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Abstract—Comparative computer-assisted analysis was used to study putative GIpR regulons responsible for
metabolism of glycerol and glycerol-3-phosphate in genomes of a-, 3-, and y-proteobacteria. New palindromic
GlpR-binding signals were identified in y-proteobacteria, consensus sequences being TGTTCGATAAC-
GAACA for Enterobacteriaceae, WTTTTCGTATACGAAAAw for Pseudomonadaceae, and AATGCTCGATC-
GAGCATT for Vibrionaceae. The signals in a- and [-proteobacteria were also identified: they contained
3-4 direct TTTCGTT repeats separated by 3—4 nucleotide pairs.

Key words: GIpR, tandem repeats, computer-assisted analysis, operon structure, a-proteobacteria, 3-proteobac-

teria, y-proteobacteria

INTRODUCTION

The regulator GIpR, a member of the regulator
family DeoR, controls the expression of the genes
involved in metabolism of glycerol and glycerol-3-
phosphate (G3P). Theregulon GIpR iswell studied in
Escherichia coli [1-3], some data are available for
Pseudomonas aeruginosa [4].

Glyceral is transferred to the cytoplasm from the out-
side by simplified diffusion provided by the glpF gene
product, while G3P is actively transported by the glpT
gene product. Intracdlular glyceral is phosphorylated by
glycerol kinase (glpK) into G3P, which can then be turned
into dihydroxyacetone phosphate by one of the two G3P
dehydrogenases available in E. coli: aerobic (glpD) or
anaerobic (glpA). Besides these genes, the GIpR regulon
in E.coli includes glpQ coding for periplasmic glycero-
phosphodiesterase, which hydrolyzes glycerol phosphod-
iesters and liberates G3P; glpB and glpC coding for the
additiona structural components of the anaerobic dehy-
drogenase; and glpE, glpG, and glpX, the function of
which remains obscure. The above-mentioned genes are
integrated into three loci on the chromosome of E. coli:
glpTQ/QIpABC, dIpEGR/gIpD and glpFKX (dash sepa
rates operons of opposite orientation). The gene GIpR has
maxima affinity toward the regulatory region glpD. The
G3P appearsto be atrue inducer of the regulon GIpR.

In this work we studied the structure of the GIpR
regulons and analyzed the GIpR-binding signals in
genomes of proteobacteria.
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Fig. 1. Phylogenetic tree for homologs of the repressor
GlpR in a-, B-, y-proteobacteria. EC, E. coli; TY, S typhi;
SY, S. typhimurium; KP, K. pneumoniae; YP, Y. pestis; YE,
Y. enterocolitica; EO, E. carotovora; VC, V. cholerae; VWV,
V. wulnificus; VFI, V. fischeri; HI, H. influenzae; DU,
H. ducrey; HS, Haemophilus somnus; VK, P. multocida;
PQ, P. haemolytica; AB, A. actinomycetemconitans; PA,
P. aeruginosa; PP, P. putida; PU, P. fluorescens, PY,
P. syringae; BU, B. fungorum; BPS, B. pseudomallei; BCE,
B. cepacia; XAC, Xanthomonas axonopodis; XCC, Xanhto-
monas campestris; BPA, B. parapertussis; REU, R. eutro-
pha; RO, R. solanacearum; RL, R. leguminosarum; AGR,
A. tumefaciens; SV, S meliloti; ML, M. loti; BME,
B. melitensis; RPA, R. palustris; RS, R. sphaeroides.
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Fig. 2. Operon structure of the GIpR regulonsin a-, 3-, y-proteobacteria. Shaded circles show known sites, end empty circles show

predicted sites with their weights. Abbreviations, see Fig. 1.

