTASKSGVMGVTR 214 PAGRWGLPSDLM
139 GYSKFLEDEYVR 208 ——-RDEVYVGDVA
159 PMSASKASSDHLVR 222 QIRDWLYVEDHA
157 PYAASKGAVKMLTR 214 PAARWGDPQELI
Active Site conserved
region4

Alignment of E. coli SDR family members. The enzymes of the family members are listed in Table |. Four conserved
regions of the proteins are shown. The protein sequences were aligned with ClustalW 2.0.1 |. Identical residues are highlighted

in dark grey while conserved and semi-conserved residues are highlighted in light grey.
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Table 1 shows the separation into two types of crotonases
and the variety of pathways and resulting phenotypes
served by the SDR superfamily. Some pathways are used
by many organisms, such as fatty acid synthesis, but many
products and processes are characteristic of the enteric
organisms only, such as bile acid emulsification, biosyn-
thesis of colanic acid, lipid A, enterobactin and enterobac-
terial common antigen. It appears that the process of
duplication and divergence has contributed to the meta-
bolic characteristics of a unique phylogenetic group of
bacteria.

One can ask how broad the phenomenon of families is
among E. coli enzymes. Even before the sequence of the E.
coli genome was completed, the existence of families of
related sequence within its genome was observed [17,18].
Such sequence-related families are viewed as paralogous
families that arose by duplication of genes within the
genome of the organism itself or in that of an ancestor,
although as previously mentioned some members of
these families could have been introduced by lateral gene
transfer. After completion of the full genomic sequence of
E. coli [19], the complete set of paralogous families in rela-
tion to the whole genome could be determined. Pair-wise
related sequences from the entire genome were assem-
bled, using the criteria of similarity as having Pam values
below 200 and alignments of at least 83 residues. By
requiring an alignment of 83 amino acids or more we seek
to avoid grouping sequences by small common domains
or motifs, such as DNA binding domains, instead we
detect protein level duplications. For example in the
RbsR/RbsD case, the 45 amino acid DNA-binding domain
(PF00356) is present in 14 additional E. coli transcrip-
tional regulators. Since the main components of these
proteins, the ligand-binding domains, not are related to
RbsR we do not consider them paralogs. Our groups
ranged in size from 92 members in the largest group down
to the smallest size, simple pairs. Over half of the E. coli
proteins resided in these sequence-related groups [20-22].

The existence of families of sequence-similar proteins
making up a large fraction of the genomic content sup-
ports the proposal that duplication followed by diver-
gence is an important mechanism of molecular evolution.
The largest groups in the E. coli genome were those of
related transport proteins, regulatory proteins, and redox
(i-e. iron-sulfur) subunits of enzyme complexes. Groups
of sequence similar enzymes were smaller, had fewer
members, than the groups of transporters and regulators.
However, we concentrated on the class of enzymes
because studying families of enzymes has the advantage
of being able to draw on the detailed knowledge in the
extensive biochemical literature concerning their proper-
ties, prosthetic groups, the mechanisms of the reactions
they catalyze and pathways they belong to. One is in a

http://www.biology-direct.com/content/4/1/46

position to link genetic information with biochemical
information and thus with phenotypes of the organism.
Examining the members of enzyme families of E. coli
allowed a view at the molecular level of what kind of cre-
ation of function occurred as a consequence of presumed
duplication and divergence.

Another superfamily that is structurally and mechanisti-
cally related but catalyzes diverse reactions is the croto-
nase family. The family was originally characterized by
similarities in three-dimensional structure of four
enzymes derived from different sources. Although struc-
turally related, sequence related and mechanistically
related, their biochemistry showed that they catalyzed
four different reactions [23]. Subsequent investigation has
shown that the crotonase enzymes are related in
sequence, though often distantly, and catalyze a broad
range of reactions i.e. dehalogenation, hydration/dehy-
dration, decarboxylation, formation/cleavage of carbon-
carbon bonds and hydrolysis of thioesters [24].

