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Abstract

Background: Mycobacterium smegmatis is fast growing non-pathogenic mycobacteria. This
organism has been widely used as a model organism to study the biology of other virulent and
extremely slow growing species like Mycobacterium tuberculosis. Based on the homology of the N-
terminal DNA binding domain, the recently sequenced genome of M. smegmatis has been shown
to possess several putative GntR regulators. A striking characteristic feature of this family of
regulators is that they possess a conserved N-terminal DNA binding domain and a diverse C-
terminal domain involved in the effector binding and/or oligomerization. Since the physiological role
of these regulators is critically dependent upon effector binding and operator sites, we have
analysed and classified these regulators into their specific subfamilies and identified their potential
binding sites.

Results: The sequence analysis of M. smegmatis putative GntRs has revealed that FadR, HutC,
MocR and the YtrA-like regulators are encoded by 45, 8, 8 and | genes respectively. Further out
of 45 FadR-like regulators, 19 were classified into the FadR group and 26 into the VanR group. All
these proteins showed similar secondary structural elements specific to their respective subfamilies
except MSMEG_3959, which showed additional secondary structural elements. Using the
reciprocal BLAST searches, we further identified the orthologs of these regulators in Bacillus subtilis
and other mycobacteria. Since the expression of many regulators is auto-regulatory, we have
identified potential operator sites for a number of these GntR regulators by analyzing the upstream
sequences.

Conclusion: This study helps in extending the annotation of M. smegmatis GntR proteins. It
identifies the GntR regulators of M. smegmatis that could serve as a model for studying orthologous
regulators from virulent as well as other saprophytic mycobacteria. This study also sheds some light
on the nucleotide preferences in the target-motifs of GntRs thus providing important leads for
initiating the experimental characterization of these proteins, construction of the gene regulatory
network for these regulators and an understanding of the influence of these proteins on the
physiology of the mycobacteria.
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Background

Being a fast growing, non-pathogenic mycobacteria, Myco-
bacterium smegmatis has been widely used as a model
organism to study the biology of other virulent and
extremely slow growing species like M. tuberculosis. The
genome of M. smegmatis, as listed at the TIGR site, con-
tains a large number of putative GntR-like regulators.
These regulators play an important role in the cellular
physiology. Many such regulators are involved in regula-
tion of gene expression in response to various oxidized
substrates related to either amino acid metabolism or at
the branch points of various other metabolic pathways.

The GntR family of bacterial regulators is named after the
Bacillus subtilis transcription regulator- GntR- a repressor
of the gluconate operon [1]. Regulators of this family pos-
sess a conserved N-terminal domain that is involved in
the DNA binding. Based on this conservation, these pro-
teins can easily be recognized by a Conserved Domain
Database (CDD) search [2]. However, the C-terminal
domain, which is involved in the effector binding and/or
oligomerization (E-b/O), is quite diverse and heterogene-
ous. As a consequence of this heterogeneity, the GntR reg-
ulators have been further classified into six subfamilies
(FadR, HutC, MocR, YtrA, AraR and PlmA) [3,4]. The
members of subfamilies possess conserved secondary
structural features specific to their subfamily and interact
with a limited number of molecules [5]. Considering
these conserved secondary structural features in sequence
analysis, GntR regulators are defined as a part of specific
subfamily [6]. Earlier, we have characterized GntR regula-
tors from M. tuberculosis [7]. In present study putative
GntR regulators from M. smegmatis are classified into their
specific subfamilies. Further, suitable orthologs of the M.
smegmatis GntRs were also identified using reciprocal
BLAST searches in M. tuberculosis, M. avium, M. bovis, M.
ulcerans, M. sp. KMS, M. sp. MCS, M. vanbaalenii PYR-1 and
B. subtilis. To identify the DNA targets of these regulators,
we utilized the information about the nucleotide prefer-
ences for regulators of a given subfamily. All the upstream
DNA sequences of the GntR coding genes were scanned to
locate potential palindromes that matched the nucleotide
preference criteria [5].

Results and discussion

Classification of the putative M. smegmatis GntRs into
subfamilies

Unrooted tree of the M. smegmatis GntRs was constructed
with the classified representatives of all subfamilies (Table
1) [5]. Among all putative M. smegmatis GntRs two pro-
teins (MSMEG_1043 and MSMEG_2323) were found to
be identical in sequence, hence only one of them
MSMEG_1043 was taken for the classification. Each
branch of the constructed tree represents a subfamily.
Bootstrapping, involving 1000 replicates, shows all sub-
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family branches clustered with high bootstrap values.
FadR subfamily is divided into two groups, FadR and
VanR (Figure 1).

