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Abstract:

A. hydrophila, a ubiquitous gram-negative bacterium present in aquatic environments, has been implicated in illness in humans, fish and amphibians.
Lipopolysaccharides (LPS), a surface component of the outer membrane, are one of the main virulent factors of gram-negative bacteria.
UDP-galactose 4-epimerase (GalE) catalyses the last step in the Leloir pathway of galactose metabolism and provides precursor for the biosynthesis
of extracellular LPS and capsule. Due to its key role in LPS biosynthesis, it is a potential drug target. The present study describes cloning, sequence
analysis and prediction of three dimensional structure of the deduced amino acid sequence of the galE of A. hydrophila AH17. The cloned galE
consists of the putative promoter-operator region, and an open reading frame of 338 amino acid residues. Sequence alignment and predicted 3D-
structure revealed that the GalE of A. hydrophila consists of the signature sequences of the epimerase super family. The present study reports the
molecular modeling / 3D-structure prediction of GalE of A. hydrophila. Further, the potential regions of the enzyme that can be targeted for drug

design are identified.
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Background:

Aeromonas hydrophila is a member of the family Aeromonadaceae,
associated with disease conditions mainly in fish, amphibians and
humans [1]. Identification of strains of A. hydrophila capable of causing
illness in apparently healthy individuals, by infecting open wounds and
possibly by ingestion of the microorganism in food or water, has
generated immense interest in this organism [2]. Some of the known
virulence factors responsible for pathogenesis of A. hydrophila are
O-antigen lipopolysaccharide, capsules, exotoxins, enterotoxins, and
certain exoenzymes [3 & 4]. LPS has been reported to be involved in
adherence and may play a role in antigenic variation [5-7]. Importance
of the enzymes involved in galactose metabolism in bacterial virulence
has been demonstrated [8-10]. GalE is one of the enzymes involved in
galactose metabolism that mediates the incorporation of galactose in
extra cellular polysaccharide material such as the O-side chain of
lipopolysaccharide. The essential role of UDP-galactose 4-epimerase in
virulence of many other gram-negative bacteria is well documented
[11-15]. The fact that the epimerase mutants have altered LPS core
biosynthesis with significant reduction in their ability to adhere and
invade the host cells makes epimerase a potential drug target. GalE
from different species exhibits a significant degree of interspecies
variation at their gene and quaternary structure. In the present study, we
report cloning, characterization of the galE, including its putative
promoter, and structure modeling of the deduced amino acid sequence
of the GalE of A. hydrophila

Methodology:
Bacterial strains and vector:

A. hydrophila (AH17) isolated from pond water was obtained from Dr. 1.

Karunasagar, College of Fisheries, Mangalore, India. Escherichia coli
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DHSo and BL21 (DE3) strains were from GIBCO BRL, USA and
Novagen, USA, respectively. Plasmid pBCKS" was procured from
Stratagene (USA).

Cloning and sequencing of galE of A. hydrophila:

Genomic DNA from A. hydrophila (AH17) was isolated essentially as
described earlier [16]. The galE of A. hydrophila was PCR amplified
using the genomic DNA as a template and the forward and reverse
primers (5'-AGTCTGAGAAAAAGCGCGTGTG -3/,
5-TTAATCGGGATATCCCTGTGGATGG-3', respectively),
designed on the basis of available sequence information of galE of E.
coli (Acc. No. NC _000913) obtained from Microsynth, Switzerland.
The PCR amplified product was purified and the ends of purified PCR
product were phosphorylated using T4 polynucleotide kinase (NEB,
USA), followed by ligation to Sma I digested dephosphorylated pPBCKS
(+) vector. Competent E. coli DH5a cells (Novagen, USA) were then
transformed with the ligation mix and the transformants were analyzed
by colony PCR and were further confirmed by restriction enzyme
digestion for the release of the insert. The construct thus made was
designated as pAHGalE. The integrity of the galE insert was verified by
automated DNA sequencing (Applied Biosystem Model 393A).

