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LeuO is a LysR-type transcriptional regulator (LTTR) that has been described to be a global regulator in Escherichia coli and Sal-
monella enterica, since it positively and negatively regulates the expression of genes involved in multiple biological processes.
LeuO is comprised of an N-terminal DNA-binding domain (DBD) with a winged helix-turn-helix (wHTH) motif and of a long
linker helix (LH) involved in dimerization that connects the DBD with the C-terminal effector-binding domain (EBD) or regula-
tory domain (RD; which comprises subdomains RD-I and RD-II). Here we show that the oligomeric structure of LeuO is a te-
tramer that binds with high affinity to DNA. A collection of single amino acid substitutions in the LeuO DBD indicated that this
region is involved in oligomerization, in positive and negative regulation, as well as in DNA binding. Mutants with point muta-
tions in the central and C-terminal regions of RD-I were affected in transcriptional activation. Deletion of the RD-II and RD-I
C-terminal subdomains affected not only oligomerization but also DNA interaction, showing that they are involved in positive
and negative regulation. Together, these data demonstrate that not only the C terminus but also the DBD of LeuO is involved in
oligomer formation; therefore, each LeuO domain appears to act synergistically to maintain its regulatory functions in Salmo-
nella enterica serovar Typhi.

The leuO gene is located between the leuOABCD and ilvIH
operons (1), and its product is involved in the regulation of

leuOABCD by a complex cis-acting promoter relay mechanism
(2–4). The LeuO regulator belongs to the LysR-type transcrip-
tional regulators (LTTRs) (5) and represses the expression of DsrA
RNA and cadAB (6, 7); it is also involved in the activation of bgl
and of the yjjQ-bglJ operons in Escherichia coli (8–10) and rovA in
Yersinia (11). In Salmonella enterica serovar Typhi, LeuO activates
the expression of ompS1 and ompS2 (12, 13). Additionally, LeuO
was reported to be a global regulator in S. Typhi, since it positively
regulates the expression of assT and STY3070 (casC) and down-
regulates ompX, tpx, and STY1978 (14–16). LeuO is involved in
the virulence of S. Typhimurium both in a mouse model and in
Caenorhabditis elegans, and its role in Vibrio cholerae biofilm for-
mation has been reported (17–19).

The role of LeuO as an antagonist of the histone-like nucleoid
structuring protein that can act as a transcription silencer (the
H-NS protein) has been described in detail for ompS1, where it
binds to two sites contained in the F�1 fragment described below,
and for the CRISPR-Cas system (13–15, 20). It has also been re-
ported to be a global H-NS protein antagonist in E. coli, S. Typhi-
murium, and S. Typhi (21, 22). To date, this role as an antagonist
of the H-NS protein has not been reported for other LTTRs. In-
terestingly, LeuO is quiescent in a wild-type (wt) genomic back-
ground, due to the negative regulatory effect of the H-NS nucle-
oid-associated protein and transcriptional silencer, but its
expression can be detected in stationary phase and when the levels
of phosphate and amino acids are restricted (7, 23–25). More re-
cently, it was shown that leuO expression in E. coli can be activated
by the RcsB and BglJ regulators (26).

The LTTRs share features, such as their sequence length (300 to
350 residues) and the high sequence identity of the first 60 residues
of the N terminus. These 60 residues are comprised of the DNA-
binding domain (DBD) with a winged helix-turn-helix (wHTH)

motif and of a long linker helix (LH) that connects the DBD with
the C-terminal effector-binding domain (EBD) or regulatory do-
main (RD). According to the standard nomenclature for the
LTTR structure (27–30), RD comprises subdomain RD-I, which is
located in the central part of the protein and at the C terminus, and
subdomain RD-II, which separates the two parts of RD-I in the
central part of the protein and at the C terminus.

