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Haydon and Guest (Haydon, D. J, and Guest, J. R.
(1991) FEMS Microbiol. Lett. 63, 291-295) first described
the helix-turn-helix GntR family of bacterial regulators.
They presented them as transcription factors sharing a
similar N-terminal DNA-binding (p-b) domain, but they
observed near-maximal divergence in the C-terminal ef-
fector-binding and oligomerization (E-b/O) domain. To
elucidate this C-terminal heterogeneity, structural, phy-
logenetic, and functional analyses were performed on a
family that now comprises about 270 members. Our com-
parative study first focused on the C-terminal E-b/O do-
mains and next on DNA-binding domains and palin-
dromic operator sequences, has classified the GntR
members into four subfamilies that we called FadR,
HutC, MocR, and YtrA. Among these subfamilies a de-
gree of similarity of about 55% was observed throughout
the entire sequence. Structure/function associations
were highlighted although they were not absolutely
stringent. The consensus sequences deduced for the
DNA-binding domain were slightly different for each
subfamily, suggesting that fusion between the D-b and
E-b/O domains have occurred separately, with each sub-
family having its own D-b domain ancestor. Moreover,
the compilation of the known or predicted palindromic
cis-acting elements has highlighted different operator
sequences according to our subfamily subdivision. The
observed C-terminal E-b/O domain heterogeneity was
therefore reflected on the DNA-binding domain and on
the cis-acting elements, suggesting the existence of a
tight link between the three regions involved in the
regulating process.

Among transcription factors, several groups have been iden-
tified according to their conserved motifs and their modes of
DNA binding such as helix-turn-helix, zinc-fingers, leucine-
zipper, homeodomain, and 3-sheet DNA-binding proteins (2, 3).
The most studied and best characterized is the HTH® group (1,
4-8) in which the conserved DNA recognition motif consists of
an a-helix, a turn, and a second «-helix, often called the “rec-
ognition” helix as it is the part of the HTH motif that fits into
the DNA major groove. Generally, HTH proteins bind as
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dimers, 2-fold symmetric DNA sequences in which each mon-
omer recognizes a half-site. This group is now considered as a
reference for understanding the general rules that govern pro-
tein-DNA interactions (9, 10) and has also become a favorite
target for evolutionary studies (8, 11).

Among HTH transcriptional regulators, families have been
identified throughout sequence comparisons and phylogenetic,
structural, and functional analyses focused on DNA-binding
domains and almost exclusively on the HTH structure, which is
the only active motif that shows strong similarities among all
members of the group (1, 4, 68, 11). These comparative stud-
ies have led to the determination of a specific HTH consensus
pattern or signature for each family, providing the basis for a
simple method of classification and detection of new members
(12).

The lack of significant similarity among regions involved in
effector binding or oligomerization systematically excludes
these domains during families signature establishment, al-
though they have important roles in the regulating process. In
fact, it is often the oligomerization between regulatory subunits
and/or the conformational changes due to the binding or the
removal of the inducing/repressing molecule that allows correct
HTH motif disposition and the subsequent DNA binding ability
of the whole regulatory protein. The link between the two
regions is therefore more intimate than it first appears from a
unique amino acids comparison and may also be reflected in
the DNA operator sequences, the third structural element in-
volved in gene regulation.

To argue for the existence of a link between regions involved
in the regulating process, we analyzed the HTH GntR family of
bacterial regulators. As determined thus far, the family com-
prises about 270 members distributed among the most diverse
bacterial groups and regulating the most various biological
processes. This family was first described by Haydon and Guest
in 1991 (1) and was named after GntR, the repressor of the
gluconate operon in Bacillus subtilis (13, 14). Our interest in
the properties of these bacterial regulators arises from the
identification by our laboratory of the x[nR gene (15) in which
chromosomal disruption in Streptomyces lividans relieves var-
ious extracellular enzymatic systems from glucose repression.