EXPERIMENTAL

Genomes: Escherichia coli [5], Salmonella typhi
[6], S typhimurium [7], Klebsiella pneumoniae [8],
Erwiniacarotovora, Yersinia pestis[9], Y. enterocolitica
[9], Vibrio cholerae [10], V. vulnificus [9] V. fischeri,
Pasteurella multocida [11], P. haemolytica, Haemophi-
lus influenzae [12], H. ducrey, Actinobacillus actino-
mycetemcomitans [16], Pseudomonas aeruginosa [13],
P. fluorescens [14], P. putida [9], P. syringae [15],
Burkholderia fungorum, B. pseudomallei, B. cepacia,
Bordetella  parapertussis, Ralstonia  eutropha,
R. solanacearum [9], Mesorhizobium loti [9],
Sinorhizobium meliloti [9], Rhizobium leguminosarum,
Agrobacterium tumefaciens [9], Brucella melitensis
[9], Rhodopseudomonas palustris [9]. Close
homologs of GIpR were found in many genomes, and
atree was generated (Fig. 1); all these genomes were
studied. The ClustalW program was used to align the
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protein sequences [17], and the tree was generated
with program PROML of the PHY LIP package [18].

Definitions of the genesin thiswork correspond to
the names of their orthologsin E. coli.

Programs GenomeExplorer [19], SignalX [19], and
IRSA [20] were used to search for the sites and to gener-
ate thelearning sample and the positional weight matrix.

A matrix of positional weights was defined as:

W(b, k)

= 0.25 z log[(N(b, k) + 0.5)/(N(i, k) + 0.5)],
i=A,T,CG
where N(b, k) is the number of occurrences of nucle-

otide b in position k. The weight of a putative signal is
determined as the sum of positional weights of the
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Fig. 3. Graph representation of the positional weight matri-
ces obtained with the procedure described in [23] for differ-
ent bacterial species. (a) E. coli, E. carotovora, Y. entero-
colitica, K. pneumoniae; (b) V. cholerae, V. vulnificus, V. fis-
cheri; (c) P. aeruginosa, P. syringae, P.fluorescens,
P.putida; (d) B. melitensis, M. loti, A. tumefaciens,
S meliloti, R. palustris.

constituent nucleotides. The logarithm base is
selected to provide normal distribution of the random
nucleotide weights with zero average and variance
equal 1.

All matrices of positional weights were applied to
genomes aiming to search for new sitesin the regions
from —400 to +50 bp around the gene start point.

In cases when the operon structure of the given
DNA fragment was unknown, the genes were assigned
to one putative operon if they had the same reading
direction and the distance between them was not
larger than 100 bp. The start of this putative operon
was defined as the gene with the upstream GIpR site
(SeeFig. 2).

RESULTS AND DISCUSSION

We found orthologs of the genes forming the GIpR
regulon in all studied genomes. The regions upstream
of these genes were analyzed as a learning sample

DANILOVA et al.

using signal detection programs. The main taxonomic
groups corresponding to the branches of the protein
GIpR tree were analyzed separately.

v-Proteobacteria, group Vibrionaceae. In this
group of the three genomes: V. cholerae, V. vulnificus,
and V. fischeri we succeeded to identify a 18-bp-long
palindromic signal with consensusAATGCTCGATC-
GAGCATT (Fig. 3b). The identified sites and the
matrix of positional weights are shown in Tables 1b
and 2b, respectively. No putative sites were found by
scanning of the genomes with this matrix.

y-Proteobacteria, group Pseudomonadaceae.
Then we studied four genomes of the group
Pseudomonadaceae. A 18-bp palindromic signal
WTTTTCGTATACGAAAAw was found in regulatory
regions (Fig. 3c); this signal included the sites pre-
dicted earlier for P. aeruginosa [4] (Table 1c); The
positional weight matrix was generated (Table 2c).
Thismatrix with the limit of 4.9 detected new putative
GlpR-binding sites shown in Table 1c.

o, B-Proteobacteria. In genomes of a-proteobac-
teria we found 34 tandem repeats of the motif
TTTCGTT (Fig. 3d), following each other after 3—
4nuclectides (Table 1d); the matrix of postiona
weights was generated (Table 2d). Further anaysis of
A. tumefaciens found two orthologs of the gene glpD,
that havetandem repeatsin their regulatory regions. Sim-
ilar repeats were found in bacteria of the genus
Burkholderia from the group of B-proteobacteria (see
Table 1d).