FadR-like proteins of M. smegmatis

Of all the putative GntRs, 45 proteins were classified as
the FadR-like regulators. These subfamily members are
further classified into two groups FadR and VanR where
the C-terminal effector binding and/or oligomerization
domain length is about 170 and 150 amino acid residues
respectively comprising all a-helices [5]. Among all FadR-
like regulators, 19 regulators were clustered as members of
the FadR group while 26 for the VanR group (Table 2). To
study secondary structural features both the group mem-
bers were dealt with separately. C-terminal domain of all
the members of FadR group were predicted with seven a-
helices except MSMEG_2599. All the regulators showed
distinguishable predicted secondary structural features
specific to this subfamily (Figure 2 and Figure 3) [5]. Sec-
ondary structural patterns of the regulator MSMEG_3959
revealed an extra secondary structural element, which
could be significant in studying protein family evolution.
FadR-like regulators are known to be involved in the reg-
ulation of gene expression in response to oxidized sub-
strates related to either amino acid metabolism or at the
branch point in various metabolic pathways such as gly-
colate [8], pyruvate [9], lactate [10], malonate [11] or glu-
conate [12]. One of FadR-like classified transcriptional
regulator MSMEG_6700 is known to be involved in the
regulation of piperidine and pyrrolidine metabolism [13].
These results provide a starting point for a detailed bio-
chemical and genetic characterization of M. smegmatis
FadR-like regulators.

HutC-like proteins of M. smegmatis

Contrary to the FadR-like regulators, the regulators of this
subfamily consist of both a-helices and B-sheet structures
in the C-terminal domain. We identified eight GntRs as
members of this subfamily (Table 2). All these members
showed distinguishable predicted secondary structural
features specific to this subfamily (Figure 4) [5]. These reg-
ulators are known to acquire the same protein fold as
Escherichia coli UbiC; hence it is also named as UbiC tran-
scription regulator-associated (UTRA) domain [14]. This
effector-binding domain responds to various ligands like
histidine (HutC) [15], long chain fatty acids [16], treha-
lose 6-phosphate [17] or alkylphosphonate [18]. A range
of known ligands, specific to many HutC-like regulators,
will help in characterizing the classified M. smegmatis reg-
ulators.

MocR-like protein of M. smegmatis

Among all the putative GntR regulators, eight were classi-
fied as members of the MocR subfamily (Table 2). All the
eight regulators showed distinguishable predicted second-
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Table I: Details of GntR regulators used as representative from all subfamilies

Subfamily Organism Protein ID Amino acid Swiss Prot ID
FadR (FadR Group) Escherichia coli O157:H7 FadR 238 POA8VS
FadR (VanR Group) Rhizobium leguminosarum MatR 222 Q9JP74
MocR Rhizobium meliloti MocR 493 P49309
HutC Pseudomonas putida HutC 248 P22773
YtrA Bacillus halodurans BHO65 | 123 QI9KF35
Bacillus halodurans BH2647 123 Q9K9J9
Staphylococcus aureus SAV1934 126 Q99sv4
Bacillus subtilis YhcF 121 P54590
Bacillus subtilis YtrA 130 034712
AraR Bacillus subtilis P96711 362 P96711
Bacillus halodurans Q9KBQO 375 Q9IKBQO
Bacillus stearothermophilus Q95470 364 Q95470
PImA Synechocystis sp. strain PCC sll1961 388 P73804
6803
Anabaena sp. strain PCC Q8YXY0 328 Q8YXY0
7120
Synechococcus elongatus Q8DH43 367 Q8DH43
Trichodesmium erythraeum Q3HFX5 327 Q3HFX5
IMSI01
Table 2: List of Classified M. smegmatis GntR regulators
Gene Subfamily Amino acid Gene Subfamily Amino acid
MSMEG_0124 FadR 227 MSMEG_2546 FadR 239
MSMEG_0130 FadR 230 MSMEG_2599 FadR 224
MSMEG_0166 FadR 242 MSMEG_2605 FadR 255
MSMEG_0179 FadR 223 MSMEG_2682 FadR 262
MSMEG_0268 HutC 292 MSMEG_2794 FadR 225
MSMEG_0286 HutC 228 MSMEG_2910 FadR 235
MSMEG_0426 MocR 469 MSMEG_3345 FadR 258
MSMEG_0454 FadR 245 MSMEG_3822 FadR 267
MSMEG_0480 FadR 219 MSMEG_3527 FadR 240
MSMEG_0535 FadR 212 MSMEG_3959 FadR 290
MSMEG_0596 FadR 228 MSMEG_3980 FadR 214
MSMEG_0650 HutC 244 MSMEG_4042 FadR 252
MSMEG_0778 HutC 246 MSMEG_4057 FadR 221
MSMEG_0874 FadR 234 MSMEG_4121 FadR 229
MSMEG_0895 FadR 247 MSMEG_4140 MocR 508
MSMEG_2323 MocR 534 MSMEG_4659 HutC 245
MSMEG_I1117 FadR 239 MSMEG_5174 YtrA 121
MSMEG_1227 HutC 274 MSMEG_5201 FadR 254
MSMEG_1317 FadR 229 MSMEG_5375 FadR 230
MSMEG_1572 MocR 470 MSMEG_5630 HutC 245
MSMEG_1995 FadR 241 MSMEG_5731 FadR 240
MSMEG_2009 FadR 226 MSMEG_5760 MocR 463
MSMEG_2104 MocR 449 MSMEG_6300 FadR 224
MSMEG_2164 FadR 262 MSMEG_6371 MocR 488
MSMEG_2173 FadR 230 MSMEG_6639 FadR 222
MSMEG_2209 FadR 222 MSMEG_6700 FadR 245
MSMEG_1043 MocR 534 MSMEG_6738 FadR 227
MSMEG_2453 FadR 244 MSMEG_6745 HutC 247
MSMEG_2480 FadR 246 MSMEG_6789 FadR 246
MSMEG_2489 FadR 240 MSMEG_688I FadR 209
MSMEG_2531 FadR 253 MSMEG_6908 FadR 221
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Figure |