The first purpose of this report is to present, 10 years after
the first comparative study, an update of the GntR family
description. Moreover, we decided to analyze the full-length
sequence of the proteins through amino acid comparisons, sec-
ondary structure predictions, phylogenetic tree construction,
and functional analysis in order to find hidden specific charac-
teristics among the regions that are generally not considered.
Analyses that extended to the regions outside of the DNA-
binding domain could lead to a more precise family signature
and should define the subfamilies.
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TABLE I
List of the HTH GntR-like regulators presented in our comparative study

Protein (Referencey  Function Organism (abbreviation) :i“f‘,:‘ Sr:::mll:;‘:'l fi:nli’l-y
AnsR (17) L-asparagine permease operon repressor Rhizobium etli (Ret) 239 QORFN7
AphS (18) Regulator of genes involved in phenol utilization  Comamonas testosteroni TA441 (Cte) 239 QORHWS
BphS (18} Repressor of genes involved in bipheny! degradation Alcaligenes eutrophus (Aeu) 243 QIEV74
DgoR Putative galactonate operon repressor Escherichia coli (Eco) 229 P31460
EmoR Unknown function EDTA-degrading hacteriun BNC| (Fdb) 207 QIF9TI
EsmR (20) Epidemic strain marker regulator Burkholderia cepacia (Bee) 277 P96570
ExuR (21} Hexuronate regulon repressor Escherichia coli 258 P42608
FadR (22-24) Fatty acid metabolism regulator Escherichia coli 238 P09371
GleC (25-27) Glycolate oxidation operon activator Escherichia coli 254 P52072
GleC Putative glycolate oxidation operon regulatoror Pseudomonas aeruginosa (Pae) 251 Q9HTK2
GntR (13,14) Gluconate operon repressor . Bacillus subtilis (Bsu) 243 P10585 M
L1dR (27,28) Putative L-lactate dehydrogenase operon repressor Escherichia coli 258 P33233 —O
Luxz (29) Lux operon enhancer Photobacterium leiognathi (Ple) 22t Q9ZAP4 [as
MatR (30) Activator for malonate metabolism Rhizobium leguminosarunt (Rle) 222 QP74 [
MdcY (31) Malonate decarboxylase operon repressor Acinetobacter calcoaceticus (Aca) 224 Q9F0Q8
NtaR (32) Putative nitrilotriacetate monooxygenase Chelatobacter heimzii (Che) 210 P54988
subunits regulator

PdhR (33) Pyruvate dehydrogenase complex repressor Escherichia coli 254 P06957
PipR (34) Cytochrome P450 regulator - Mycobacterinm smegmatis mc2155 (Mym) 245 QY9XDBI
SCF55.06 Unknown function Streptomyees coelicolor 253 QIRIQ8
SCeDn7.29 Unknown function Streptomyces coelicolor 231 QIRKW9
UxuR (35) Glucuronic acid (GlcUA) gene cluster regulator Bacillus stearothermophilus T-6 (Bst) 249 Q9ZFLY
VanR (36) Vanillate demethylase synthesis repressor Acinctobacter sp. ADP1 (4sp) 251 024839
WhiH (37) Sporulation transcription factor Streptomyces coelicolor (Sco) 295 050536
FarR (38,39) Fatty acyl responsive regulator Lscherichia coli 240 P13669
HutC (40 Histidine utilization repressor Pseudomonas putida (Pp) 248 P22773
KorA (41) pHI701 kil-kor repressor Streptomyces lividans (Sli) 241 P22405
KorSA (42} PSAM?2 kil-kor repressor Streptomyces ambofuciens (Sam) 259 Q07191
PhnF (43) Putative alkylphosphate uptake regulator Escherichia coli 241 P16684
PhnR Unknown function Safmonella typhimurium (Sty) 239 P96061 U
SCD39.28 Unknown function Streptomyces coelicolor 269 QOF2T4 =
SCE35.19 Unknown function Streptomyces coelicolor 251 QYX8E2 m
SC7E4.28 Unknown function Streptomyces coelicolor 254 QIK492
TraR (44) pJV1 TraA operon repressor Streptomyces phaeochromogenes (Sph) 245 Q54677
TreR (45} Trehalose operon repressor Bacitlus subtifis 238 P39796
X1nR (15) Regulator involved in catabolite repression Strepromyces lividany 252 QYACNS
Yvoa Unknown function Bacillus subtilis 243 034817
MocR (46) Probable rhizopine catabolism regulator Rhizobium meliloti (Rme) 493 P49309
PAXR (47} Pyridoxal phosphate synthesis regulator Streptomyces venezuelae (Sve) 532 QOFDB4
PtsJ (48) Putative phosphotransferase system regulator Salmonella typhimurium 430 P40193 m
YeoxD Putative surfactin operon regulator Bacillus subtilis 444 Q08792 [5)
YenF Unknown function Bacillus subtilis 4719 P94426 o
TdfD Unknown function Bacillus subtilis 482 P96681
YhdI Unknown function Bacillus subtilis 469 007578 2
YjiR Unknown function Escherichia coli 470 P39389
YrdX Unknown function Rhodobacter sphaeroides (Rsp) 456 Q01856
BHO651 Unknown function Bacillus halodurans (Bha) 123 Q9KF35
BH2647 Unknown function Bacillus halodurans 123 QIK9J9
SA1748 Unknown function Staphylococcus aureus subsp. aureus 126 Q995V4

