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ABSTRACT

Recognition of transcription regulation sites (oper-
ators) is a hard problem in computational molecular
biology. In most cases, small sample size and low
degree of sequence conservation preclude the con-
struction of reliable recognition rules. We suggest an
approach to this problem based on simultaneous
analysis of several related genomes. It appears that
as long as a gene coding for a transcription regulator

is conserved in the compared bacterial genomes, the
regulation of the respective group of genes (regulons)
also tends to be maintained. Thus a gene can be con-
fidently predicted to belong to a particular regulon in
case not only itself, but also its orthologs in other
genomes have candidate operators in the regulatory
regions. This provides for a greater sensitivity of
operator identification as even relatively weak signals
are likely to be functionally relevant when conserved.
We use this approach to analyze the purine (PurR),
arginine (ArgR) and aromatic amino acid (TrpR and
TyrR) regulons of Escherichia coli and Haemophilus
influenzae . Candidate binding sites in regulatory
regions of the respective  H.influenzae genes are
identified, a new family of purine transport proteins
predicted to belong to the PurR regulon is described,
and probable regulation of arginine transport by
ArgR is demonstrated. Differences in the regulation

of some orthologous genes in  E.coli and H.influenzae ,
in particular the apparent lack of the autoregulation

of the purine repressor gene in  H.influenzae , are
demonstrated.

INTRODUCTION

and precise fashion, which was unattainable previously. Initially,
the main efforts have been directed at large-scale comparison
of proteomes with the aim of reconstructing the metabolism
and other cellular functions in poorly characterized organisms
and clarifying distant evolutionary relationships, particularly
those between the three primary divisions of life—bacteria,
archaea and eukaryotes (1-4). One unexpected result that has
become immediately obvious was the lack of long-range
conservation of the gene order in bacterial genomes, with the
exception of species within the same genus (5-7). In fact, in
distantly related bacteria, such as, for example, Proteobacteria
and Cyanobacteria, there are only a few conserved operons that
encode primarily, if not exclusively, genes whose products
physically interact (8). At intermediate phylogenetic distances,
however, for example irfEscherichia coliand Haemophilus
influenzaea large number of operons are conserved, although
their order is not (8,9).

An important further step in the functional annotation of
genomes is the identification of regulatory signals, particularly
binding sites for transcription factors. Although the problem of
prediction of regulatory sites had been addressed for over
15 years (reviewed in 10), it is still far from being solved (11).
One reason for this is that the learning sample rarely contains
more than 20-30 sites. However, even for large samples, it
proved to be extremely difficult to construct a good recognition
rule. The physics of protein—DNA interaction is poorly under-
stood, making it virtually impossible to derive a proper set of
features for statistical or pattern recognition algorithms. Further-
more, the latter type of algorithms cannot take into account
context effects, in particular, interactions between different
regulatory sites, and structural properties of DNA. Nevertheless,
in many cases, simple profile methods perform reasonably
well, in the sense that they can correctly identify true sites if
the number of alternatives is not too large (for benchmarking
of several most popular algorithms; 12).

Good results in computer-assisted functional annotation of
nucleotide sequences frequently have been obtained by
combination of statistical analysis of DNA and comparative anal-