To look at crotonases in an evolutionary context, one can
ask if they could have arisen by duplication and diver-
gence. To approach this question, one could enumerate
all crotonases in one organism. Starting with a crotonase
in E. coli, encoded in the N-terminal portion of FadB (here
designated FadB_1) with demonstrable structural similar-
ity at the active site to the rat liver crotonase, we assem-
bled the group of sequence-similar enzymes in E. coli as
before by the Darwin AllAlIDb program. Figure 3 presents
the alignment of residues at the active site for the E.coli
crotonase family. The greatest amino acid conservation is
seen for the residues involved in acyl-CoA-binding and
the catalytic site. There is a CoA-binding site and an
expandable acyl-binding pocket as well as an oxyanion
hole for binding the thioester C = O bond, crucial to the
reaction catalyzed by members of this superfamily
[23,25]. Variations in residues at critical positions in the
active sites dictate which of the related reactions occurs.
Again, as for the SDR family, one can visualize that the
broad family of crotonases, spanning several kinds of
reactions, could have arisen by gene duplication and
divergence early in evolutionary time.

By assembling the crotonase family members in a few
organisms, one expects that some individual enzymes will
be present in all the organisms as they are virtually univer-
sal. However other members of the crotonase family are
expected to differ from one organism to another. We
expect that bacteria in separate lineages would have some
enzymes that catalyze different reactions. Differentiation
of bacteria as they evolved along different lineages is
expected to be partly as a consequence of generating dif-
ferent enzyme family members in the course of the diver-
gence process. Other molecular evolution events are
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CaiD
PaaG
PaaF
MenB
MmcD
FadJ_1
FadB_1

CaiD
PaaG
PaaF
MenB
MmcD
Fadd_1
FadB_1

CaiD
PaaG
PaaF
MenB
MmcD
FadJd_1
FadB_1

CaiD
PaaG
PaaF
MenB
MmcD
Fadd_1
FadB_1

CaiD
PaaG
PaaF
MenB
MmcD
FadJd_1
FadB_1

CaiD
PaaG
PaaF
MenB
MmcD
FadJd_1
FadB_1

Figure 3
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MKQOGTTLPANNHTLKQYAFFAGMLSSLKKQKWRKGMSESLHLTRNGSILEITLDRP--K 58

MMEFILSHVEKGVMILTLNRPE-R 23
MSELIVSRQQR-VLLLTLNRPA-A 22
MIYPDEAMLYAPVEWHDCSEGFEDIRYEKSTDGIAKITINRPQ-V 44
MSYQYVNVVTINKVAVIEFNYGR-K 24
MEMTSAFTLNVRLDNIAVITIDVPGEK 27
MLYKGDTLYLDWLEDGIAELVEDAPG-S 27

ANATDAKTSFEMGEVELNFRDDPQLRVATI I TGAGEKFESABWBLK-—-AAAEGEAPDADF 115
LNSENDEMHAQLAECLKQVERDDTIRCLLLTGA-GRGECABOBLNDRNVDPTGPAPDLGM 82

RNALNNALLMQLVNELEAAATDTSISVCVITGN-ARFEAABARLN-————- EMAEKDLAA 75
RNAFRPLTVKEMIQALADARYDDNIGVIILTGAGDKAHCSEGHOK--VRGDYGGYKDDSG 102
LNALSKVFIDDLMQALSDLNRPEIRCIILRAPSGSKVESABHPIH-———— ELPSGGRDPL 79

MNTLKAEFASQVRAIIKQLRENKELRGVVEVSAKPDNEIABABIN---MIGNCKTAQEAE 84

[VNKLDTATVASLGEAIGVLEQQOSDLKGLLLRSN-KA
* . . .