N315 (Sau) <
SCF43A.13 Unknown function Streptomyces coelicolor 146 Q9XAA2 o
SCGD3.13 Unknown function Streptomyces coelicolor 15 QIXA65 ~
TAQ736 Unknown function Thermoplasma acidophilum (Tac) 103 Q9HK68 >“
TMO766 Unknown function Thermotoga maritima (Tma) 121 QIWZMS5
YhcF Unknown function Bacillus subtilis 121 P54590
YtrA (a9 Acetoine utilization gene cluster repressor Bacillus subtilis 130 034712
AraR (50) Transcriptional repressor of the arabinose operon  Bacillus subtilis 384 Po67I1 Lacl
FucR (51) Repressdr of L-fucose utilization gene cluster Bacteroides thetaiotaomicron (Bth) 331 QIRQ!4 ‘ -

EXPERIMENTAL PROCEDURES

Selection of GntR-like Members—Members of the GntR family were
identified from the SWISS-PROT/TrEMBL/GenBank™ sequence data
bases (last update, June 2001) by a keywords search on the ExPASy
molecular Biology server and NCBI server.? All sequences proposed by
the data bases as belonging to the GntR family were used as query
sequences for a BLAST search to verify their N-terminal DNA-binding
domain homology to other GntR-like regulators. Incorrectly GntR-like
classified proteins by sequence data bases, i.e. the Irr protein from
Bradyrhizobium japonicum (16), were rejected from our comparative
study. Fragment of sequences were rejected too. We finally collected
and analyzed about 270 members. For ease and usefulness of presen-
tation, the best studied regulators (13-15, 17-51), most representative

2 Found on the Web at www.expasy.ch and www.ncbi.nlm.nih.gov,
respectively.

members, or proteins yielding data of specific interest were selected for
publication. The 56 proteins discussed and presented in this paper are
listed in Table I.

Secondary Structure Predictions—To identify homologous C-termi-
nal sequences within the HTH GntR family, we started our comparative
study from the level of the secondary structures, in which conservation
is known to be less eroded during evolution. Secondary structure pre-
dictions result from the compilation of PSI-pred, Predict Protein, Sspro,
and Jpred automated prediction programs on the PredictProtein serv-
er.? To improve the validity of our consensus prediction approach, we
compared the theoretical model that we obtained for FadR (fatty acid-
responsive regulator in Escherichia coli) to its experimentally resolved
tertiary structure (52, 53). The method was revealed to have an accu-
racy of >90% for FadR with most of the inaccuracies occurring at the

3 Found on the Web at dodo.cpme.columbia.edu.
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Fic. 1. Unrooted tree of the proteins of the GntR family. The
abbreviations are as indicated in Table I. GntR-like regulators were
classified in four subfamilies according to the four clusters of branches
that emerged from the constructed tree and reflecting the observed
C-terminal structural topology.

boundaries of the secondary structure elements.