With the sequencing of multiple complete bacterial andysis of the protein sequences encoded by the respective genes.
archaeal genomes, computational biology entered a new erfio a varying extent, this approach is used in the analysis of all
The availability of the sequences of all genes in severajenomic sequences. In more systematic efforts, it was
prokaryotic species created the opportunity of perceiving themployed in the construction of reliable gene recognition
relationships between prokaryotic genomes in a comprehensiatgorithms (13-15) and in the prediction of the specificity of
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new restriction-modification systems (16). Here we apply thighe known sites were missed. Sets of potentially co-regulated
methodology to the analysis of bacterial transcriptiongenes were constructed from genes that have candidate
regulation in the context of a comparison of complete genomes.regulatory sites in their upstream regions and genes that are
The approach is based on the assumption that groups tfcated downstream of them if they are transcribed in the same
genes subject to a specific mode of regulation (regulons) are direction and the intergenic distances do not exceed certain
least partially conserved in evolution. This assumption generall{hreshold (normally 100 nucleotides).
seems to hold provided that the cognate regulatory factor is Orthologous genes ift.coli and H.influenzaewere iden-
present in all compared genomes. Preliminary analyses havified by comparing the complete sets of protein sequences
shown that in these cases, the regulatory signal also is cofrom the two species using the gapped BLASTP program or
served, and accordingly, a recognition rule derived for thehe Smith—Waterman algorithm as implemented in the
most thoroughly studied genome can also be applied to othé6ENOME program (A.A.Mironov, unpublished), selecting
genomes (17). Under this approach, the assignment of a gepairs of proteins with the greatest similarity to each other and
to a particular regulon is reinforced if not only this gene itselfchecking for the conservation of domain architecture (6,24).
but also its orthologs in other genomes have candidate regulatofihe upstream regions of genes that are orthologous to genes
sites in the appropriate regions. containing regulatory sites were examined for candidate sites,
We applied this comparative approach to the analysis oéven if these were not detected automatically. Site recognition
purine, arginine, and aromatic amino acid regulon&iooli  was performed using the DNA-SUN (25) and GENOME programs
andH.influenzaeAmong the completely sequenced genomes(A.A.Mironov, unpublished). The non-redundant protein and
this is a natural choice for the first attempt of such a studynucleotide databases at the NCBI were searched using the
since, first,E.coligene regulation is by far the best understoodgapped BLAST programs (26). Multiple sequence alignments
among all bacteria, and seconHl,influenzaeis the only  were constructed using the CLUSTALX program (27). Phylo-
complete bacterial genome that is close enougk.twmli so  genetic trees were constructed using the PHYLIP package
that many operons are conserved but distant enough fgrograms NEIGHBOR (the neighbor-joining method) and
significant differences to be apparent. Recognition rule?ROTPARS (maximum parsimony method) (28). Sequence
derived from samples of knowB.coli regulatory sites were logos were constructed using the MAKELOGO program (29)
used to predict sites in thd.influenzaegenome and to detect as implemented on the WorldWide Web by Stephen E. Brenner
likely new members of the three regulons in both species. Wéhttp://www.bio.cam.ac.uk/cgi-bin/seglogo/logo.cgi ).
describe the general conservation of the three regulons in
E.coli andH.influenzaealong with differences in the regulation
of some of the orthologous genes. RESULTS

Identification of candidate regulator-binding sites

MATERIALS AND METHODS Sequence logos for the PUR, ARG, TRP and TYR boxes are

Complete genome sequencestotoli (18) andH.influenzae  shown in Figure 1. The boxes vary strongly in terms of infor-
(19) as well as partial sequences from other Proteobacterfgation content, with the PUR and TRP boxes being stronger,
were extracted from GenBank. and the ARG and TYR boxes being weaker. The latter sites are
Three regulons were analyzed; the purine regulon (set diften presentin a regulatory zone of a gene in several copies
genes regulated by PurR) (20) and the arginine regulon (regulatégpt are recognized co-operatively. The recognition weight
by ArgR) (21) were considered separately, whereas the gengatrices are shownin Tajlp 1.
controlled by TrpR and TyrR were considered to comprise one The dIStrIbUtIQﬂS of candidate site scores for the four b0>§es
aromatic amino acid regulon since some of them are subject &€ shown in Figure 2. Scores of the sites from the learning
regulation by both factors (22). KnowE.coli transcription ~sample and their positions relative to the gene starts are given
factor binding sites were collected from the literature (20—23)in Table 2. Comparison of this table with Figure 2 shows that,
Each site was considered in the orientation that corresponds @&yen forstrong signals with a relatively large learning sample
the coding strand of the regulated operon. Positional nucleotidéhe PUR box), the use of a statistical recognition rule is not
weight matrices (profiles) were derived using the followingsufficient to reliably predict operators.
formula for positional nucleotide weights: We attempted to take into account co-operative binding of
ArgR to tandemly repeated ARG boxes. A procedure that
W(b,K) = log[N(b,K) + 0.5] — 0.25%; _ 5 c ¢ 1 l0g[N(i,K) + 0.5] searched for pairs of ARG boxes performed quite well in the
T sense that it clearly separated all sites from the learning sample
whereN(b,k) is the count of nucleotide in positionk. The site ~ from all other sequences (data are not shown). However, since
score is the sum of the respective positional nucleotidé\rgR can bind to single ARG boxes, albeit with a low specificity
weights. The base of the logarithm was chosen such that tH80), we used the single box recognizer for further analysis.
standard deviation of the site score distribution on rando
oligomers equals 1. The site score defined by this formula i
linearly related to the discrimination energy used in a numbeThe purine regulon. Haemophilus influenzaetains the
of other papers. regulation of the PurR regulon genes directly responsible for
Candidate sites (PUR, ARG, TRP and TYR boxes) wergurine biosynthesis, and the structure of the opemmmr&K,
identified in upstream regions of annotatdélcoli and cvpApurF purC, purMN, purL is the same inE.coli and
H.influenzaegenes, including predicted ones. Thresholds andsH.ianuenzae(TabIeB). Other genes of the core regulon also
region boundaries in each case were selected so that nonerefain the regulation, although with some maodifications (see