Phylogenetic analysis:

Sequence analysis tools of the ExXPASy Molecular Biology Server of
Swiss Institute of Bioinformatics were used to process nucleic acid
sequence for the deduced amino acid sequence. The deduced amino
acid sequence of the GalE of A. hydrophila was aligned with the GalE
of other species and A. hydrophila AH3 strain was carried out using
ClustalW (Version 1.83) [17]. The phylogenetic tree was inferred using
Phylip’s inference package, Version 3.5c.
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Structure Modeling and Visualization of Model:

The most appropriate template for Homology modeling of A.
hydrophila GalE (Accession No. AJ785765) was identified using
BlastP analysis. The available structure of GalE from Escherichia coli
in the Protein Database (PDB) (PDB entry ludcA, resolution =1.65, R
value =0.177) was referred [18]. The target and the template sequences
were aligned using ClustalW. Homology modeling program
Swiss-Model was employed to generate a comparative 3D- structure
model of A. hydrophila GalE [19]. Swiss-Model [20] is a server for
automated comparative modeling of three-dimensional (3D) protein

structures. No other refinements were applied. Swiss PDB viewer

software [21] was employed as a tool to envisage the generated
structural model.

Validation of the generated model:

The generated 3D-model was assessed/reviewed evaluated at various
structure verification servers viz. PROCHECK [22] that relies on
Ramachandran plot [23], WHAT CHECK, a subset of WHATIF
programme [24 & 25], and VERIFY3D [26 & 27].

1 RGTCTGAGRRRRAGCGCGTGTGAAAACCRGTGT&AACGATACCHCTATTTTATCCCA;ELC 61
62 AC_ACT TTTCGCGETC TCTG]:A(.JTATGC'TP\ TGGTTAATTCATACCATAAGCCTAATGGAGCGAAAT 123
M R v L v T e (e 5 G Y I (e s H T c Vv Q L
124 ATGCGAGAGGTGGTAGCGGT TACATAGGAAGTCATACCTGTGTGCAACTG 183
L 0 S G H DV V I LDINTLTGCN S KR S V
184 CTGCAAAGCGGCCACGATGTTGTCATTCTTGATAACCTGTGCAACAGTAAGCGCAGCGTG 243
L PV I E R L S G X Qo P T F V E G D I R
244 CTGCCGGTCATTGAACGCCTTTCGGGTAAACAGCCGACT TTCGTGGAAGGCGATATCCGC 303
N E A L M TE I L H D HATI E T V I H F
304 AATGAAGCATTGATGACTGAAATCCTTCACGATCACGCGATTGAAACCGTTATCCACTTC 363
A G L KA V G E S V A KZPTULTE Y Y DN N
364 GCGGGCCTGARAGCGGTTGGCGAATCGGTGGCAMAACCGCTTGAGTACTATGACAACAAC 423
Vv M & T L R L I S A M R A A N v K N E i
424 GTCAACGGTACCCTGCGTCTGATCTCCGCCATGCGTGCGGCCAACGTTAAAARCTTTATC — 483
F S s s A T V Y G D Q@ P K I P Y V E S F
484 TTCAGCTCTTCCGCAACCGTCTACGGCGATCAGCCAARAATTCCTTACGTTGARAGCTTC — 543
P T G T P Q S P ¥ G K S K L M V E @ I L
544 CCGACCGGTACGCCGCAAAGCCCGTATGGCAAAAGCAAGCTGATGGTAGAGCAGATCCTG 603
T D L 9 K A Q P E W S I A L L R Y F N P
604 ACCGACCTGCAAAAAGCCCAGCCTGAGTGGAGCATCGCGTTGCTGCGCTACTTCAACCCG 663
Vv G A H P S G D M G E D P Q G I E N N L
664 GTCGGCGCGCATCCTTCAGGTGATATGGGCGAAGATCCGCAGGGCATTCCTAACAACCTG 723
M P Y I A Q VA V G R HUD S L A I F G N
725 ATGCCGTATATCGCGCAGGTTGCCGTAGGG TCACGATTCCCTGGCGATTTTTGGTAAC 783
D Y P TEDGTG VYV R DY I HV M D L A
784 GATTATCCCACCGAAGATGGCACCGGCGTGCGCGAT TACATTCACGTCATGGATCTGGCC 843
D G H VA A MO Q@ @ L A DK P G V H I Y N
844 GACGGCCACGTGGCGGCGATGCAGCAGCTGGCGGACAAACCGGGCGTGCATATTTACAAC 903
L G A G I G S S V L DV V NATF S KA C
904 CTCGGCGCCGGGATTGGCAGCAGCGTGCTGGATGTGGTGAATGCTTTCAGTARAGCCTGC 963
G K P V K Y HF A PU RU RUDTGTUDTUL P A Y W
964 GGCAAGCCGGTGAAGTATCACTTCGCTCCCCGCCGTGATGGCGACC TCCCGGCTTACTGG 1023
A DA T KA AU DK ETLNW RV T RTTUIL D E
1024 GCCGATGCCACCAAAGCGGATARAGAGCTCAACTGGCGTGTCACCCGCACGCTCGATGAA 1083
M A Q DT W HTW O S R H P Q G Y P D #
1084 ATGGCACAGGATACCTGGCACTGGCAATCACGCCATCCACAGGGATATCCCGATTAA 1140