Multiple Alignments and Phylogenetic Tree Construction—Multiple
alignments were developed with the MULTIALIN (54) and CLUST-
ALW (55)* programs, included in the ExPASy multiple alignment tool,
followed by manual improvement by eye according to the predicted
secondary structures. The advantage of these alignments resides in the
integration of the structural reality of the proteins. Distances between
aligned proteins were computed with the PRODIST program using
maximum likelihood estimates on the Dayhoff PAM matrix (56). The
FITCH program estimated phylogenies from distances in the matrix
data using the Fitch-Margoliash algorithm (57), and phylogenetic trees
were drawn using the TREEVIEW program (58). PRODIST and FITCH
programs are included in the PHYLIP package developed by Felden-
stein (59).

RESULTS

As mentioned by Haydon and Guest (1), members of the
GntR family of bacterial regulators share similar N-terminal
DNA-binding domains, but high heterogeneity has been ob-
served among the various C-terminal effector-binding and oli-
gomerization domains. In order to elucidate the C-terminal
dissimilarity, the characterization of the N- and C-terminal
domains was done separately.

The C-terminal Effector-binding and/or Oligomerization Do-
main—The construction of a phylogenetic tree deduced from
the full-length multiple alignment of GntR-like members re-
vealed that the C-terminal heterogeneity was limited to four
E-b/O types. In fact, we can see in Fig. 1 four major and distinct
clusters of branches. By the same way, two-dimensional struc-
tural predictions revealed four major types of E-b/O structural
domain topologies (Fig. 2, a—d) with discrete variants in each
subfamily and very few proteins (7%) escaping from this sub-
division. The presence of four major types of C-terminal topol-
ogies suggests at least four different E-b/O domain donor-an-
cestors for the fusion to a common type of DNA-binding
domain. Once the fusion occurred between the two domains,
the high similarity level (55%) calculated suggests that pro-
teins within a subfamily arose by duplication events.

The first GntR subfamily, which we called FadR, is the most

4 Found on the Web at protein.toulouse.inra.fr/multialin and npsa-
pbil.ib.cp.fr, respectively.
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represented one as it regroups 40% of GntR-like regulators. In
this subfamily, the proteins consist of an all-helical C-terminal
domain (Fig. 2a) with seven or six a-helices for the FadR and
VanR subgroups, respectively. VanR-like regulators certainly
derive from FadR-like proteins, as they only diverge by the loss
of the first a-helix (a,). The average C-terminal length of the
FadR and VanR subgroups is, respectively, about 170 and 150
amino acids. The crystal structure of the C-terminal domain of
FadR (Protein Data Bank code 1EX2) has been determined (52,
53) and, according to our comparative study, its relative three-
dimensional data could be used as a scaffold to orient studies to
the entire subfamily. Most of the FadR-like proteins are in-
volved in the regulation of oxidized substrates related to amino
acids metabolism or at the crossroads of various metabolic
pathways such as aspartate (AnsR), pyruvate (PdhR), glycolate
(GlcC), galactonate (DgoR), lactate (LIdR), malonate (MatR), or
gluconate (GntR).

In the second proposed subfamily, the C-terminal domain
contains both a-helical and B-sheet structures arranged as
shown in Fig. 2b. The subfamily is named HutC and comprises
31% of GntR-like regulators among which the cluster of pro-
teins involved in conjugative plasmid transfer in various Strep-
tomyces species (i.e. KorSA, KorA, and TraR proteins). The
average length of the C-terminal domain is about 170 amino
acids and, so far, no three-dimensional structural data on it are
available. In this subfamily, the conservation of the structural
elements has been altered at several positions (see for instance,
Bs, a7, and B in Fig. 2b). The observed altered E-b/O topology
could be the result of structural accommodation in response to
the most diverse biological processes regulated by HutC-like
members.