volution of regulons
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Figure 1. Sequence logos for the PUR, ARG, TRP and TYR boxes. Horizontal axis, position in the binding site; vertical axis, information in bits. The helight of eac
stack of letters is proportional to the positional information content in the given position; the height of each individual letter reflectslésceravahe given
position. The logos were constructed from the aligned sequences of the Enhowliregulatory sites (Tabjg 2).
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Figure 2. Histograms and distribution functions of candidate site scores for PUR, ARG, TRP and TYR boxes. Horizontal axis, score; vertical axis, pércentage o
genes whose candidate binding sites (highest scoring sites in upstream non-coding regions) for the given regulatory factor have a scoretjecaspédictive
value. Solid curvesk.coli; broken curvesH.influenzae
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Table 1. Positional nucleotide weight matrices (profiles) for PUR, ARG, Table 2. Scores and positions relative to the gene start of sites from the
TRP and TYR boxés learning samples
A C PU; T Cns A C G I Cns Operon | Regulator [ binding site(s) [ score| pos.
023 -024 I:JR 2(:; 025 W Purine regulon
- - : -2 R PurR AgGCAAACGTTTaCcT 276] -6l
028 -0.12 -0.04 012 A| 005 -017 008 005 N pw
TTT
001 010 001 -012 C| -005 -005 -023 034 T gaGCARRCGTTTCCac 4.07] +27
0.16 -0.16 047 -0.16 G| -005 -005 034 -023 G puEK PurR ACGCAACCGTTTTCCT 461 -86
0.15 025 029 -0.11 Cl 029 006 -008 -026 A cvpApurF PurR ACGCAAACGTTTTCET 4.93 71
041 020 -002 020 A| 031 -025 -007 002 A purC PurR ACGCAAACGTGTGCGT 467 -168
8 :1(7) 8. (1)2 -8. ég 8 é? Al 019 00l -019 039 T purMN PurR tCGCAAACGTTTGCLT 455 -80
29 003 -0 3 Al 021 -030 002 AAA
2016 047 016 016 C| 030 -023 -0.23 g ?; N purl. PurR | ACOCAAACGGTITCOT .94 91
016 016 047 016 G| 025 024 -024 023 W purB PurR ACGCAALCCGTTACCT 445] +185
004 -032 007 021 T| 019 002 -030 010 A guaBA PurR ALGCAALCGGTTaCGe 421 -68
020 020 -0.02 04l | 039 -0.19 -0.19 -00l A urHD PurR gCGCAAACGTTTTCGT 4.76] -122
020 020 -002 04l T| -021 006 -021 036 T ghA PurR AGGtAALCGTTTGCGT 430] -133
002 012 008 006 G| -004 -009 004 009 N vrD PurR cgGaAAACGTTTGCGT 451] -103
o1l oni o1 00l G| 036 a1 a1 o6 prod PuR__|haGarRACGTTTTCGe 472l 357
010 01l -029 028  T| -005 000 000 006 N ginB PuR _ |ACGCAAACGaTTTCaa 4061 -82
: : “ : 005 010 028 023 : purA PurR AaGCAAACGgTgattT 377 23
TRP - - T'YR = AgGaAAACGaTTGgcT 4.17 -122
005 -0.16 -0.16 027 T| 007 -0l -004 007 N codBA PurR ACGaAAACGATTGCET 4.68] -83
018  0.14 -018 021 T| 006 -002 014 -0.18 G pyrC PurR AgGaAAACGTTTcCGe 454]  -66
0.12 012 036 -0.12 G| 025 012 -025 038 I purT PurR ACGCABACGTTTTCGT 508 -54
0% 013 012 o012 A| 000 0% oar om 3 sofhp PuR _|AoGaghactaTtocer 4311 105
012-0. -0. - - 2 . AaGaAACCGTTG B
012 036 -012 002 C| 035 002 -020 008 A speAB PurR AiC;ainiie ieguclii 4.28] 133
012 012 012 036 T| 029 -002 -032 005 A
021 014 018 008 A| 0I5 -008 -0.07 010 A argR ArgR TR TTCAT 424\ 63
016 016 027 005 G| -005 -005 000 010 T TaTGCACAALAATOE LY 334 43