Figure 1: Nucleotide and deduced amino acid sequence of cloned galE of A. hydrophila. The open reading frame encodes for a protein of 338
amino acid residues. Initiation and termination codons are shown in bold. Putative -35 and -10 regions are shown as bold and underlined nucleotides.
The shaded and the boxed bases represent putative ribosome binding site and the GalR binding site, respectively. Nucleotides pertaining to the

primers used for amplification of the gene are underlined.
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Figure 2: Rooted phylogenetic tree of the deduced amino acid sequence of the GalE of A. hydrophila and other organisms. Amino acid sequences
for different organisms were obtained from NCBI database and aligned using Clustal W program. The distances from the nodes, i.e. the branch

lengths denoted in the tree, correspond to sequence divergence.

Figure 3: Homology model of the GalE of A. hydrophila. This model is produced by Swiss-Model program. Visualization of the structure was done

by SWISS PDB VIEWER and is represented in the form of ribbons.

Discussion:

Sequence analysis of the galE of A. hydrophila:

Sequencing of the PCR amplified cloned galE fragment revealed the
insert to be of 1140 bp, representing full length galE and its
promoter-operator sequences (Figure 1). Sequence analysis revealed
the presence of putative RNA polymerase binding site (-35 region) at
57-65 bp and a pribnow box (-10 region) at 76-84 bp. Putative binding
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site for catabolite repressor protein or cyclic AMP receptor protein
(CRP) is also present at 49-69 bp, overlapping -35 region. The binding
site for the GalR overlaps the translation start site and is present at
131-139 bp. Presence of all the regulatory sequences and components of
a promoter upstream of the GalE encoding region of the cloned
fragment indicate that the organization of galETK operon of A.
hydrophila is similar to that of other gram-negative bacteria, which is
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organized in the order of galE, galT and galK. Open reading frame of
the cloned galE contains a single protein translation start site ATG at
124-126 bp and a termination codon, TAA, is present at the 1138-1140
bp (Figure 1). Putative ribosome binding site is located 7 bp upstream
of the ATG at 112-117 bp position. The encoded protein is of 338
amino acid residues with a theoretical plI of 5.64 and molecular weight
of 36501.36. Genome database search (Blast N) showed varying
degrees of similarity to nucleotide sequence of the galEs of other
species. Blast P of the deduced amino acid sequence showed that GalE
of A. hydrophila shares the percentage identities ranging from ~60-95%
(95% with Shigella boydii and 63% with Photobacterium profundum)
with different species of bacteria. Itis of interest to note that while the
GalE of the A. hydrophila AH17 shows significant identity with other
bacteria, it showed only 59% identity and 85% similarity with the GalE
of another strain of A. hydrophila, AH3 [15], though the active site and
the catalytic sites/residues have remained conserved between the two.
Bacteria of Aeromonas spp. are highly heterogeneous group of bacteria,
and the differences in the GalEs of the two Aeromonas hydrophila
strains may only be an indication of heterogeneity.