In the third subfamily, called MocR, the E-b/O domain is
immediately distinguishable from others because of its excep-
tional average length of about 350 amino acids and its homol-
ogy to the class I of aminotransferase proteins (61) (see Fig. 2d).
These proteins catalyze the reversible transfer of an amino
group from the amino acid substrate to an acceptor a-keto acid.
They require pyridoxal 5'-phosphate (PLP) as a cofactor to
catalyze this reaction. Transamination reactions are of central
importance in amino acid metabolism and in links to carbohy-
drate and fat metabolism. This class of aminotransferases acts
as dimers in a head-to-tail configuration (62). Each subunit
binds one molecule of PLP through an aldimide linkage with
the e-amino group of the conserved lysine residue in the PLP
attachment site. The observed modular association to an ami-
notransferase-like C-terminal domain suggests that similar
dimerization should occur in MocR-like proteins and that PLP
is required as a cofactor for their regulating activity. The most
relevant evidence comes from PdxR in Streptomyces venezu-
elae, which is involved directly in the regulation of pyridoxal
phosphate synthesis (47).

The fourth subfamily possesses a reduced C-terminal domain
with only two a-helices (Fig. 2¢). The subfamily, that we called
YtrA, is the less represented with only 6% of GntR-like regu-
lators, most of these forming part of operons involved in ATP-
binding cassette (ABC) transport systems. As it emerges from
the alignment of YtrA-like proteins (Fig. 2¢), the weaker iden-
tity observed between members suggest that the C-terminal
domain has undergone some molecular recombinations or that
the origins of the E-b/O domain could be multiple. The average
length of the putative E-b/O domain is about 50 amino acids,
and according to Yoshida et al. (49), this length should be too
small to accommodate effector binding. Dimerization should
remain possible, as numerous GntR-like palindromic operator
sequences have been observed in the corresponding upstream
regions (see “Operator Site Analysis” below). The presence of
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(a) FadR sub-family
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(c) YtrA sub-family
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Fic. 2. Structure-based sequence alignment of the C-terminal domains of proteins of the GntR family. Abbreviations are as indicated
in Table I. Consensus sequences result from the multiple alignment of all GntR-like members and not only those listed in Table I. The high and
low consensus levels were fixed arbitrarily at 80 and 40% of identity and are represented, respectively, by capital and lowercase letters. The
similarity level was fixed at 80%. Symbols for conserved amino acid properties are as follows: !, conserved hydrophobic residues ILVAMFYW); @,

aromatic residues (FYW);

—, negatively charged residues (ED); +, positively charged residues (RKH); O, small residues (GSATPN). | and 0

indicate, in panel a, residues implicated in effector binding and dimerization of the FadR protein (52, 53). Also in panel a, the underlined residue
indicates mutations that affect gluconate binding ability in GntR (60). In panel d, the underlined residue in the consensus corresponds to the lysine
that established the covalent link with pyridoxal phosphate in aminotransferases. Spaces in consensus sequences denote insertions within the

alignment.

many positively or negatively charged as well as hydrophobic
and aromatic residues at the end of the domain suggests that
dimer formation should occur through classical salt bridges
and side-chain-side-chain hydrophobic interactions.

The DNA-binding Domain—As shown in Fig. 3, structural
predictions revealed that the DNA-binding (D-b) domain topol-
ogy of the whole GntR family is rather well conserved and all of
the secondary structure elements are in similar relative posi-
tions. It consists of three a-helices and two (sometimes three)
B-sheets disposed as follow: ajas,a38:85. According to FadR

structural data, we can consider that the N-terminal DNA-
binding domain of all GntR-like members contains a small
B-sheet core and three a-helices, the HTH motif being formed
by helices a, and «a5.