005 -0.16 -0.16 027 T| 01l -010 -010 008 A argA ArgR AcaGAATAAAAATACACT 3981 -50
0.18 -018 014 021 T| 012 003 -018 009 A TtcGAATAAtcATgCARR 398 -39
021 -0.18 -0.18 0.14 Al 019 -008 -008 -0.02 A argCBH ArgR TaTCAATAt tcATgCAgGT 461 -128
021 -0.18 014 -0.18 Al 003 -018 -002 017 T TaTGAATAAAAATACACT 461 -109
0.05 0.27 -0.16 -0.16 C 0.07 0.03 -0.05 -0.05 N argD ArgR AGTGAtTttttATgCATa 4.01 68
<g 16 -016 0.05 0.27 T| -0.01 0.11 -0.11 0.32 T TGTGgtTAtAAtTTCACa 350 47
21 -018 0.4 0.8 Al 0.09 3 -0 2 :
012 012 036 -012 G| -006 -8 ?6 8.8(2) g » ; argk ArgR | AGTGEATLLELATTCATA 3801 64
012 012 002 036 T| 044 001 022 022 A ACTGCATGRALATTgATa 339 43
027 016 005 -016 Al 017 050 -0.17 -0.17 C argF ArgR AaTGAATAAttAcaCATa 416 -65
0.16 027 -0.16 0.05 C| 026 -033 009 -002 A AGTGAATELEAATTCAAT 441 44
021 -0.18 0.4 -0.18 Al 001 006 -001 -005 N argG ArgR TGTGAATGAALATCCAGT 431] -210
008 003 -0.03 -0.03 N| 013 016 -035 0.6 C AtTaAATgAAAACTCATT 390 91
Tt TGCATAAAAATTCAGT 51l 70
argl ArgR AaTGAATAAtcATcCATa 433 63
aEach column shows the weights of the given nucleotide in the consecutive ALTGAATL L LAATTCATT 449| 42
. . e ) carAB ArgR TGTGAATtAAtATgCAaa 436 -50
lE)osmons of the respe‘ctlve binding sne.‘ _ o | & AGTCAGTGAALATTCLCT 179 39
Cns, Consensus derived for each position by majority rule. Aromatic amino acid regulon
trpR TrpR TcGTACTctTTAGCgAGTACAA 522 68
trpLEDCBA | TrpR TcGaACTAGTTAACTAGTACGC | 540| 47
below). Orthologs of several genes thatrcoli belong to the aroH TrpR | aTGTACTAGRgAACTAGTGCAL | 5.03| -166
i mtr TrpR TTGTACTcGTgtACTgGTACAY 5.48 72
purine rggu!on,_ namelgodBA pyrC, gcvTHR speAB purT T;‘;R TCTGTAAARCAATATATACAGC | 40| 12
are missing irH.influenzae Of these genes, onpurT is directly TyiR TGCGTAALCAtcgeTgaRACAGC | 356 | (59
involved in purine synthesis, but its function is redundant with |[aroLm TrpR ggggzxgiggtgagggiggi 515] -8l
L . . g. c a -
that of purN (20). Finally and most interestingly, orthologs of g:g GGTGTAL toAGATTTTOACE LL ‘;gg ig?
some genes of thE.coli PurR regulon, namelpyrD, prsA TyrR | AATGTAALTLALTATTTACACT | )| (o)
ginB, purA and purR itself, are present iH.influenzaebut R TyrR | TGTGTCRATGAtTGTTgACAga | 3.99| 91
. H T AtATCcTTTA!
apparently have lost the PurR regulation. [The regulation of = TR iZTziiiggMp CTT fgg 228 -13;
. . tyr i ca agTTgACg 3. B
E.coli purAby PurR binding to the two rather weak PUR boxes |~ Y CCCGTARACCEGGAGaacCALe g
in its upstream regions is in fact questionable (31,32).]. The [aG TyrR | AGTGTARAaccccgTTTACACA | 300 | 91
E.coli purR gene is autoregulated through two PUR boxes. |aroftyrA | TyR | TGTGTAAATAARAATGTACGaa | 4.81 | -165
. AGTGTAAATttATcTaTACAga | 449 | -113
However, no sequence resembling a PUR box can be found TaTGGAttgAAAGCTTTACEEL | 30| oo
upstream ofpurR in H.influenzag and it seems that direct [,p TytR | AacGgAAtTgcAaacTTACACa | 358 | 66
autoregulation in this case can be ruled out. gaTGTAAACAAATtaaTACAAC | 405| -89
; B nrP TyrR TaTGTAAcgtcggTTTgACgaa 3.52 -89
Several operons of the purine regulon have different gene ACTGTACATEtATATTTACACC | 449 | -1