The active form of most characterized LTTRs (NahR, CysB,
OxyR, CbnR, DntR, ArgP, TsaR, and AphB) is a tetramer (28,
30–35). Nevertheless, there are some LTTRs, such as MetR, CatR,
IlvY, NodD3, Nac, and IciA, that form dimers in solution, and this
seems to be their active form (36–41). In addition, CrgA forms
octamers, and hexamer formation was reported for HsdR (29, 42).
Several studies suggest that the C-terminal domain of LTTRs is
involved in multimerization, since repression and DNA binding
are affected in NahR, CysB, or OxyR with deletions in the C ter-
minus. These effects are thought to be due to defective oligomer-
ization. Moreover, mutants with single point mutations in the C
termini of OxyR and CysB were dimeric, indicating that this re-
gion is involved in tetramer formation. Interestingly, as dimers
these mutants retained the capacity to repress and bind DNA (9,
31, 43–45). In contrast, mutants with deletions in the C-terminal
regions of MetR and Nac were not affected in transcriptional
regulation and in solution formed dimers that interacted with
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DNA. These truncated proteins formed dimers, perhaps be-
cause they contain an intact LH that is involved in dimerization
(28, 30, 36, 40).

In this work, the tetrameric form of the global regulatory pro-
tein LeuO is reported. By site-directed and deletion mutagenesis,
protein-DNA interaction, transcriptional regulation activity, and
oligomerization studies, we observed that each LeuO domain is
important to maintenance of its properties.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plas-
mids used in this study are listed in Table S1 in the supplemental material.
S. Typhi IMSS-1 was grown in MA medium (7 g nutrient broth, 1 g yeast
extract, 2 g glycerol, 3.75 g K2HPO4, 1.3 g KH2PO4 per liter). The E. coli
strains were grown in LB medium (10 g tryptone, 5 g yeast extract, 10 g
NaCl per liter). When necessary, the following antibiotics were added to
the medium: ampicillin (300 �g/ml), kanamycin (30 �g/ml), tetracycline
(10 �g/ml), and chloramphenicol (30 �g/ml). The E. coli strains and S.
Typhi were grown aerobically at 37°C.

DNA manipulation and plasmid construction. The oligonucleotides
used in this study are listed in Table S2 in the supplemental material and
were provided by the Oligonucleotide Synthesis Unit of the Institute of
Biotechnology, Universidad Nacional Autónoma de México (UNAM).
Plasmid isolation, restriction enzyme digestions, ligase reactions, trans-
formations, and 5= end labeling of PCR fragments were performed using
standard procedures. PCRs were performed with Taq DNA polymerase
(Invitrogen), and restriction and DNA-modifying enzymes were obtained
from Roche, Fermentas, or New England BioLabs and used according to
the manufacturers’ instructions. The construction of deletions was car-
ried out with oligonucleotides to attach NcoI and BamHI sites in frame to
amplify the appropriate fragments out of full-length leuO using the
pFMTrcleuO-50 plasmid as the template, and the digested fragments were
cloned into the pFMTrc12 vector (see Table S1 in the supplemental ma-
terial). The PCRs used for site-directed mutagenesis of leuO to introduce
alanine substitutions at residues L27, L46, S54, L60, T79, P139, S310,
V311, C312, K313, and R314 were carried out with the appropriate
pairs of primers (see Table S2 in the supplemental material) and the com-
mon upper primer 99ACG5= and lower primer 99CGA3= using the
pFMTrcleuO-50 plasmid as the template; the PCR products were digested
with NcoI and BamHI and ligated into pFMTrc12. The plasmids used in
the LexA-based two-hybrid system were constructed by PCR using the
leuO wild type as the template. Deletions and point mutations in the
coding sequence were obtained with the LeuO-FBgl and LeuO-RKpn
primers. The fragments were cleaved with BglII-KpnI and cloned into
plasmid pSR658-A (see Table S1 in the supplemental material). Plasmids
pFMTrcleuO-50, pLeuO-5C, pLeuO-30C, pLeuOS54A, pLeuOT79A, and
pLeuOP139A were cleaved with NcoI and HindIII, and fragments were
cloned into plasmid pMPM-T6�; all fragments had a C-terminal 6�His
tag (see Table S1 in the supplemental material). The plasmids derived
from pFMTrcleuO-50, pSR658-A, and pMPM-T6� were completely se-
quenced to verify the presence of the inserts.