The average amino acids identity obtained for the DNA-
binding domain of the entire GntR-family is about 25%. The
level obtained is relatively low compared, for instance, with the
Lacl/GalR HTH family (45%). Thus, evidences of a common
DNA-binding domain ancestor for the whole GntR family are
highlighted by the conserved structural topology rather than
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(d) MocR sub-family
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F1G. 2—continued

by amino acids conservation. When subfamilies are analyzed
separately, the levels of identity and similarity rise to 40 and
60%, respectively. Therefore, the C-terminal structural subdi-
vision is reflected on the DNA-binding domain and on the HTH
motif itself. In fact, significantly different HTH consensus se-
quences have been obtained for each subfamily (Fig. 3) except
between MocR and YtrA, where the differences are very weak.
The fusion between the D-b domain and the E-b/O domain
should have occurred separately for the FadR, HutC, and
MocR/YtrA subfamilies, and none of the four subfamilies has
emerged from one of the three others by internal molecular
rearrangements. The high level of similarity observed between
the D-b domains of the MocR and YtrA subfamilies also ap-
pears in the phylogenetic tree obtained from full-length multi-
ple alignment (Fig. 1). In fact, the two clusters arise from a

common branch, highlighting a conserved amino acids compo-
sition in their N-terminal region. One of these two subfamilies
could have emerged from the other through C-terminal domain
replacement.

Only a few “anomalies” have been found in the two-dimen-
sional N-terminal structural consensus (a;aya38185). The most
frequent anomalies were the lack of the first a-helix (a;) (NtaR
from Chelatobacter heintzii and EmoR from the EDTA-degrad-
ing bacterium, BNC1) or the presence of an additional helix
upstream of «; (i.e. WhiH from Streptomyces aureofaciens or
PdxR from S. venezuelae). We have also noticed that among
YtrA regulators, a third, additional B-sheet is frequently pre-
dicted before «;.

Operator Sites Analysis—Although there is no precise “rec-
ognition code” involving a one-to-one correspondence between
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FiG. 3. Structure-based sequence alignment of the N-terminal DNA-binding domain of proteins of the GntR family. Abbreviations
are as indicated in Table I. Consensus sequences result from the multiple alignment of all GntR-like members and not only those listed in Table
I. The high and low consensus levels were fixed arbitrarily at 80 and 40% of identity and are represented, respectively, by capital and lowercase
letters. The similarity level was fixed at 80%. Symbols for conserved amino acid properties are as follows: !, conserved hydrophobic residues

(ILVAMFYW); @, aromatic residues (FYW);

—, negatively charged residues (ED); +, positively charged residues (RKH); O, small residues

(GSATPN). | and 6 indicate, in FadR, residues implicated in DNA binding and dimerization (52, 53). The mutation of the underlined residues
affects the DNA binding ability of AphS (17), FadR (63), and GntR (64). Spaces in the consensus sequences denote insertions within the alignment.

amino acid side chains and the base pairs in the DNA (9), it is
logical to suppose that highly conserved DNA-binding motifs
may bind similar operator sequences. The known or putative
inverted repeat operator sites recognized by some GntR-like
proteins are compiled in Table II according to our previous
C-terminal classification. Looking at the entire family, we ob-
served that almost all bound sites are organized around a
constant palindromic 5'-(N),GT(N),AC(N),-3" sequence. The
most important divergence among the various operator sites
resides in the number (y) and the nature (V) of the nucleotides
that surround the above consensus sequence. Therefore, as
observed by Weickert and Adhya (6) for the Lacl/GalR family,
the center of the palindrome seems to be highly conserved,
whereas the peripheral regions diverge. The similar structural
environment that resides at the center of the operator is gen-
erally considered the molecule-attracting region for these reg-
ulators, whereas the peripheral zones perform the operator
discrimination role.

The other relevant divergence between operators resides
between the 5'-GT and 3'-AC conserved base pairs. In fact,
although there are almost exclusively A and T residues, their
number (x) and disposition seems to differ from a subfamily to
another. In the FadR and HutC subfamilies we deduced as the
consensus 5'-t.GTa.tAC.a-3" and 5'-GT.ta.AC-3’, respectively.
Moreover, the distance between the half-sites is known to be of
maximal importance for a correct operator site presentation on
the DNA surface according to the flexibility of the linker be-
tween the DNA-binding and the E-b/O domains (72-75). This
distance varies weakly among the FadR and HutC subfamilies,
although it fluctuates widely among the YtrA-like regulators.
In this last subfamily, the conserved 5'-GT and 3'-AC residues
are found sometimes far from the center of the palindrome.
This larger variation among YtrA operators could be attributed
to the low complexity of their C-terminal domains, which,
added to weaker amino acid conservation, results in a mode of
dimer formation specific for each member of the subfamily.
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TaBLE II
Comparison of known and predicted palindromic operator sites of GntR-like bacterial
For function, bacterial strain, and accession numbers related to the protein abbreviations, see Table I. P 224 <Pytative, known, and consensus
sequences, respectively. 'GlcC from Pseudomonas aeruginosa; Half-site of a directed repeat. Mismatched bases are not highlighted and are shown
in lowercase letters. TreR,; means operator number one of the TreR protein.