Phylogenetic analysis:

Analysis of amino acid sequence alignment of the GalE (Figure 1 in
supplementary material) revealed that the A. hydrophila GalE
consisted of the characteristic Tyr-X-X-X-Lys couple (position 128 to
133) that plays a key role in catalysis and a complete N-terminal NAD
binding GXXGXXG motif (position 7 to 13), popularly known as
‘Rossman fold’. Both these motifs are conserved in all the family
members and among all the species (Figure 2, boxed sequences) [28,
29]. The signature sequences of the epimerase super family —
FSSSATVYG, ALLRYFNPVGAHP,
NNLMPXXAQVAXGRR-XXXX-IFGNDYPTEDGTGVRDYIHV,
YNLGAGXXXSVLDVVN that have remained conserved across the
species are also present in the GalE of A. hydrophila (Supplementary
figure 1, shaded sequences). Thus, epimerases from all the species
appear to have the same evolutionary origin and employ similar
catalytic mechanisms though they differ significantly in their subunits,
quaternary structure and requirement for NAD. It is also of interest to
note that though the signature sequences and catalytic couple have
remained conserved in GalE of A. hydrophila, it differs significantly
from GalE of other species outside these domains. As evident from the
Phylogram (Figure 2) generated from the sequence alignment, the
closeness of A. hydrophila GalE with that of E. coli, S. typhi, S. boydii
and many others is not surprising as these are all enteropathogenic.
What is of interest to note that the encoded GalE of A. hydrophila
exhibited only 51% and 53% identities with that of H. sapiens and D.
rerio, respectively, in which it is an important disease causing bacteria,
thus making it a potential drug target. The distance between these
species is also evident from the inferred phylogenetic tree.

Structural model and Overall Architecture:

X-ray resolved crystal structure of GalE from Escherichia coli (PDB
entry ludc) is available from Protein Data Bank (PDB). Based on the
sequence alignment, GalE from Escherichia coli was found to be the
best template structure for homology modeling of the target sequence.
The comparative 3D- structure model of A. hydrophila GalE was
generated by homology-modeling program Swiss-Model. The predicted
model of A. hydrophila GalE (Figure 3) depicted in the form of ribbons
is composed of twelve a-helices and eleven p-strands.

The assessment of the predicted model using the Ramachandran plot
showed that the modeled structure has 89.2% residues in the most

Conclusion

The GalE activity is crucial for lipopolysaccharide biosynthesis, one of
the virulent factors of A. hydrophila, and GalE mutants exhibit altered
core LPS biosynthesis and reduced ability to infect the host cell.
Therefore, inhibition of this enzyme can result in controlling
Aeromonas infection. In the present study, cloning and sequence
analysis of GalE of one of the Indian isolate of A. hydrophila revealed it
to be different from other strains of the bacterium. The GalE of A.
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favorable regions, 10.8% residues occurring in the allowed regions and
none of the residues in the disallowed regions. Such figures assigned by
Ramachandran plot represent a good quality of the predicted model
(Figure 4). All Ramachandrans show 6 labelled residues out of 336,
whereas chil-chi2 plots show 0 labelled residues out of 192. The main
chain and side chain parameters for all of them were found to be
concentrated/convoluted in the ‘better’ region. No bad contact was
detected in the modeled structure. To define a model reliable, the score
for G-factor (a log odds score based on the observed distribution of
stereochemical parameters such as main chain bond angles, bond length
and phi-psi torsion angles) should be above -0.50. The observed
G-factor score for the present model was 0.04 for dihedrals bonds, 0.38
for covalent bonds and 0.18 overall. The distribution of the main chain
bond lengths and bond angles were 99.9% and 99.1% within the limits,
respectively. The modeled A. hydrophila GalE structure was also
validated by other structure verification servers as such
WHAT _CHECK and Verify-3D. For the modeled structure of GalE of
A. hydrophila, 96.76% of the residues had an averaged 3D-1D score >
0.2 indicating a good quality of modeled structure. The modeled
structure of A. hydrophila GalE is comparable to the structurally
resolved GalE from Escherichia coli, wherein structural motifs have
been identified to remain conserved. Since A. hydrophila has also been
reported to infect humans, it is important to compare the depicted model
with that of human UDP-Galactose 4-Epimerase, with which it shares
only 51% identity. A superimposition of the A. hydrophila GalE onto
the human epimerase monomer along with UDP-GlcNAc and NADH is
shown in Figure 5.