Unrooted tree of the proteins of GntR family regulators of M. smegmatis including representatives of all sub-
family regulators from different Bacterial Genomes with 1000 bootstrap replicates. All the GntR regulators are

clustered into six subfamilies. FadR subfamily is branched again into two groups (FadR and VanR). (Abbreviations are as indi-
cated in Table | and Table 2).
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the C-terminal domains of GntR regulators belonging to FadR Subfamily (FadR group). Abbreviations are as indi-
cated in Table |. Consensus sequence from the multiple sequence alignment has been drawn. High and low consensus levels
were fixed arbitrarily at 80% and 40% of identity and are represented respectively by the capital and lowercase letters. Con-
sensus symbol ! used for anyone of IV; $ is anyone of LM; % is anyone of FY; # is anyone of NDQEBZ. In graphical representa-
tion o-helix region and B-sheet regions are highlighted with light and dark gray background.

Page 5 of 12

(page number not for citation purposes)



BMC Genomics 2007, 8:289 http://www.biomedcentral.com/1471-2164/8/289

MEMEG 5721
MEMEG 2453
MEMEG 6728
MEMEG_3959
MEMEG 4057
MSMEG 8300
MEMEG_D1é6
MEMEG 1317
MSMEG_6639
MEMEG 0120
MEMEG 1935
MEMEG_2209
MEMEG 6881
MEMEG 2521
MEMEG 0179
MSMEG_0480
MEMEG 3980
MEMEG 6789
MSMEG_2546
MEMEG_2009
MSMEG 2489
MEMEG_2910
MEMEG 4042
MSMEG_ 0525
MEMEG 3345
MEMEG_6208
MatR
Consensus

MEMEG 5731
MSMEG_2453
MEMEG 6738
MSMEG_ 3959
MEMEG_4057
MEMEG 6200
MEMEG_0166
MEMEZ 1217
MSMEG_6639
MEMEG 0130
MSMEG 1995
MSMEG_2209
MEMEG 6881
MEMES 2531
MEMEG_0179
MSMEZ 0480
MSMEG_2980
MEMEG 6789
MEMEG 2546
MAEMES_ 2009
MEMEG_2489
MEMEZ 2910
MSMEG_4042
MEMEG 0535
MSMEG_ 3345
MSMEG_6908
MatR
Consensus