organization and/or mode of regulatiordrcoliandH.influenzae
Two E.coli operons—purHD and glyA, both regulated by
PurR, correspond to a singteinfluenzaegene string10887—  to form a single PurR-regulated operon. Taieoli purBgene
H10889, and a PUR box is found upstreamt0887(Fig. 3a).  is the ortholog of thde-l.influen;aegeneHIO639 In E.coli, .thIS
Thus these threkl.influenzaegenes are confidently predicted gene is regulated by PurR via the roadblock mechanism (33),
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Table 4. Haemophilus influenzaeperons predicted to belong to the

regulon arginine regulon
Operon PurR-binding site score|  pos. Operon ArgR-binding site score pos.
HII615-H11616 (purEK) £aGCAAACGTTTGCCT 446 -77 HI1209 (argR) AGTGAATtLEttATgCAAT 4.27 -50
HI1206-HI1207 (cvpApurF) ACGCAAACGTTTTCET 493 -84 HI0811 (argH) TaTGAATAAAtATGCACA 4.52 54
HII726 (purC) taGCAAACGTTTGCET 446 -31 HI1727 (argG) AtaGAATttttATTCAcCa 3.87 -64
HII1429-HI1428 (purMN) tCGCAAACGTTTGCELT 4.55 -62 AtcGAtTAtttATTCAAT 3.75 43
HIO752 (purL) AtGCAAACGTTTGCET 4.73 -1
HI0638-9 (y¢fCpurB) ACGgAAACGTTTTCcT 4.39 228
HI0887-9 (purHDglyA) AaGCAAACGTTTGCGT 5.01 -65 .
The regulation status of thguaBA (HI0221-HI0222
operon ofH.influenzads unclear since the only candidate PUR

Y PUR Y " box is within the second gene of the operon in position (+260)
.colt uri U . .

- - and is weak (score = 3.90). Although it could be another case

shA of a distinct regulation mechanism, it is more likely that this
H .influenzae PUR H rD IyA i
e o) e pur purl gl operon is not regulated by PurR.
b) .. . . .
E.coli e purB PUR The arginine regulonOf this E.coli regulon, H.influenzae
H. influenzae PR T _uefC P retains only the repressor and two genes, naraefy anq
(H10638-HI0639) - > argH, which encode enzymes that catalyze the conversion of
. . - . citrulline into arginine (Tablg #). Orthologs of the other genes

.colt argl ar ary .
7 -— > > > of theargCBHoperon, as well as the single-gene opesicgE

H influensac il (thatinE.coliis transcribed in the opposite direction and is reg-
5 ulated by the same operator), are all missinddimfluenzae
Ecoli ARG anP_ aml_ anQ anM art (Fig. 3c). TheargR and argH genes ofH.influenzaehave
Hoifuenae ARG anP. anl anQ. e single ARG boxes, and thus the regulatory effect is predicted

s —l —  w—  w—

e)

E.coli TRP trpE trpD trpC 1rpA

s ———— S— — — — —
Vibrio parahaemoliticus TRP 1rpE 1rpG trpD trﬁA
H. influenzae TRP trpE trpD rpC
(H11387-H11389.1) s — — m—-
(HI11430-H11432) ydfG trpB trpA

——-
Pasteurella multocida trpB, 1rpA
—-

f
E.coli mtr
H. influenzae TRP mer
(H10287) R
g)
E.coli TYR aroG

e ——

TRP aroH

e —

TYRTYR TYR aroF tyrA

H. influenzae TRP aroG
(HII547) e
(HI11290) TYR TYR tyrA

to be weak.

The aromatic amino acid regulonThis case is the most
complicated, and the analysis has been supplemented by
consideration of the available genome fragments from other
Proteobacteria. The autoregulation is conserved for the
orthologs oftrpRandtyrR genes irH.influenzagas well as for
trpR of Enterobacter cloacaeand Salmonella_typhimurium
(Tablﬁ) andyrR of Citrobacter braakii(Table|§). The main
tryptophan operortrpLEDCBA is conserved m the entero-
bacteriunmVibrio parahaemoliticudbut is broken into two parts

in H.influenzae The first part, which includes thell1430—
HI1432 genes (orthologs oE.coli ydfG-trpBA, contains an
additional gengdfG, which encodes a predicted oxidoreductase.
This gene may be a relatively recent addition to the operon
since it is not present in thepBA operon of the closely related
speciesPasteurella multocidgTablg b; Fig. 3e). InPseudo-
monas aeruginosahetrpBA operon isTegulated by an unrelated
transcription factotrpl, and accordingly, no TRP boxes are
found upstream of this operon.