f:sl:1t:l-y Regulator Known or putative operator site sequence Reference
AnsR (17"
DgoR this work"”
ExuR (65)%:¢
FadR (23)%
GleC! this work? ¢
GntR (n*
LIdR (66)"
% LuxZ this work"”
< MatR (30)%

F~ | Mdey (67"
NtaR this work"
PdhR (67T
SCF55.6 this work"
SC6D7.29 this work"
UxuR (35"

C
FarR? (39)*
HutC (68)
KorSA (69)%*
PhnR this work"
Q TreR o, 70.71)%
= TreR o,

B SCD39.28 this work”
SCE39.19 this work"”
SC7E4.28 this work"
SC4G1.22 this work"
Consensus |  .....G@jy. WA LAC..... -
BHO0651 this work"
SA1748 this work"
SCF43A.13 this work™

ﬁ SCGD3.13 this work"

= TAO736 this work"

>-‘ TMO0766 this work”
YtrA (49)*
Consensus @k Be. ..

So far, no cis-acting elements have been determined experi-
mentally for the actual studied regulators of the MocR subfam-
ily (PtsdJ, PdxR, and MocR), preventing us from determining
homologous putative sequences in their promoter regions. This
subfamily presents another problem; most of these proteins are
of unknown function, and therefore most of the regions up-
stream of the regulated genes are not available. A comparative
study of the upstream regions of MocR-like genes did not re-
vealed any palindromic sequence common to the whole subfam-
ily, and very few MocR-like proteins presented weakly similar
putative GntR-like operator. These results suggest either that
there is another type of cis-acting element specific to the MocR-
like regulators or that autoregulation is not widespread among
them. To have an idea of the topology of cis-acting elements
typical of the MocR subfamily, interesting data should come
from crystallographic studies of the class I aminotransferases.
In fact, as highlighted for the tyrosine aminotransferase (TyrB;
Swiss-Prot accession no. P04693, Protein Data Bank code
3TAT) from E. coli (61), these proteins present a head-to-tail
type of dimerization. As shown in Fig. 4, the head-to-tail con-
figuration is not adapted to inverted repeats but is more ap-
propriate to binding directed repeats that are sufficiently
spaced to form DNA looping. Therefore, the lack of typical

GntR-like operator sequences in the promoter regions of MocR-
like regulators could be attributed to how these proteins should
form dimers.

The deduced consensus operator sequences presented in Ta-
ble II can be used as rapid operator site predicting tools. We
tried to detect some of these on Streptomyces coelicolor genome
to highlight genes in which expression could be regulated by a
member of the HTH GntR-family. We chose the S. coelicolor
genome for our investigation because of the exceptional large
quantity of GntR-like members sequenced in this strain. A
rapid and non-exhaustive search using the DNA motif pro-
gram® revealed about 20 promoter regions that possess a
putative GntR-like palindromic sequence. According to the
observed reflected C-terminal heterogeneity on operator se-
quences, the number of putative candidates in binding a
specific GntR-like operator site is now reduced, as an inves-
tigation of the members of a subfamily would be preferred.

However, we must also mention that few GntR-like regula-
tors recognize operator sites that do not fit into the consensus
sequences presented in Table II. It is the case for TraR (44, 76),

5 Found on the Web at sanger.ac.uk/Projects/Scoelicolor/.
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FadR - HutC - YtrA

—

DIRECTED REPEAT

_...—>‘_.