Figure 3

TAQELREMYIVRETLESASLMAAVANAT EADR DAAT AANAVLEQATAD D-- - -~ -~ - - - -~ - -~ DAATYVHRESRQFHAALTRP SEMHRELLHMLEAAWNVTEPVSHMVH- - VRADE RVOLHADHR EMLDAF LM ED
GLDELLEVFRLEDLLEAELI EDAMEAVT DDIVDLME EQMDDMDRAREK G- - - - -DLIALGLANRGFHFLTFET STLARTERIVTI LW NTADAYR PLY - - - AHLMD LSKVN TEHT LLVDAFVARD
E POAVLNAQSVARANMHALAVETAV P LMD KSDF DAMTARNHAFAQAT SR G- - - - - DPERAMR SDDHFHGVAVOR SGNEVI EQVLEGVTPVLERLEYLR - - - FSALS GRESIEQHRRIVSLCRKRD
DHVDLIDGLRVRSELEGLAAR LTTDR LTDADLDRLEENLTOFDTAVRG G- - -DTVAARKLDLEFHSTIRDR CGNGLLIENLREVORARVI VATYMT A - VPA- - HEVVI DEHR TT LKAFEL RD
DKADIEDVYTLRVALETLAAR TAVERAR AADFDALDHAL SDLAKAFEEK G- - - --DRRGLTDADLRFHDAFY 0A AHHDRLSWAWR TVRSOVALCLE SR NT- VSATSREI VVDEHVHLLDLLET RS
SIRRBEETYLLRQTLEPLATR LARANAT EDELRRIRELOEEFRLVVDCE - - - PPREADVVDLNARWHRL VY2 2H SSLLDEFIDRLWTGVPYOAT - - -- - WFVORRR(OSAADHEAVTAATLETRY)
SEEEVDOLLGVRTVLETY SAALARERAT PEDVNRIWELOODGLNALTTN- - - - -NESECLVEANAALHAATTEL AGNQVLADHI SLVERKWRWYYLP- - - - TARPR CHDAWSEHAELTKATAAHD
TERDVTELFDIRQALEAMACREARENRT DEDIARIRGRAESADRARER N-- -DVTAAHDANALFHOLIVTA SHNRTLGEIMAPI LYRVOWLWR O- - - - IPDP - -HAVSDDHHRLVDATAD RD
SSADVLDSFTILGVLTGOAARWARERVT DEELDOLEALAAGVAEHSG- - - - DDAT GERNWRFHOATHRA AHSPRLLAAT KQABRRVVPTNFLV- - - - LFPEHEKHSLSEHEELLDALEK kD
SRTDVEDIFWLOATIARELAATTVTRIT DHOT DELERLNDELEIAVGR G- - -DPDEL STIEFAFHRAFNHA SGRIKLAWFLLHVARYLPALIYSTOP - - - - (W GOOAVACGHR LLIEALRR RD
SSEDIRDVYDAQALLGEELTARAAGVI TAELVEELENI QRQLEQARAG K- - -- -DYDDVERLNHRFHQTIYRL SGSREI RWLIKATLPYAPRKFFA- - - - BVEGW PEASAHDHRATIIEKLRS CD
TRERDIDIVAGWOAHT GGOLAARRARGOT T DAQLEELGRI QDELEQAYAR D- - - - - DHEAAWR LNHAFHRGVNRA RESPELAQTIMSOTI TRYRLESVY PTV- - - - EGW PEQSTHDHRETI LDATLGR HD
SILELOELYEMRMAVE PYLTOMARSOV- - - GRADITEMTROFETMSNTT- - - - -DLVEWLEANASFHARTYHR ANRPMTAAHVDOLRELTDRY LYLH - L- AVIGN VEHLOEEHTAT LDAAKA G
SYSDAEHLFEVRGALESLACSLFAREGT VEHKRATLADCVADVARAMES G- - - - -DLTEVLGAKDAFVAATLAG AGNSELTTALRLLHARTIRLLRRYSL- - SAENEQPASTAET TATCDATIIACGD
TADEIRDLFVVRKLIELTAVDAAGT - RGAAALAELRRAVDEFGOATRT G- - - - -RAVDRNRADMEVHITLVGL LN SPRLSRTHGELMSELOIALVSOYRDSTIL P GTELTNRHEEFLRMLLD GD
SVEAQLKLLELRRILEPFAVEVARSREAT DESQROAARELAEDVVSCGD K- - - - - - - TVTDFSNFLRKAHALVVAA THNEY IEVAMAPLOGLSRRFWFGHLS - DPVEELRRBAQLHHDI LAAT AS G
SVEAQFKLLETRE PLEELAATLAATRAR PEQOARAT.ORASEFKNFTER - - - - - -DLHELERVLRAGHELVAKS TONQFLENAMAPLOGLSRERFWFAHLR - SDPDDVAT AT DRHGELLTAT GE 0D

DAKETADIMDARLLIEPQLAELACHHAD PEWLDALAQAVDEQERAPHTADR - - -~ -~ -~ -~ -~ EAIRRYHRADEQFHRLIRER AGNARLLRVYDALGGHEQRFRLFIGY- - GVOD SEFATAEHRELLERFRR GY
TAQOAAELADARLVVETTAAHWATR LED PELL PDLEARHEAHEEARWAVR EWDGVTRDENGLE VE LKPYFEADWR FHOTILDH CGNGFLERMVGS LGASVORMEQNVHR - - GPVDTELAVAEHGRVLARVET CD
S PDDLNDLTEARCEIEVLALEVAVNEGN LEWE SKVVARHHRMER TPMERAPT - - - - -~ -- - DPDRF NDEWVLAHAEFHOALLDG CSNRRI LATASALRDSAEL YROWSAP - - OHDR NEDIARAEHR AT LDAAVG RD