Purification of LeuO wt and mutant proteins. For in vitro assays, the
S. Typhi LeuO wt and different mutant proteins were overexpressed from
plasmids derived from pMPM-T6� in E. coli BL21(DE3) (see Table S1 in
the supplemental material). The LeuO wt used for size exclusion chroma-
tography was purified from a liter of LB medium and grown to mid-
logarithmic phase, and 0.1% L-(�)-arabinose (Sigma-Aldrich) was added
to activate expression. The culture was then incubated at 200 rpm at 37°C
for 4 h. To purify the LeuO1-309, LeuO1-284, S54A, and P139A mutants,
as well as the LeuO wt, the following conditions were used: cultures were
grown in 200 ml of LB medium for 2 h at 37°C, and then 0.1% L-(�)-
arabinose was added; the cultures were incubated at 200 rpm at 16°C for
20 h, and cells were pelleted by centrifugation. LeuO-6�His and the mu-
tant His-tagged proteins were purified under native (nondenaturing)
conditions, and the pellet was resuspended in purification buffer (50 mM

NaH2PO4, 500 mM NaCl, 20 mM imidazole, 1 mg/ml lysozyme, 0.1%
Triton X-100) and disrupted by sonication. The supernatant was sub-
jected to chromatography on nickel-agarose (Ni-nitrilotriacetic acid
[NTA]; Qiagen) according to the manufacturer’s instructions. The col-
umn was washed with 10 volumes of resuspension buffer with 20 mM
imidazole and then with a linear gradient of 20 to 300 mM imidazole.
Fractions containing purified LeuO-6�His were selected for SDS-PAGE,
loaded into a Slyder-A-Lyzer 10K cassette (Pierce), dialyzed at 4°C against
storage buffer (50 mM NaH2PO4, 500 mM NaCl, 0.1% Tween, 5 mM
�-mercaptoethanol, 20% glycerol, pH 7.4), and stored at �20°C. The
LeuO-6�His wt was purified under denaturing conditions as previously
described (13), with some modifications. Briefly, the cells were suspended
in lysis buffer (8 M urea, 100 mM NaH2PO4, 10 mM Tris-HCl [pH 8.0])
and disrupted by sonication; the supernatant was subjected to chroma-
tography on nickel-agarose (Ni-NTA; Qiagen); and fractions containing
purified LeuO-6�His were selected for SDS-PAGE, loaded onto the poly-
acrylamide gel, gradually dialyzed at 4°C against decreasing concentra-
tions of urea (4, 1, and 0.2 M), and finally, dialyzed against storage buffer,
as described above.

Size exclusion chromatography. Size exclusion chromatography was
performed on an Akta system using a Sephacryl S-200 HR column (Am-
ersham Biosciences). The column (volume, 320 ml) was loaded with 2 mg
of LeuO wt protein contained in 3 ml of equilibration buffer. The column
had previously been washed and equilibrated with 2 column volumes of
50 mM NaH2PO4, 500 mM NaCl, pH 7.4, and protein was eluted at a flow
rate of 1.2 ml/min. Elution was monitored at 280 nm. The column was
calibrated using blue dextran (�2,000 kDa) to determine the void volume
(Vo), as well as the following molecular mass standards (Sigma): cyto-
chrome c (12.4 kDa), carbonic anhydrase (29 kDa), albumin (66 kDa),
alcohol dehydrogenase (150 kDa), and �-amylase 145 (200 kDa). A cali-
bration curve was obtained by plotting the logarithms of the molecular
masses of the standards versus their respective Ve/Vo values, where Ve

corresponds to the elution volume of each standard. A linear regression
with the values was performed to obtain the equation y � 6,922.1e�3.0248x,
which was used to calculate the relative molecular mass of LeuO, which
was equal to 6,922.1e(�3.0248 � VeLeuO), by overlapping onto the standard
curve. The LeuO wt purified under native conditions was loaded onto the
column in two independent experiments, and its Ve was monitored. Only
one major peak was observed.