Figure 3. Some Proteobacterial operons with variations in gene organization In E.coli, thearoLM andmtr operons are regulated by both

and/or mode of regulationa) The purine regulon, thpurHD operon. ) The
purine regulon, thepurB operon. €) The arginine regulon, tharge CDH
operon. () The arginine regulon, the art operor) The aromatic amino acid
regulon, thetrp operon. ) The aromatic amino acid regulon, ther operon.
(9) The aromatic amino acid regulon, tlaeoF,G,H operons The candidate

binding sites are indicated by a double dotted line.

TrpR and TyrR. There are no orthologs afoL and aroM

genes irH.influenzaethe ortholog of thentr gene has only the

TRP box (Fig. 3f). Other operons that have no orthologs in

H.influenzaearetyrB andaroP. By contrastH.influenzaehas

two paralogousyrP genes 10477 andHI10528). The former

has three candidate TYR boxes, whereas the latter has only

one; the singl€.coli tyrP gene has two binding sites for TyrR.
The most interesting case is that of the uni¢tlumfluenzae

which explains an unusual location of the PUR box within the3-deoxyp-arabino-heptulosonate 7-phosphate (DAPH) synthase.

coding region (around codon 60). thinfluenzaghe PUR box

There are three DAPH-synthasedHreoli, which are encoded

is found upstream of the first gene in the operon-like gendy aroH, aroG and aroF and feedback-inhibited by trypto-
stringHI0638—-H10639 Notably,HI0638is the ortholog of the  phan, phenylalanine and tyrosine, respectively (34). The gene
uncharacterize#.coligeneycfC, which is located upstream of HI1547is confidently identified as the ortholog afoG (data

purB (Fig. 3b).

not shown) and thus is predicted to encode DAPH-synthase-
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Table 5.0perons of various bacteria predicted to be regulated by TrpR Table 7. Transport operons predicted to belong to the purine and arginine
regulons
Operon Sp* | TrpR-binding site score | pos. -
HI0830 (1rpR) Hin | aTGCACTAGTTEAATAGTGEAA | 449 | -38 Operon Sp" | Regulator binding site(s) score | pos.
pR Ecl | cTGTACTcGTTAAtgAGTACAA | 4.72| -36 vjeD Eco |PurR AgCctAAACGTTTGCLT 3.87 | -131
npR Sty | TcGTACTctTTAgCOAGTACAA | 522 | 68 ACGatAACGTTTGCGC 422 |-273
H11387-89.1 (rrpEDDC) | Hin | TTGCACTAGTTtAaTAGTACAA | 5.15 | -47 HIOI25 (vjeD) |Hin [PurR ~ |ACGCAAACGTTTaCtT 485 | -85
HI1430-32 (vdfGtrpBA) | Hin | TIGTACTACTTLAQTAGTACAA | 5.15| -48 vieG Eco [PurR  [ACGCAAtCGTTgcCGT 421 |-114
trpEGDC/FB Vpa | TcGCACTAGTTAACTAGTACAC | 526 -53 U Eco |PuR ACGUARACGGTTGCET 245 | 321
{rpb’il Pr'f]u ::TG‘aAC‘TACjTTtAaTAGTtCAA 4,%() 95 vicE Eco | PurR tgGCAAACGTTIGCLT 4.46 69
HI1347 (aroG) Hin | TcGaACTAGTTtACTAGTACAA | 551 | -81 gCGCAACCGYTTGCGE 415 | +29
2, 1 TAG - —
HI10287 (mrr) Hin | gTGTACTACTatAaTAGTgCAA | 4.11 43 v Eeo |PuR ACGCAALCGATTAacGT 157 153
Isx Eac |PurR | ACGCAAtCGaTTaCGe 440 | -143
. L N ACGCAAL ,
aSpecies: HinH.influenzae Ecl, E.cloacae Sty, S.typhimurium Vpa, o Kpn | PurR CeaTTaceT 457 | -157
V.parahaemoliticusPmu,P.multocida a Sty jPuR ACGCAALCOATTaCCT 457 | -156
-P v artPIQM Eco | ArgR AETGCATAALEATTCEGT | 4.08 -72
art Eco | ArgR AtTGCATALAAATTCACT 436 -86
HI1180-77 Hin | ArgR TaTGCATAAAAATgtAAT | 4.01 -50
Table 6.Operons of various bacteria predicted to be regulated by TyrR (artPIOM)