TPDEVCIMYLAREAT ERAAARKILRGDH VARGDALLEI VEQMTHART- - - -
DPERVADAQFIREATELANIPOAVER ADRAATAELRALIAAQRETTD- - - -
TSADLDDLFDIRVALETYGARRARORRG GAOLESLOKLCASMDEILPARIE - -

- --- PRENSEVDIRFHIRLVEL SDSPRLSEMHOTFITETOMCIHAL D- - ESVAVSDFRSEEHRAT ARAT KA CD
- - VNTFFELDEQFHECLLAT GGHANAWRE TVVAAKAHLDRARRLG - - MLSES S TOSLTDEHAAT VDAVDG CD
FELQOLGHLCIDFHRCIHEARDNRELLSVMPMVLAPPFVSERFH - - HHITRLELEQAFAHHRELVEATAT D
PPOEGTDLLEMRLALETAAVERLCRTPDVV - DELFTELNDLVDORRLAET - - - - NDAHAFAVADDTFHERIVEV AGNPIGORFYGSLSDR QR RMMADAAR 3 - DAAR LARLIGEHARLAEATER kD
TAVEMEEL VQARFVLESDALETICQRQ- - - - AGAPESARQLIEEMEQAGRE - - - - RNWNRFAQLDOVFHSETVRH QR NAVI AEMYDALOPR JVRLGTR TLAE - APARLSVIEREHRELT AAT.DR HD
———————————————————————————————————————————————————————————————— CAFVARFDEATVAEHHELYCILNGI SSARCAAN PTPRILAQLEESLRIMHARK DVETRQD
¢ PHRVY EMFEVMAET ECT.AGSTAARRLD KTSREAT mTHGRCEKSAAAG- - - - -DEDAYYYDNEEFHKATYAR CRSDFLEEQCTOLERR LRPDRRT.OL- - RVRNRT.STSFLEHCAT VDATFA CD
------#1---r--le--aar-aa-r-t------ I - e e LT LR e d------ a---fH--i---a-n--1------ Iomm - eHr-11da---¥D

[ N — e ; =]

AERLVARSERHARR LN AT AV L PTG LA -~ <= - <= === == === == == o <o o S o
AERAVATNHEHRQQAT GHLHTVEFGDEKSEDAS-
PEGAARATEQHWOTLS P VVEK LAREETOTOG - - === == === = -=== - -~

ADAAEHAMTEHLERLT ERVVHHFGGPDGTVGTSFVRPLAHVPHIRGCDYWN-DDPACRI ONRLHACCRERBVK CCHHVARSCR LATYAGRRCA
ESALVDAVRAHIETAYQRLVASY D
PETAERFMLOHIGR GRAATT EHLOAT GRPEG - -
VEQATDIMERHTDR TRQTYHEERMAKARDA - - -
ARFAEKLAKDHADRNR TTTLOTLFGAGTRRSOLG- - -
ADHARVIAEHHVLEAGR SLADWLDRRNDHESGSLEPTAR
FRRVV)LNGAOFTDGRRELT ARLEEL QMWD - - - - -~ -
EEGRRERMECHI RRAGTLLARHIARSATLE -
GELARBAMADHLCAASKPLIDHLARLGVLE -
GORLNELTRTHLETSHEFT VRY LLAKIDRE-- -
IECRRRAGETHVA)RSREALERIFGDLY CDST-
TVGAREQLERELDLAQR LLLGTADPGEN - - - - -
EERANGRSLELSDY LFEFAYATLPRHNQPA -
QOERATARARSLIDYLTEFAVASVEVPR--- - ----

GPEVYRIMHAH LS SVERRALSEQARABHANTAR VT -~ - == <= === === = === = == === == = oo oo
PORAADAMRAH L EAVRER STADR -~ = - = - === = == = = === == < S S o oo
ADLACELLTRHIGRTTNALLESSD - - == ==« == - - o mm oo oo
RELTDELLIAHMDDALNRLI P PDEN GNGDGSGKAKGKRECN SDEGGKS -
GDKATAALRDHLRKVFTDIEKIRSRS PELFADGRTAR PTRR FERNC- - - - - -
EDWAEGVMRAHLEHCGER SLERMERHL PLMTSHDAE PAVTDTGOPETTSSDPVHE
VEEFESTLLSHLERTTRVTLK - <= == - == === == === === === === -
AT TSVIVLRGH LR ET PEL VDA GHA VRS E - == == = = === == = == = = o m oo
NCWVFENTINDEYAGPRLOATIRAGESFAPSDFWTG Y TP2KTEFLPTY DDEFAATRIDRD - PENARKACMHRSEIMSRIMIAELTRRGVFGELRSP
GDEARRLLRGHVEIQGERFSDLVASMERR -~ - - = - =< == === === === == - - -
R R R