ARTVEABIT-EFLSLFLVPEEQLS| 85

*  x

GPGGFAG--LTEIFNLDKPVIAAVNBYAFBGGFELALAADF IVCADN--ASFALPEAKLE 171
SVERFYNPLVRRLAKLPKPVICAVNEVAABAGATLALGGDIVIAARS--AKFVMAFSKLE 140
TLNDTRPQLWARLOQAFNKPLIAAVNEYALBAGCELALLCDVVVAGEN--ARFGLPEITLE 133
VHHLNVLDFQRQIRTCPKPVVAMVABYS IBGGHVLHMMCDLTIAADN--ATIEGQIGPKVE 160
SYDDPLRQITRMIQKFPKPIISMVEBSVWEGAFEMIMSSDLIIAAST--STESMIPVNLE 137

ALARQGQQLMAETIHALPIQVIAATH

CLEGGLELALACHGRVCTDDPKTVLGLPEVQLE 144
ALGGGCECVL

143

pWLHFANSVFNRLEDLPVPTIAAVN

ATDYRLATPD--LRIGLPETKL

.k

IVPDSGEVLRLPKILPPAIVNEMVMTGRRMGEEERLRWEIVNREVSQAELMDNARELAQQ 231
LIPDCGETWLLPRVAGRARAMGLALLGNQLSEEQRHEWEMIWOVDDETLADTAQQLARH 200
IMPGAGETQORLIRSVGKSLASKMVLSGES I THOOBOQABLVSDMEP SDLTLEYALQLASK 193
SFDGGWEASYMARIVGOKKARE IWF LCRQYDEKOALDMELVNTMVP LADLEKETVRWCRE 220
VPYNLV@IHNLTRDAGFHIVKELIFTASPITHORELAVEILNHUVEVEELEDFTLOMAHE 197
LLPGSGEBTORLPRLIGVSTALEMILTGKQLREKQOALKLELVDDEVPHSILLEAAVELAKK 204

IMPGFGESVRMPR

*

MLGADSALEIIAAGKDVG

BDOBL K IBLVDGUVKAEKLVEGAKAVLRY 203

* .

LVNSAPLATAALKEIYRTTSEMPVEEAYRYIRSGVLKHYPSVLHSEDAIEGPLAFAEKRD 291
LATQPTFGLGLIKQAINSAETNTLDTQLDLERD-——-YQRLAGRSADYREGVSAFLAKRS 256
MARHSPLALQAAKQALRQSQEVALQAGLAQERQ———-LFTLLAATEDRHEGISAFLQKRT 249
MLONSPMALRCLKAALN--ADCDGQAGLQELAG——-NATMLFYMTEEGQEGRNAFNQKRQ 275
ISEKAPLAIAVIKEELRVLGEAHTMNSDEFERIQG--MRRAVYDSEDYQEGMNAFLEKRK 255

ERPSS-RPLPVRERILAGPLGRALLEFKMVG
AINGDLDWKAKRQPKLEPLKLSKIEATMSFTIAKG

PVWKGR————
PQFTGK————
PDFKGR————
PDFSKFKRNP
PNFVGH-———

EAAARF————

297
262
255
285
261
255
264

———————————— KKTEHKTQGNYPATERIL 251
————— MVAQTAGKHYPAPITAVKTI 258

Alignment of E. coli crotonase family members. Protein family membership was determined as proteins having sequence
similarity of 200 Pam units or less over at least 50% of their length. Members of the E. coli crotonase family are listed in Table
3. The protein sequences were aligned with ClustalW 2.0.11. Identical residues are highlighted in dark grey while conserved
and semi-conserved residues are highlighted in light grey. Residues forming the FadB oxanion hole used to stabilize reaction

intermediates are shown in bold-face. The FadB reaction center is outlined.
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occurring at the same time as the duplication and diver-
gence, such as lateral transfers and gene loss. To focus on
gene duplication we decided to look at families of
enzymes in a set of both similar and distant bacteria.

We asked whether members of three enzyme families are
the same in the bacteria examined or whether there are
differences dictated by separate evolutionary histories and
separate selective pressures. Three enzyme families were
compared in four bacteria. The families chosen for com-
parison were the crotonases, pyridoxal phosphate-requir-
ing aminotransferases Class III, and thiamin diphosphate-
requiring decarboxylases. The four bacteria are E. coli, Sal-
monella enterica subsp. enterica serovar Typhimurium LT2
(henceforth S. enterica), the distant y-proteobacterium
Pseudomonas aeruginosa PAO1 and the gram positive bac-
terium Bacillus subtilis subsp. subtilis strain 168 (hence-
forth "B. subtilis).