INVERTED REPEAT

Fic. 4. Hypothetical modes of dimerization for the FadR,
HutC, YtrA, and MocR subfamilies. Head-to-tail and anti-parallel
dimer configurations are predicted, respectively, for the MocR subfam-
ily and the FadR, HutC, and YtrA subfamilies. Directed repeat operator
sequences at wide intervals are more appropriate for a head-to-tail
configuration.

AphS and BphS (18, 19), and FucR (51), which bind boxes with
no clearly defined symmetrical properties. Thus, although the
consensus sequences presented in Table IT should be regarded
as interesting tools, for instance, in making sequencing projects
maximally useful, they certainly should not be considered as
unerring references, and some GntR regulators should not fit
with the general properties highlighted in this study.

DISCUSSION

The structural, phylogenetic, and functional analysis of
about 270 members of the bacterial HTH GntR-family led us to
limit the C-terminal E-b/O domain heterogeneity to four major
subfamilies that we called FadR, HutC, MocR, and YtrA. The
presence of a few proteins escaping from this subdivision sug-
gests that other subfamilies may be identified soon. Among
members presenting a C-terminal domain that diverges from
the four subfamilies defined above, the most interesting case
comes from AraR in B. subtilis. The protein presents a GntR-
like DNA-binding domain and a C-terminal domain that is
GntR-like and a C-terminal domain typical of the HTH Lacl/
GalR family. AraR is a hybrid protein that is able to bind
operator sites (AaACTTGT/A/T/ACAAGTAT) (50) that presents
the typical GntR signature, and its C-terminal domain binds to
a carbohydrate effector molecule (L-arabinose) as do most of the
members of the Lacl/GalR family. Recently, some proteins pre-
senting this mosaic modular association have been sequenced
(i.e. RliB from Lactococcus lactis, ssp. lactis, Swiss-Prot acces-
sion no. Q9CFH6; SPY1602 from Streptococcus pyogenes,
Swiss-Prot accession no. Q99YP7; CAC1340 from Clostridium
acetobutylicum, Swiss-Prot accession no. Q97JE6), confirming
in a short time the emergence of new subfamilies.

The fact that C-terminal E-b/O heterogeneity seems to be
reflected in the DNA-binding domain and in operator se-
quences suggests the existence of a tight link between the three
regions involved in the regulatory process. This is not really
surprising as in vivo, in the evolutionary process, once a gene
and its upstream region present a successful functional combi-
nation between the three regions involved in gene regulation, it
seems legitimate that descendants emerging through gene du-
plication would present a relative conservation throughout the
duplicated sequence. Conservation between the three regions
could also be explained from a structural and functional point
of view. Dimerization certainly imposes steric constraints on
the D-b domain, reducing its mobility with respect to the rest of
the protein. According to the studies realized on AraC (72, 74,
75) (XylS/AraC HTH family) and LexA (73), both from E. coli,
such a restricted mobility is thought to be due to interactions
between the D-b and E-b/O domains and/or to interactions of
part of the linker region with one of the two structural do-

C-terminal Heterogeneity of the HTH GntR Family

mains. These interactions might explain why a regulatory pro-
tein is limited, for instance, in its ability to accommodate a
wide variation in distances between half-sites of palindromic
operator sequences or to form DNA looping when cis-acting
elements are separated by a nonintegral number of helix turn.
Works on LexA show that the DNA binding ability of a specific
domain can be enhanced or diminished by fusing the D-b do-
main with some alternative dimerization domains (73). These
results obtained in vitro could explain why in vivo, among a
family that presents a conserved DNA-binding domain, we
observed different operator consensus sequences according to
the E-b/O heterogeneity.

Finally, we have also delimited how far the information rela-
tive to a unique protein can constitute the theoretical and exper-
imental framework of the other members of the family. According
to our comparative study, the structural data relative to the
FadR protein (52, 53) should be regarded as a reference for the
whole GntR-family concerning the DNA-binding domain but
must be limited to the FadR subfamily concerning the E-b/O
domain. Moreover, because of the daily increasing amount of
genome sequences listed, it seems essential to update and extend
the early comparative studies realized on other families to make
sequencing projects maximally useful.
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