G

Structure based sequence analysis of M. smegmatis GntR-like regulators by the multiple sequence alignment of
C-terminal domains of GntR regulators belonging to FadR Subfamily (VanR group). Abbreviations are as indicated
in Table |. Consensus sequence from the multiple sequence alignment has been drawn. High and low consensus levels were
fixed arbitrarily at 80% and 40% of identity and are represented respectively by the capital and lowercase letters. Consensus
symbol ! used for anyone of IV; $ is anyone of LM; % is anyone of FY; # is anyone of NDQEBZ. In graphical representation o.-
helix region and B-sheet regions are highlighted with light and dark gray background.

ary structural features specific to this subfamily (Figure 5)  YtrA-like protein of M. smegmatis

[5]. MocR-like regulators show homology to the class I ~ The YtrA subfamily is the least represented GntR-like reg-
aminotransferase proteins [19], which requires pyridoxal  ulator in the bacterial genomes. Among all M. smegmatis
5'-phosphate (PLP) as a co-factor. All MocR-like regula-  GntR regulators, only one regulator MSMEG_5174,
tors exhibit a PLP attachment site with a conserved lysine ~ showed the signatures of the YtrA subfamily member
residue, which is also evident in the classified MocR-like  (Table 2, Figure 6). YtrA possesses a reduced C-terminal
regulators (Figure 5). It would thus be interesting to study ~ domain with only two a-helices. The average length of the
the role of pyridoxal phosphate regulation in the classi-  putative effector binding and/or oligomerization domain
fied regulators. [20]. is about 50 amino acids [5]. YtrA from B. subtilis is an

experimentally explored regulator, which is part of a large
self-regulated operon. This operon consists of genes
encoding the ATP binding cassette (ABC) transport sys-
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Figure 4

Structure based sequence analysis of M. smegmatis GntR-like regulators by the multiple sequence alignment of
C-terminal domains of GntR regulators belonging to the HutC Subfamily. Abbreviations are as indicated in Table |I.

Consensus sequence from the multiple sequence alignment has been drawn. High and low consensus levels were fixed arbitrar-
ily at 80% and 40% of identity and are represented respectively by the capital and lowercase letters. Consensus symbol ! used

for anyone of 1V; $ is anyone of LM; % is anyone of FY; # is anyone of NDQEBZ. In graphical representation o-helix region and

[B-sheet regions are highlighted with light and dark gray background.

tems in addition to the YtrA [21]. It would be interesting
to study further, whether MSMEG_5174 has any role in
modulating such an operon.

Operator/binding site analysis

We have tabulated a list of potential operator sites near
the perfect palindrome sequence with conserved residues,
which are found to be specific for most of the subfamily
members (Table 3) [5]. We did not find an operator
sequence in the upstream sequences of all the remaining
regulators. All the predicted sites were found to be in the
upstream region from the translation start site except
MSMEG_2599. Identification of these sites is an impor-

tant step to understand the GntR associated regulon or the
gene regulatory network in the genome [22-25].

Ortholog prediction

We have found a number of M. smegmatis GntR regulators
that are orthologs of proteins from the other species of
mycobacteria and B. subtilis (Table 4). As orthologs typi-
cally share the same function, these regulators could serve
as a model to study homologues from the other species of
mycobacteria. These characterized orthologs may provide
clues for initiating detailed biochemical characterization
of M. smegmatis proteins. Many putative orthologs were
experimentally known like Rv0165c that is involved in
regulation of mcel operon [6]; GntR, a transcriptional
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Figure 5

Structure based sequence analysis of M. smegmatis GntR-like regulators by the multiple sequence alignment of
C-terminal domains of GntR regulators belonging to the MocR Subfamily. Abbreviations are as indicated in Table |I.

Consensus sequence from the multiple sequence alignment has been drawn. High and low consensus levels were fixed arbitrar-
ily at 80% and 40% of identity and are represented respectively by the capital and lowercase letters. Consensus symbol ! used

for anyone of IV; $ is anyone of LM; % is anyone of FY; # is anyone of NDQEBZ. In graphical representation o-helix region and

[B-sheet regions are highlighted with light and dark gray background.
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Structure based sequence analysis of M. smegmatis GntR-like regulators by the multiple sequence alignment of
the C-terminal domains of GntR regulators belonging to YtrA Subfamily. Abbreviations are as indicated in Table .