y-Proteobacteria, group Enterobacteriaceae.
First we analyzed regulatory regions of the four
genomes: E. coli, E. carotovora, Y. enterocolitica, and
K. pneumoniae. They were used to generate the learn-
ing sample which included already known sites from
E. coli (Table 1a) with consensus TGTTCGATAAC-
GAACA (Fig. 3a). This sample was used to generate
the positional weight matrix (Table 2a) to search for
palindromic signals longer than 16 bp. This matrix
was used to scan the genomes of Y. pestis, S. typhimu-
rium, and S. typhi with thelimit of 4.1. Thefound sites
are shown in Table 1la.

Lowering the limit for genomes of the group Entero-
bacteriaceae results in considerable overprediction;
however, it allows detection of rather weak sites
upstream of the genes which form the G3P regulon
(Table 1d). At the same time, even with a low limit
putative sites can be detected not in all footprint
regions shown in [1-3].

Since no data are available on the 3D structure of
the regulators from the family DeoR, we have no rea-
son to suggest that these regulators aways form di-
mers which bind with the palindromic sites. More-
over, taking into account a tandem repeat signal iden-
tified by usfor some other groups of bacteria, one may
suggest that the site structure in Enterobacteriaceae is
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Table 1. Sitesupstream of the genes of the G3P regulon in theindicated bacterial species (the learning sample shown in bold)

Genome Gene Weight of site Site
(a) Family Enterobacteriaceae
E. coli glpD 541 TGTTCGATAaCGAACA
" olpF 4,99 TGcTCGtTAaCGAt aA
" glpT 4.76 TGTTtGATtTCGcgCA
E. carotovora glpD 5.20 TGcTCGAaAaCGAACA
" glpT 472 TGTTtGATAaaGAgCA
" glpF 4.59 TtcTCGtTtTCGctCA
K. pneumoniae glpD 5.10 TGagCGATATCGAgCA
" alpT 5.00 TGTTtGATtTCGAgCA
" glpF 4,99 TGcTCGtTAaCGAt aA
Y. enterocolitica glpD 4.89 TGagCGAaAaCGAACA
" olpT 474 cGCcTCGtTATgGAACA
E. cali olpF 4.20 gGcgCGATAaCGctCA
E. carotovora glpD 4.29 TGTTtGtTtTCGAttA
" glpA 4.16 TGTTCtATtaCGAACg
S. typhi glpD 5.43 TGTTCGATAaCGAACA
" glpF 4.49 TGcTCGtTAgCGAt aA
" olpF 4.20 gGcgCGATAaCGctCA
" olpT 412 TGTTtGATtTCGcgCg
S typhimurium glpD 5.43 TGTTCGATAaCGAACA
" olpF 5.00 TGcTCGtTAaCGAt aA
" alpT 4.76 TGTTtGATtTCGcgCA
" glpF 4.20 gGcgCGATAaCGctCA
Y. enterocolitica glpA 4.34 TGTTCcATAaCGAgCg
Y. pestis glpD 4.90 TGTTCGtTtTCGctCA
" glpA 4.43 TGTTtctTATCaAtCA
" glpF 4.36 cGcTCGtTAaCGAt aA
(b) Family Vibrionaceae
V. cholerae olpA 5.57 AATGCTCGtTCGcGCtTT
" glpD 4,92 AATatTCGAgCGCctCATT
" glpT 4.56 AtTGCTCGtTCGccatTT
V. fischeri glpA 5.91 AATGCgCGAaCGAGCATT
" glpD 5.66 AATGtTCGtTCGCctCATT
" glpF 5.24 t gTGCTCGAaCGctCATT
V. wulnificus glpF 5.69 t ATGCTCGAaCGCcGCATT
" glpA 5.66 AATGtTCGAaCGctCATT
" glpD 5.36 AATGCTCGtTCGAaCAaa
" glpT 5.02 ttTGCTCGtTCGcaCAcT
(c) Family Pseudomonadaceae
P. aeruginosa glpD 5.64 ATTTTCGaATtCGAACAA
" glpF 5.43 TTTTTCGaAactGAACAA
P. fluorescens olpF 5.43 TTTTTCGaATctGAALtAA
" glpD 5.39 ATTTTCGcAaAt GAACAT
P. putida glpD 5.52 ATTTTCGcAaACGAACAT
MOLECULAR BIOLOGY Vol. 37 No.5 2003
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Genome Gene |Weight of site Site