Superimposition of modeled structure of A. hydrophila GalE onto a
Homo sapiens GalE monomer (subunit A of PDB entry 1HZJ) matches
335 Ca atoms with rms distance of 1.35A and there is high conservation
of sequence and structure between the two (Figure 5A). The core of the
GalE subunit is highly conserved in both the structures, with differences
confined to active site and some areas distant from the active site. In
Homo sapiens GalE, three residues Ala305, Ala306 and Cys307 form a
beta strand (B12) in C-terminal domain, whereas corresponding
residues Pro297, Ala298 and Tyr299 of A. hydrophila GalE form coiled
structure. When comparing A. hydrophila GalE to Homo sapiens GalE,
and ignoring single amino acid differences, a stretch of six amino acids
GGSLPE make a loop between 2 and o2 in Homo sapiens GalE, which
is absent in A. hydrophila GalE, . Moreover, a2 of A. hydrophila GalE
adopts a slightly different orientation compared with Homo sapiens
GalE. A. hydrophila GalE also differs from that of fish species (D. rerio)
by about 47%, therefore, the regions of differences between the two,
can be targeted for drug design against the pathogen enzyme.

Superimposition of the catalytic site of the Homo sapiens and A.
hydrophila GalE along with the UDP-GalNAc and NADH is shown in
Figure 5B. It is well known, that in addition to catalyzing the
interconversion of UDP-galactose and UDP-glucose, the human
epimerase is also capable of interconverting UDP-GalNAc and
UDP-GlcNAc [30]. Markedly, E. coli epimerase has not been reported
for this activity. It is clear from the superimposition of A. hydrophila
GalE onto Homo sapiens GalE (Figure 5B) Tyr299, a conserved
residue in A. hydrophila GalE as well as in E. coli GalE has been is
replaced with a Cys307 in Homo sapiens GalE. It can be suggested that
the substitution of more bulky Tyr299 in the A. epimerase with a
Cys307 in the human epimerase most likely prohibit UDPGalNAc from
binding in the A. hydrophila GalE active site as has been reported for
the E. coli GalE. These points can be taken into consideration for
designing suitable inhibitors against A. hydrophila GalE.

hydrophila exhibited greater degree of differences between the hosts,
fish and human. Structure modeling of the A. hydrophila GalE resulted
in identification of the structural differences between the GalE of the
host and the pathogen. These differences can be targeted for drug design
against the pathogen.
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Residues in most favored regions [4,B,L] 256 89.2%
Residues in additional allowed regions [a,b,1,p] 31 10.8%
Residues in generously allowed regions [-a,-b,-1,-p] 0 0.0%
Residues in disallowed regions 0 0.0%
Numbers of non-glycin and non-proline residues 287 100%
Numbers of end residues (excl. Gly and Pro) 2
Numbers of glycine residues (shown as triangles) 27
Numbers of proline residues 22
Total number of residues 338

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no grater than 20%, a good quality model would be expected