aSpecies: Eco,E.colii Hin, H.influenzae Eae, E.aerogenes Kpn,

Operon Sp' | TyrR-binding site score | pos. K.pneumoniagSty, S.typhimurium
HI0410 (1vrR) Hin | taTGTAAAatAATATTTACACE | 4.82 76
tvrR Cbr gcTGTCAATAtLtTgTTgACAga | 3.90 91
HI1290 (tvrA) Hin CtTGTAALTAALTETTTACAAL | 4.13 45 ] )
taTGTAAgatAraRaTTACAGY | 345 | -22 ygfO). In each case, the first member of a pair has a strong PUR
aroF Sty NGtgtaaagtttttgatacgaa | -- -167 is li
GGTOTAAAGLE LAt PTTACG s | 417 | 1 o box and thus is likely to be regulated by PurR, Whereas the
taTGYALtgAAATCTTTACEEE |33 | o5 second member has no PUR boxes (Table 7 and Fig. 4). All
HI0477 (vrP) | Hin | acTGTAAATtAtacaaTACAat | 3.83 | -60 close relatives of thgicE—ygfOpair and one additional gene
i;gggﬁzﬁziiggigggg 367 | -37 with a PUR boxygfU, encode Hpurine(xanthine) symporters,
. 327 | -14 and thus purine transport is the most likely function for these
HIO528 (rvrP) Hin taaGgAAAcAAAaATgaACAaa | 331 -42

genes. The other two pairgicO-yieGand yjcD—-ygfQ/R as

well as theH.influenzaegeneH10125 which is the ortholog of

the latter pair, can be assigned only an unspecified transport
function.

In addition, PUR boxes were found upstream oftdegene,
PHE. However, unlikaroG, which is regulated by TyrR (with which encodes an outer membrane nucleoside-specific channel
phenylalanine and tryptophan acting as co-repressors), thig E.coli, Enterobacter aerogengKlebsiella pneumoniaand
H.influenzaegene has a TRP box, but no TYR boxes, similarlyS typhimuriun{36,37).
to the E.coli tryptophan-regulated gersroH, which encodes  The analysis of the ArgR regulon resulted in the identifi-
the DAPH-synthase-TRP (Fig. 3g). Two alternative explanationgation of ARG boxes upstream of the operons that encode
of this evolutionary conundrum seem possible: (i)ithiafluenzae  arginine-specific ABC transport systemartPIQM and artJ
DAPH-synthase-PHE is regulated by tryptophan at the tranfrom E.coli; HI1180-HI1177from H.influenzag; thus these
scriptional level, the functional implications of which are operons belong to the arginine regulon (Table 7). In this system,
unclear, and (ii) théd.influenzaeDAPH-synthase, although in  ArtP is the ATPase, ArtQ and ArtM are transmembrane proteins,
phylogenetic terms orthologous taroG, has changed the and Artl and ArtJ are periplasmic arginine-binding proteins.
specificity of allosteric inhibition and is feedback-inhibited by The orthologous operon dfi.influenzaehas the same gene
tryptophan. A final solution can be reached only by experimentaprder. TheE.coli artJgene is located immediately downstream
analysis of theH.influenzaeenzyme. of the artPIQM operon, but is transcribed independently and

Finally, catabolic operonsitBAin Erwinia herbicolaandtpl  has its own ARG box (Fig. 3d}i.influenzaehas no ortholog
in Citrobacter freundiialso are regulated by TyrR and their for this gene. The regulatory regions of each of the transport
regulatory regions contain multiple TYR boxes (data are nobperons contain a single ARG box, which suggests that the
shown). regulatory effect caused by ArgR binding is likely to be low.

aSpecies: HinH.influenzae Cbr, C.braakii Sty, S.typhimurium

Transport proteins: new members of known regulo@sir
analysis of the PurR regulon resulted in the identification of aPISCUSSlON

family of transport proteins that is representeddmroli and  Computer analysis had been used for prediction of bacterial
H.influenzae as well as a number of other bacteria (Fig. 4).transcription signals for more than 15 years (10,38-44) and on
The family consists of two subfamilies. The known membersmany occasions the results have served as the basis for further
of one subfamily are uracyl and xanthine transporters (35gxperimental work (e.g. 43). Co-evolution of regulons and
whereas the other subfamily does not include any transporteregulators also was examined (45). However, to the best of our
with a known specificity Escherichia colihas representatives knowledge, this study is the first attempt to systematically charac-
in both subfamilies, and notably, they form pairs of closelyterize regulatory sites in two or more genomes by comparing the
related paralogsy(cO andyieG, yjcD andygfQ/R yicE and  respective complete gene sets.
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Figure 4. A phylogenetic tree of purine and uracyl permeases. The tree was constructed using the neighbor-joining method. The numbers at forks indicate th
percentage of bootstrap replications (out of 1000), in which the given grouping was observed. The putative perme&sesliiamd H.influenzaethat were