The families of enzymes were assembled for the three
organisms using the same methods as for E. coli. Table 2,
3, and 4 list members of the aminotransferase-, decarbox-
ylase-, and crotonase superfamilies, respectively. Known
enzymes and strongly predicted enzymes present in each
of the four bacteria are shown as well as the number of
proteins currently of unknown function.

Table 2: Class Ill Aminotransferase superfamily members.

http://www.biology-direct.com/content/4/1/46

We note that some of the enzymes are present in all four
bacteria, suggesting they are integral parts of core meta-
bolic functions. This is supported by the pathways they
participate in; biotin synthesis and porphyrin synthesis
(BioA and HemlL), aminobutyrate utilization (GabT),
pyruvate oxidation (PoxB/YdaP), and fatty acid oxidation
(FadB). One supposes such commonly held important
functions are conserved in many bacteria in many taxa.

Other enzymes differ in their distribution (presence or
absence) among the four organisms. This is presumably a
result of different evolutionary histories in different line-
ages during the divergence processes, leading to establish-
ment of bacterial taxa with biochemical and metabolic
differences. For example the MenD decarboxylase and
MenB crotonase used for menaquinone biosynthesis are
absent from P. aeruginosa and present in the other three
organisms. This distribution is reflective of the Pseu-
domonads using only ubiquinone, and not both ubiqui-
none and menaquinone, as electron carriers for
respiration. Gcl, tartronate-semialdehyde synthase of gly-
oxalate utilization, is present in three bacteria, and not in
B. subtilis. Degradation of glyxolate in B. subtilis has been
shown to occur by a different pathway from the other
three organisms. In the two enteric organisms, their par-
ticular paths of metabolizing putrescine and carnitine are

organisms se2 ecb bs¢c pad

known function
bioA bioA bioA bioAP
gabT gabT gabT gabT

Enzyme

adenosylmethionine-8-amino-7-oxononanoate aminotransferase
4-Aminobutyrate aminotransferase

hemL  hemL  hemL  hemL glutamate- | -semialdehyde aminotransferase
argD argD -- -- acetylornithine/succinyl-diaminopimelate aminotransferase
astC astC - - succinylornithine aminotransferase, catabolic
-- -- argD -- acetylornithine aminotransferase, biosynthetic
patA patA - - putrescine 2-oxoglutarate aminotransferse
- puuE - - 4-Aminobutyrate aminotransferase (putrescine pathway)
-- -- gsaBr - glutamic- | -semialdehyde aminotransferase
-- -- rocD -- ornithine aminotransferase
-- -- -- pvdH diaminobutyrate aminotransferase
- - - spuC putrescine:pyruvate aminotransferase
-- -- -- aruC succinylornithine aminotransferase, catabolic
PA5313 4-Aminobutyrate aminotransferase
oapTp B-Alanine:pyruvate aminotransferase
unknown function
# orfs - - 2 5
family size 6 7 8 13

aSalmonella enterica subsp Typhimurium LT2
bEscherichia coli K-12 MG 1655

“Bacillus subtilis subsp. subtilis strain 168
dPseudomonas aeruginosa PAO|

P strongly predicted to encode the listed enzyme
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Table 3: Thiamine diphosphate decarboxylase superfamily members.

organisms sea ecb bsc pad Enzyme
known function
poxB poxB ydaPp poxBpP pyruvate oxidase
menD menD menD -- 2-oxoglutarate decaboxylase, SHCHC synthase
gcl gcl -- gelp tartronate-semialdehyde synthase
ilvB ilvB ilvB -- acetolactate synthase I, large subunit
ilvl ivl -- vl acetolactate synthase lll, large subunit
ivG ivG* - --- acetolactate synthase I, large 