Consensus sequence from the multiple sequence alignment has been drawn. High and low consensus levels were fixed arbitrar-
ily at 80% and 40% of identity and are represented respectively by the capital and lowercase letters. Consensus symbol ! used

for anyone of IV; $ is anyone of LM; % is anyone of FY; # is anyone of NDQEBZ. In graphical representation o-helix region and

[B-sheet regions are highlighted with light and dark gray background.

repressor of gluconate operon [12]; YcbG, involved in uti-
lization of D-glucarate and D-galactarate [26]; YcnF,
involved in utilization of gamma-aminobutyrate [27].
However, we did not find the orthologs for all M. smegma-
tis GntRs in other pathogenic species.

Our results help in extending the annotation of GntRs
encoded in the M. smegmatis genome. We have classified
putative M. smegmatis GntRs into four subfamilies.
Though in the present study, we have made an attempt to
explore M. smegmatis GntR regulators, this approach

Table 3: List of predicted potential operator sites

could also be effectively employed to extend the GntR
family classification in other bacterial species as well.

Conclusion

This analysis has shown that M. smegmatis is equipped
with large number of GntR-like regulators, belonging to
four subfamilies. It further suggests that the GntR regula-
tory repertoires of M. smegmatis are far more complex than
in M. tuberculosis. Indeed, additional GntR regulators pos-
sibly control a subset of genes required for adapting to a
range of environmental conditions. One of the FadR-like
regulators shows additional secondary structural ele-

Subfamily Regulator Potential Operator sequence
FadR MSMEG_0124 --CCACTGTTCAACGAGCG---
MSMEG_0179 -AAGATCGTCCGACAATT----
MSMEG_0454 --CAATCGTCATACGATTG---
MSMEG_0596 --GTGTGGTCAGACCACAC---
MSMEG_08%5 e TCGTGGGACGA------
MSMEG_2164 - CCGTTGAACGG------
MSMEG_2480 ---ACCGGTGGCACCAGGGT--
MSMEG_2599 ----ACCGTGGGACGGT-----
MSMEG_2682 - TGGCAAGACCA------
MSMEG_2910 CCTTGATGTCCCACAACG----
MSMEG_3527 e TGGTAAGACCA------
MSMEG_3822 e TTGTTACTCAA------
MSMEG_3959 -TTGCCGCGCGACAA------
MSMEG 3980 - TGGTGATACACCA----
MSMEG_4057 ---TTCGTGTCACAAGTCGAA
MSMEG_6789 ~---TTTGTGTCACAAA-----
HutC MSMEG_0268 e ACCGTCTACATCGT---
MSMEG_0650 e TGGTCTATACCA----
YtrA MSMEG_5174 ---GCCATCATGTAGTGC----
Preferred nucleotides in potential operator sites are printed in bold
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Table 4: Orthologs of M. smegmatis GntR-like regulators in other bacterial species

M.smeg

M.tub

M.aviump

M.bov

M.van

M.spMCS

M.spKMS

M.ulc

B.sub

MSMEG_013
0
MSMEG_017
9
MSMEG_026
8
MSMEG_028
6
MSMEG_045
4
MSMEG_053
5
MSMEG_059
6
MSMEG_104
3
MSMEG_122
7
MSMEG_131
7
MSMEG_210
4
MSMEG_217
3
MSMEG_220
9
MSMEG_259
9
MSMEG_279
4
MSMEG_352
7
MSMEG_382
2
MSMEG_405
7
MSMEG_414
0
MSMEG_465
9
MSMEG_517
4
MSMEG_520
|
MSMEG_563
0
MSMEG_573
|
MSMEG_637
|
MSMEG_670
0
MSMEG_690
8