predicted to belong to theur regulon as a result of our analysis and their apparently unregulated paralogs (broken lines) are shown by bold type. PyrP, UraA, uracil
permeases; UapA, uric acid-xanthine permease; UapC, broad specificity purine permease; PbuX, xanthine permease. The remaining prot@nallyre funct
uncharacterized gene products that are indicated either by provisional gene name (starting with the letter Y) or by Gene Identification nigstash&wétions:

Bb, Borrelia burgdorferi Bc, Bacillus caldoliticus Bs, B.subtilis Ec, E.coli; Ef, Enterococcus faecati€n, Emericella nidulansHi, H.influenzagHp, H.pylori;

Mj, Methanococcus jannaschii

This comparative approach involves three main componentsites (47), and in the case of AraC based on mutational analysis
(i) prediction of transcription factor binding sites, (ii) delineation (48). The Lrp binding signal derived from the SELEX data is
of orthologous relationship between genes by comparing theimot symmetrical either (49).
protein products and (iii) comparison and, when necessary, The comparative analysis of tHe.coli and H.influenzae
prediction of protein functions. The use of complete genomegenomes revealed three principal types of differences between
facilitates the identification of orthologs and thus increases theperons that are subject to the same mode of regulation. The
reliability of inferences regarding identical or similar cellular differences of the first type are limited to the presence or
roles of proteins. However, in spite of potential uncertainty inabsence of individual genes in otherwise conserved operons.
terms of orthology, identification of homologous genes in allThe examples it.influenzaeare operonycfCpurB(purB in
bacterial species, including those whose genome sequendesoli, Fig. 3b),argH (argCBHin E.coli, Fig. 3c),ydfGtrpBA
have not been completed yet, using similarity search in Ger(tirpBA in P.multocida Fig. 3e) andyrA (aroFtyrAin E.coli,
Bank is a useful supplement to this analysis. Fig. 39).

All sites considered in this paper are approximately palin- The second type of changes involves breaking of an operon
dromic. However, we used the sites in the orientation corresnto two parts, both of which retain the regulation. T&aoli
ponding to the direction of transcription and did notoperonspurHD andglyA, both regulated by PurR, correspond,
symmetrize the profiles. There were two reasons for this. Firsin H.influenzaeto the gene stringl10887—HI0889ith a PUR
we were interested in designing a general procedure for siteox upstream oHI0887 (Fig. 3a). Similarly, the tryptophan
recognition, rather than one that is applicable to symmetricabperon is broken itH.influenzaeinto two parts trpEDC and
sites only. Second, it is not guaranteed that even the dimerigcpBA, both of which have strong TRP boxes in the regulatory
factors bind their operators in the symmetric manner. Thisegions.
possibility has been raised in the case of TrpR based on theFinally, some operons lose or switch regulation. The most
crystallographic data (46) and chemical modification of naturalnteresting case in this category is the eliminationpofR
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autoregulation inH.influenzae The loss of ‘regulation of between purine and pyrimidine regulation or the interaction
regulators’ appears to be a more general phenomenon: between the regulation by repression and by attenuation in the
E.coli, the repressor llvY regulates both its own gélm® and  aromatic amino acid regulon, as well as comparisons between
the adjacentlvC gene, which are transcribed from divergentmore distant genomes, suchi&goli andB.subtilis As a more
promoters. By contrast, ifl.influenzae although the overall distant goal, we envisage development of techniques for
location of these genes is the same, the distance between theystematic characterization of regulatory pathways in newly
is much larger, and a candidate binding site is closk@, but  sequenced genomes.
too distant fromilvY to expect autoregulation (M.Gelfand,
unpublished observation). The elimination of this higher level
of regulation may be linked to the evolution of the parasitic'a‘('\’K'\lOWI‘EDGE'VIENTS
lifestyle of H.influenzaethat requires much less versatility in This work was partially supported by grants from the Russian
the response of the bacterium to environmental changes th&und of Basic Research and the US Department of Energy
its free-living relatives, such a8.coli. Another clear case of (FG02-94ER61919).
simplification in regulation includes the loss of the TYR box
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