to have over 90% in the most favored regions

Figure 4: Ramachandran plot of the predicted model of A. hydrophila GalE: This figure is generated by PROCHECK. The red regions in the graph
indicate the most allowed regions whereas the yellow regions represent allowed regions. Glycine is represented by triangles and other residues are
represented by squares.
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Figure 5: (A) Superimposition of homology modeled structure of A. hydrophila GalE onto a Homo sapiens GalE monomer. A. hydrophila GalE is
shown in red and Homo sapiens GalE in blue. 02 and B12 correspond to human GalE. Structural differences between the two structures are
encircled. (B). Superimposition of the catalytic site of human epimerase/UDPGIcNAc/NADH structure onto the catalytic site of the predicted model
of the A. hydrophila GalE. The human protein is shown in blue with UDPGIcNAc (in CPK color scheme) and NADH (in green) while the A.
hydrophila protein is depicted in red. Figure shows the substitution of Tyr 299 in the A. hydrophila epimerase with a Cys307 in the human enzyme.
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Supplementary Figure 1
L. lactis [N‘C_UU:'MZ } =MEVLMTVLVIEGAGY VG | SHAVDMLLEKRGY DVAVVDNLVTGHR ===~ SVEAN-VRFYEGDVRDHAFLASV FEKENT EGIMHFCAY SLVGESMOKPLMY FNNNVGEGAQVIL 105
€. perfringens (NC_00336€8) FGEAGTT ELIENNKEVVILDNFEKGHE DATLG—GKLYKGDLRDRKILDKIFTENNIEAVIDFARY SLVGESMTE PLEYENNNVEGTISLL 100
R. rattus (X53949) [GGAGYIG | SHTVLELLEAGY SFVVIDNFHNSIRGEDSHFES LRRVQELEGRSVE FEEMDI LDQAALOHL FKKHNF KAV IHFAGLEAVGESVORPLDYY RVHNLTGTIQLL 116
H. sapiens(NC_000015) FGAGY IG | SHTVLE LLEAGY LEVVIDNFHNAFRGGGSLFESLRRVOELTGREVE FEENDI LDOGALORLFKKY SFMAVIHFAGLEAVGESVQKPLDYYRVNLTGTIQLL 116
D. rerio (ARI151B4) [FGGGY IS | SHOVVE LIEAGFHEVVIDNESNAVE-EGDVPES LRRT EKFMDTOIE FHE LDLLDK PGLEKT FEMHS F YAVHHEAGLKAVGESVEQPLRYY RVHLTGTINLL 115
E. coli (NC_000913) FGE6YIG | SHTCVOLLONGHDVI ILDNLCNSK VLFVIERLGGH TEVEGDIRNEALMTEI LHDHAI DTV IHFAGLEAVGES VOKPLEYY DNNVNGTLRLI 108
5. boydii (NC_007&13} [FG3GYIG | SHTCVOLLONGHDVI ILDNLCNSKR- =SVLFVIERLGGKHPT FVEGDIRNEALMTEI LHDHAT DTV IHFAGLEAVGESVOKPLEYYDNNVNGTLRLI 108
5. typhi (NC_EU-!GB 1) [5G5GY IG | SHTC VO LLONGHDVVILDNLCNSKR= =BVLPVIERLGGKHPTFVEGDI ENEALITEI LHDHAT DTVIHF AGLEAVGESVARPLEYYDNNVNGTLRELY 108
A. hydrophila AHITIAITESTES) J5GSGYIG] SHTCVOLLOSGHIVVILDNLCHEKR - -SVLEVIERLSGKQPTFVEGD IRNEALMTE ILHDHAIETVIHFAG LKAVGE SVAKPLEYYDNNVNGTLRLIL 108
Y. pseudotube f}IC_UUG.'lS 51} GEGYIG SHTCVQLIEAGY KPVILDNLCNSKS -~ ~BVLARIHELTGY TPELYTGDIRDRTLLDSI FAAHPTHAVIHFAGLKAVGESVNRPLEYYNNNVEGTLVLL 108
P. prefundum {(NC_006371) [FGMGYIG | SHTCVOHINAGLEFTI TLDNLSNSNS- -AVLERVHALTGVTPLEYEGDVRNQTILSOI FSEQKIDSVIHFAGLEAVGES VEKPLEYYDNNVEGTLVLY 108