" glpF 5.42 TTTTTCGTt Tct GAAt AA
P. syringae glpF 5.61 TTTTTCGTt TACGAAL AT

" glpD 5.49 ATTTTCGgAaAt GAACAT
P. aeruginosa olpT 5.66 TTTTTCaTt TACGAAAAA

" glpD 5.11 ATgTTCGTt TcaGAAAAA
P. fluorescens olpT 5.03 ATTTTCGgt aACGAAACT
P. syringae alpT 4.96 TTTTTCtgtaAt GAAAAT

(d) a-, B-Protecbacteria

A. tumefaciens glpD 14.30 gTTCGTTtatTTTCt TTtgacaTTCGTTttgtTTTCGcT

" glpD 10.61 TTTCGTTtgacaTTCGTTttgt CTTCGAA
B. melitensis glpD 10.96 TTTCGTTtgat TTTCaTTtgcTTTCGTa
M. loti glpD 10.84 TTTCGTTtgacaTTCGTTatgagTTCGaa
R. leguminosarum | glpD 11.61 aTTCGTTtgacaTTCGTattccTTTCGTT
R. palustris glpD 10.18 TTTCGTTttggTTtGTgctttaTTCGTT
S meliloti glpK 14.13 TTTCGTTtgacaTTCGTTtttcTaTCTattgaagTCGTT

" glpD 10.56 aTTCGTTtgacaTTCGaaatat TTTCGcT
B. pseudomallei glpD 10.40 TTTCGaTtatgTTCGTTaaaTTTCGaa
B. cepacia glpD 10.40 TTTCGaTtccgTTCGTTaaaTTTCGaa
B. fungorum glpD 9.02 TTTCGaatatgTTCaTTaaagTTCGaa

(e) Putative sites in Enterobacteriaceae (strong overprediction)

K. pneumoniae glpF 4.00 GGcgCGAaAaCGct CA
S typhi glpF 4.03 TtcaCGtaAaCGcgCA
S. typhimurium glpF 4.03 TtcaCGtaAaCGcgCA
Y. enterocolitica olpF 3.91 AGcTt GATAaCaAt aA

" glpE 3.79 TtagCaATATgGAACA
Y. pestis olpF 4.03 TacgCGAaAaCGct CA

" glpF 3.95 TtcTCGtTtTCGctCg

also a tandem repeat. Alignment of the regions
upstream of glpD in bacteria of this group: E. cali,
S typhimurium, K. pneumoniae, Y. enterocolitica shows
both palindromic symmetry and repeets (Table 3). How-
ever, we have not succeeded in generating the matrix of
positional weights for these regulatory regions, assuming
either palindromic symmetry or tandem repeat symmetry.

Figure 2 shows examples of operons from some of
the studied genomes regulated by repressor GlpR and
having a respective site. Shadowed circles are known
sites, and empty circles are predicted sites with their
weights.

In conclusion, we have identified putative binding
signals for GIpR in Vibrionaceae and Pseudomona-