Rv0165c

Rv0586

Rv0792c

Rvl152

Rv3060c

Rv0043c

MAP3599c

MAPI 105

MAP1267

MAP2404c

MAP0628c

MAP2632c

MAP2347

MAP3505¢

MAP0053c

Mb0170c

Mb0601

Mb0816c

Mbl 183

Mb3086c

Mb0044c

Mvan_0130

Mvan_5574
Mvan_0056

Mvan_5910

Mvan_2084

Mvan_3051

Mvan_0294
Mvan_1978
Mvan_2282
Mvan_0952
Mvan_2942

Mvan_0606

Mvan_4015
Mvan_4569
Mvan_4590
Mvan_4965
Mvan_0931
Mvan_5625
Mvan_1846

Mvan_6046

Mmcs_01 14

Mmcs_0189

Mkms_0123

Mkms_0198

Mkms_5416

Mkms_447 |

Mkms_1901

Mkms_ 1807
Mkms_2107
Mkms_0349
Mkms_2771

Mkms_0519

Mkms_4157
Mkms_4496
Mkms_4957

Mkms_5086

Mkms_5471

MUL_1058

MUL_I1833

MUL_1552

MUL_389%4

MUL_1381

MUL_4564

MUL_0525
MUL_0993
MUL_3832

MUL_4818

MUL_0061

YdhC

YcnF

YvoA

YtrA

'-' Represents, corresponding orthologs are not present in the genome. M.smeg — M. smegmatis; M.tub — M. tuberculosis; M.aviump. — M. avium para.;
M.bov — M. bovis; M.van — M. vanbaalenii PYR-1; M.spMCS — M. sp. MCS;M.spKMS — M. sp. KMS; M.ulc — M. ulcerans; B.sub — B. subtilis.
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ments, suggesting a possible origin of a new group within
the FadR subfamily. Identified orthologs from M. smegma-
tis could serve as a model to decipher molecular regula-
tion events taking place in the pathogenic mycobacteria.
Potential operator sites were also identified based on the
nucleotide recognition preferences of GntR-like regula-
tors.

Methods

Selection of GntR-like Members

The sequences of M. smegmatis MC2 were downloaded
from the Institute for Genomic Research Comprehensive
Microbial Resource [28]. Apart from classified GntR regu-
lators or proteins annotated as GntR-like regulator, other
putative GntRs from M. smegmatis proteome were selected
using GntR Pfam profile [29]. Among all predicted GntRs
one protein (MSMEG_3400) was discarded for this study
because of its unusual size (741 amino acid) and its anno-
tation as glutamyl-tRNA(GIn) amidotransferase subunit
A. Rest of the GntR regulators were retrieved from the
SWISS-PROT/TrEMBL sequence database as per their
Swiss-Prot ID (Table 1). Additionally published and
annotated genome sequences of M. tuberculosis, M. avium
subsp. paratuberculosis, M. bovis, M. ulcerans, M. sp KMS, M.
sp. MCS, M. vanbaalenii PYR-1 and Bacillus subtilis were
downloaded from the NCBI ftp site [30].

Secondary structure prediction

The secondary structural features of all bacterial GntR reg-
ulators including the M. smegmatis GntRs were analyzed
(Table 1 and Table 2). Secondary structure predictions
were made using Jpred [31], SsPro [32] and 3DPSSM [33].
A consensus of all the secondary structure predictions was
considered for a better validity.

Multiple sequence alignments and Phylogenetic tree
construction

Multiple sequence alignment was generated with MULTI-
ALIN [34]. Distances between aligned proteins were com-
puted with the PROTDIST program using the Dayhoff
PAM matrix [35]. The FITCH program estimated phyloge-
nies from distances in the matrix data using the Fitch-Mar-
goliash algorithm [36]. The phylogenetic tree was drawn
using the TREEVIEW program with incorporation of boot-
strap values that were obtained involving 1000 replicates
[37]. PROTDIST and FITCH programs are included in the
PHYLIP package developed by Felsenstein [38].

Operator site analysis

To study the upstream region of GntR-like regulators, we
considered sequences from 400 bases upstream to 50
bases downstream from the translation start site. As many
GntR regulators are reported to recognize palindromes
and also exhibit nucleotide recognition preferences

http://www.biomedcentral.com/1471-2164/8/289

among the same subfamily [5], we utilised these clues to
scan the upstream sequences.

Reciprocal BLAST

Reciprocal BLAST hits are frequently utilized to identify
the orthologs in two species [39,40]. In this method we
searched for the best reciprocal BLAST hit for M. smegmatis
GntR proteins with M. tuberculosis, M. avium, M. bovis,
Mycobacterium ulcerans, Mycobacterium sp KMS, Mycobacte-
rium sp. MCS, Mycobacterium vanbaalenii PYR-1 and B. sub-
tilis.

Abbreviations
M. tuberculosis — Mycobacterium tuberculosis

M. bovis — Mycobacterium bovis

M. avium para. — Mycobacterium avium subsp. paratuberculo-

. smegmatis — Mycobacterium smegmatis

. ulcerans — Mycobacterium ulcerans

. sp KMS — Mycobacterium sp. KMS

. sp. MCS - Mycobacterium sp. MCS

M. vanbaalenii PYR-1 — Mycobacterium vanbaalenii PYR-1.
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