N. gonorrhoeas fNC_UOZQ‘IGI [FETGEIG | SHTAVE LVGSGY DAVILONLCNSSA- AVLPRLRQITGENIPFYQGDIRDCQILRQI FSEHEIESVIHFAGLKAVGESVAE PTKY YGNNVYGSLVLA 108
E. amylovera [X76172) [FGAGYIG]| SHTVLE LLORGDDVVILDNLSNASR- =ESINRVEKLTGKTATFFEGDLLDRSCLRSVFSAHRI SAVIHFAGLKAVGASTRKPLEYYONNVTGTLVLL 108
A. brasilense (Q5%083) ~MTDOQTAASPRVLVTGGAGY IG | SHVLHALTDAGI PAVTIDDLEAGRR - O e o IP-ARAVPLVEGDIGSAELLDR DAVMHE A IVVPESVVKPLDYYEMNTANSLTLL 1086
V. cholerae(NC_002505) MCTSDREMPES ILLTEETSEVG | THLVESLTLES - DYIVHSA AV ~KDDGLLFEVGDINASTDFELPLENTTVVVHCAARAHVMDDKEAEPLTLYREVNTAGTVNLA 107
L. lactis ETMEEFGVKHIVESSTRATEG IPEKSPI-SEKTPO-KPINP[YGE LIMERMMEWQSQAT-DMTY VALRYENVAGAKD DGSIGEAHK-NE THLIPIILOTALGOREF ITIYG-DDYHTED
C. perfringens ERHRDHNVEYIVEESTAATYG EPENIPI-LETDEN-LPTHA|VGESK] LLVEKILKEWCDTAY-GIKY TALRYFNAAGAHV NGKIGEDHS-PE THLIPLILOVALGERDKIMMEG-DDY DTKD
R. rattus ETHRAMGVKSLVESSSATVYG KP-VPAS-GRGPPHRGCTHE[YGHSK]| FFIEEMIQDLCRADTAWNA VLLRYFIPIGAHR SARIGEDPQGIP NNLMPYVEQVATGRREALNVEG-DDYATED
H. Pl 8N EI NESSSATVIG NPQYLPL-DERHPTGGCTNR[Y K| FEIEEMIRDLCQADETWNA VLLRYFNPTGAHA SGCIGEDPQGIP NNLMPYVSQVATGRREALNVEG-NDYDTED 2
D. rerio EVMQSHGVRNLVESSSATVYG DPQHLPI-DEQHPVGGCTNP[YGHTK| YFIEEMIRDOCTAEKDWNA VLLRYENPIGAHI SGQIGEDPQGIP NNLLPYVAQVAIGRREHLNVEG-NDYSTPD
E. coli SAMRARNVENFIFSSSATVYG DOPKIPY-VESFPTGTPOSPYGHSK] LMVEQILTDLOKAQPIWSI ALLRYFNPVGAHP SGOHGEDPOGIP NNLMPYTAQVAVERRDSLAT FG-NDY PTED
5. boydii SAMRARNVENFIEFSSSATVYG DQPKIFY-VESFPTGTPOSP[VGHESK| LMVEQILTDLOKAQPIWST ALLRYFNPVGAHE SGDHGEDPQG TR NNLMEYIAQVAVGRRDE LATEG-NDY PTED
5. typhi SAHRARNVENLIESSSATVYG DQPKIPY-VESFPTGTPOSP[YGHSK] LMVEQILTDLOKAQPEWSI ALLRYENPVGAHP SGDHGEDPOGIF NNLMEYIAQVAVGRRES LAVEG-NDY PTED
A. hydrophila SAMRARNVENEIESSSATVYG DOPKIPY-VESFPTGTPQSPIVGHSK] LMVEQILTDLOKAQPEWSI ALLRY. AHP SGOMGEDPQGIP NNLIPYIAQ LATFG-NDYFPED
¥. paesudotube ERMRARQVENLIFSSEATVYG DOQPQIPY-VESFPT LMVEQILODVQLADPOWNM TILRYFNPVGAHP SGLHGEDPQGIP NNLMPFIAQVAVGRRESLAT FG-NDY PTPD
F. profundum CEMAKANVESLVESSSATVYG DPSEMPI-NESTPTGDVTNE[YGREK]| YMVEECLRDIHFADPTWSI TLLRYFNPVGAHP SGSHGEDPQGIF NNLMPFIAQVAVGRREYLSVEG-DDY PTED
M. gonorrhoeae EEMARAGVLKIVESSSATVYG DAEKVEY-TEDMREGDTANP[YGASK| AMVERMLTDIQKADPRWSY ILLRYENPIGAHE SGLIGEQPNGVE NNLLPYICQOVASGRLPQLSVEG-GDY FTPD
E. amylovera EEMRSAGVNQFIFSSSATVYIG ADAPVPY-VETTPIGGTTSP[YGTSK| LMVEQILRDYAKANPEFKT TALRYFNPVGAHE SGOMGEDPNGIP NNLLPYIAQVAIGRLEKLGI FG-DDY PTED
A. brasilense GACLRAGIDEVVESSTAAVYG AFESVPI-REDAPT-VEPINE LMTEQMLE. LRS VILRYENVAGADE AGRTG-QATEVAT HLIKVACQALLGRREFLATEG-TDYDTED
V. cholerae KORIDSGVKRFIFISSIKVNG EGTLVGCEPFKTEDNHAPED! SEREKQLVALAKDS-SMEV VITRPTIVYGEGY KANFASLMALVE KGIPLEPFGSITONERSLVSINNLVDLIVTC