daceae (palindrome), and also in a-, 3-protecbacteria
(tandem repeat). The situation of Enterobacteriaceae
remains unclear. Alignment of the regulatory regions
and their analysis with the signal-detecting programs
allow oneto suggest the existence of either apalindro-
mic signal or a signal in the form of a phased direct
repeat. We cannot exclude a possibility that the GIpR
monomers in these bacteria can bind with regulatory
sites in various orientations, forming cooperative
complexes (as, e.g., regulators NarL [21] and FUR
[22]). This situation may be clarified by the new
experimental data, sequencing of the new genomes
from thisgroup, or by analysis of other regulons of the
family DeoR.
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Table 2. Matrix of positional weights for the GIpR signal in different bacteria
(a) E. coli, E. carotovora, (b) V. cholerae, (c) P. aeruginosa, P. syringae,
Y. enterocalitica, K. pneumoniae V. vulnificus, V. fischeri P. fluorescens, P. putida
a o g t a o g t a o g t
-0.16 | -0.16 | -0.16 0.48 035 | -0.24 | -0.24 0.13 025 | -0.25 | -0.25 0.25
-0.23 | -0.23 0.38 0.09 029 | -0.30 | -0.02 003 | -0.15 | -0.15 | -0.15 0.46
0.06 013 | -0.34 0.15 005 | -0.22 | -0.22 0.39 003 | -0.31 0.11 0.18
-0.24 | -0.24 0.12 036 | —0.06 | -0.25 037 | -0.06 | -0.15 | -0.15 | -0.15 0.46
-0.24 036 | —0.24 0.12 0.00 015 | -0.18 004 | -0.15 | -0.15 | -0.15 0.46
-0.25 | -0.06 037 | -0.06 | -0.26 | -0.26 0.24 027 | -0.15 046 | -0.15 | -0.15
028 | -0.26 | -0.26 025 | -0.16 047 | -0.16 | —0.16 0.18 | -0.24 031 | -0.24
0.15 | -0.25 | -0.25 035 | -0.16 | -0.16 047 | —-0.16 0.01 | —-0.09 0.01 0.07
035 | -0.25 | -0.25 0.15 022 | -011 | -0.30 0.20 029 | -024 | -0.24 0.20
025 | -0.26 | -0.26 0.28 020 | 030 | 011 0.22 020 | -0.24 | -0.24 0.29
-0.06 037 | -0.06 | —0.25 | -0.16 047 | -0.16 | -0.16 0.07 0.01 | —0.09 0.01
012 | -0.24 036 | -024 | -0.16 | -0.16 047 | -0.16 | -0.24 031 | —0.24 0.18
0.36 012 | -0.24 | -0.24 0.27 024 | 026 | 026 | -0.15 | -0.15 046 | —0.15
0.15 | -0.34 0.13 0.06 0.04 | -0.18 0.15 0.00 046 | -0.15 | -0.15 | -0.15
0.09 038 | -0.23 | -0.23 | -0.06 037 | =025 | -0.06 046 | -0.15 | -015 | -0.15
048 | -0.16 | -0.16 | -0.16 039 | 022 | -0.22 0.05 0.18 011 | -0.31 0.03
0.03 | -0.02 | -0.30 0.29 046 | -0.15 | -0.15 | -0.15
013 | 024 | -0.24 0.35 025 | -0.25 | -0.25 0.25
(d) B. melitensis, M. loti,
A. tumefaciens, S meliloti, R. palustris
019 | -0.33 | -0.10 0.24
-011 | -040 | -0.11 0.63
-0.26 | -0.26 | -0.26 0.79
-0.33 071 | -0.33 | -0.04
-0.11 | -0.40 063 | -0.11
0.03 | -0.06 | —-0.49 0.51
019 | -049 | -0.19 0.49

Table 3. Alignment of the regions upstream of the glpD genein E. coli, S. typhimurium, K. pneumoniae, Y. enterocolitica
(palindromic regionsin bold, repeats underlined; weight calculated for palindromic site)

Genome Gene Weight of site Site
E. cali glpD 10.0 aat atgtt cgat aacgaacattt at gagctt t aacgaaagtgaat
S typhimurium glpD 10.0 attatgttcgat aacgaacatttttgaactttaacgaaagtgcaa
K. pneumoniae glpD 9.8 at agt gagcgat at cgagcattt at gagctt aaacgaaagtgt ga
Y. enterocolitica glpD 8.9 at cgt gagcgaaaacgaacattaaagagctgt tt cgaacattt gg
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