L. lactis GTCIRDYIDM EDLIEAHIKALEY LKAGGDSD] ENL EVLE TARKVTGHEI PSONGE Gl ELVADSTHKAGE I LGWHAQ-NDLEHI I THAWEWHOEHPHGY = === === === ==
€. perfringens GTCVRDYIHV SDLASAHSLALERLMNGGESRI YNLGNGTGETVHEVVE VARKVTGHPI PAEVAPRRAGDPAILIASSDKAIEELNWKPKENSLETI IETAWNWHENHPNGYEK--—
R. rattus GTGVRDYIHV VDLAKGHIAALEKLEEQCGCRI YNLGTGTGYSVLOMVD AMEKASGEEI FYEVVARREGDVAAC YAN PSLAHE ELGWTAA-LGLDEMC EDLWRWORONPSGLGAHG ~
H. sapiens GTEVRDY IHV VDLAKGHIAALRKLKEQUGCRI YNLGTETGYSVLOMV) AMEKASGKKI FYKVVARREGDVAAC Y AN FSLAQE ELGWTAR-LGLDEMCEDLWEWQHONESGFGETA -~ ~
D. reric GTGVRDY ITHV VDLAKGHIAAVRELKDECGCKV YNLGTGTGYSVLOMVE AMEKASGREIAYQIAPRRSGDVAS AERELGWHAE-FDLERMCEDLWRWQSONPTGFSNGTLP-
E. coli GTGVRDY ITHV MDLADGHVVANEELANKPGVHI YNLGAGVGNSVLDVVN AFSKACGEFVNYHFAPRREGDL PAYWADASKADRE LNWRVT-RTLDEMAQDTWHWOSRHPOGYPD-—
5. boydii GTEVRDYIHV MDLADGHVVANEKLANKPGVHI YNLGAGIGSSVLDVVN AFSKACGKFVNYHFAPRREGDL PAYWADASKADRE LNWRVT -RTLDEMAQDTWHWOSRHPQGYFD
5. typhi GTGVRDYTHV MDLADGHVVAMEKLADKSGVHI YNLGAGVGESVLDVVN AFSKACGKPINYHFAPRRDGDL PAYWADASKADRELNWRV T- RTLDEMAQDTWHWOSRHPOGY FD—
A. hydrophila ATAVEDY THV MDLADGHVARMOQLADKPGVHI YHLGRAGIGSSVLDVVN AFSKACGKPVEYHFAPRADGDL PAYWADATHKADKE LNWEVT - A TLDEMAQD TWHW O SEHPQGY PD=~ =
Y. pseudotube. GTGVRDYIHV VDLADGHVARMETLHGKPGVHI FNLGAGVGHSVLOVVA AFSKACGKPLAYHFAPRAEGDLPAYWADATKAAEQLGWRYS-RELDEMAADTWHWOSKNEPOGY PDH
F. profundum GTEVRDY THV MDLEDGHVARLNVVGROSGLHT YHLGTGOGSEVLEMVN AFSLACGHDI AYKICPRRSGDI AECWANTOKAEDE LGWEAR - Y KVADMAQDTWENGSENPQGY - =
N. genorrhoeae GTGHRDYIHV MDLAEGHIARMEAKGGVAGVHL FNLGSGRAYSVLEITR AFEAASGLHI FYRIQPRRAGDLACS YAD PSHTHOOTGWETK-RGLOOMMEDSWRWVSRNEGRYGD
E. amylovera IRV MDLAEGHLEALDHLEATEGYKA YNLGRAGEGYSVLEMVE AFERASGGTVAYQISPRRDGDLAAFWADATLATKE LNWRVE-RGI TWHWQSONPQGDS -
A. brasilense GTCIRDYTHV DLADAHVLALLHLRRGGGSLL MNCi VVRTLEEVSGEQVPATFADRRPGDE POLVAGADR IREQLGWVPKHDRLDGIVRSALEWERS LEQSVGQAGAPGGEASRE 348
V. cholerae IDHPKAANQY FLVSDGHDVSTAEMVEELATAL DEP-TWOLEVPIWCYHK LFGKLFGK-~-SDIVDRLTG~~~TLOVD ISHTKE TLGWHP PQT LOEGERQTAQAF LQANNE = == === === === == 328

Figure 1: Multiple sequence alignment of the deduced amino acid sequence of epimerase.

The deduced amino acid sequence of A. hydrophila GalE was aligned with amino acid sequences of GalE from other species. Genbank Accession
Numbers are given in bracket in the top section. The signature sequences of the epimerase super family are shown as shaded residues. The
conserved N-terminal NAD binding domain (GXXGXXG) and the catalytic couple (TyrXXXLys) are shown as boxed sequences. (*), (:) and (.)
denote single fully conserved residues; residues with conserved strong groups and residues with conserved weak groups, respectively.
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