�-Galactosidase assay. The E. coli SU101 strain harboring pSR658-A
and LeuO derivative plasmids was grown overnight in LB medium with
tetracycline at 37°C under aerobic conditions. It was then subcultured in
LB medium with tetracycline (10 �g/ml), kanamycin (30 �g/ml), and
IPTG (isopropyl-�-D-thiogalactopyranoside; 1.0 mM). Cells were col-
lected at an A600 of 1.0, and the pellets were stored for �-galactosidase and
Western blot assays. The �-galactosidase and microplate protein concen-
trations were determined as previously described (46).

CAT assays. S. Typhi strain IMSS-1 harboring plasmid pKK232-9
(ompS1) or pKK232-9 (tpx), together with either plasmid pFMTrcleuO-
50, vector pFMTrc12, or derivative plasmids (see Table S1 in the supple-
mental material), was grown overnight in LB medium at 37°C under
aerobic conditions with ampicillin (300 �g/ml) and kanamycin (30 �g/
ml) and on the next day was subcultured in MA medium (100 ml) sup-
plemented with ampicillin and kanamycin. IPTG was added to a final
concentration of 100 �M at 37°C under aerobic conditions, and bacteria
were collected at early log phase (A600 � 1.0) for determination of chlor-
amphenicol acetyltransferase (CAT) activity and Western blotting. CAT
activity and protein concentrations were determined as previously de-
scribed (14, 47).

Western blotting and PAGE. For Western blot assays, samples were
subjected to SDS-PAGE (15% polyacrylamide) and transferred to 0.45-
�m-pore-size polyvinylidene difluoride membranes (Immobilon; Milli-
pore) in a semidry electrophoresis unit (Bio-Rad). Membranes were
blocked with 5% nonfat milk and incubated with anti-LexA antibody
(Abcam), anti-LeuO polyclonal antibodies, and an anti-6�His (Roche)
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or anti-DnaK (MBL International Corp.) monoclonal antibody. They
were then washed with 1� phosphate-buffered saline, 0.05% Tween 20.
Immunodetection was performed with a 1:10,000 dilution of horseradish
peroxidase-conjugated antirabbit or antimouse antibody (Pierce) for
polyclonal or monoclonal antibodies, respectively, and a Western Light-
ning Plus-ECL chemiluminescence reagent kit was used according to the
instructions of the manufacturer (PerkinElmer) in order to visualize the
bands.

Protein electrophoresis was performed under native conditions in a
10% nondenaturing polyacrylamide gel with Tris-HCl, pH 8.8, but with-
out SDS and with a Tris-glycine, pH 8.3, running buffer. LeuO-6�His
(1.5 �g per lane) was loaded, and after the separation, the proteins were
visualized following the first step of the enhanced-background (two-
stage) rapid silver-staining protocol (48).

EMSAs. The DNA fragment from positions �310 to �1 of the regu-
latory region of the ompS1 gene (referred to here as the DNA F�1 frag-
ment) and the ler structural fragment used as a negative control were
generated by PCR with primers 310b-1 and 310-(�1) and primers ler-
Kpn and ler-15F, respectively, using plasmids pRO310 and pler-T3 as the
templates, respectively (see Tables S1 and S2 in the supplemental mate-
rial). The conditions used for the binding reactions and electrophoretic
mobility shift assays (EMSAs) were those described previously, and 100 ng
of each fragment was used (13). The F�1 fragment was 5= end labeled with
[	-32P]dATP at 3,000 Ci mmol�1 (Amersham Corporation) using poly-
nucleotide kinase (Invitrogen) and purified using a gel extraction kit (Qia-
gen). Mixtures for EMSA (20 �l) containing 15,000 cpm (see Fig. 2) and
20,000 cpm (see Fig. 5) of the end-labeled F�1 DNA fragment, poly(dI-
dC) as a nonspecific competitor, and different concentrations of purified
LeuO wt and S54A and P139A mutants were incubated for 20 min at 4°C
and then subjected to electrophoresis on 6% polyacrylamide nondenatur-
ing gels in 1� Tris borate-EDTA buffer (pH 8.0) for 3 h at 100 V. The
dried gels were subjected to autoradiography to visualize the radiolabeled
bands.

LexA-based genetic system. The LexA-based genetic system used to
analyze the LeuO wt and the dimerization of the different mutants has
been described previously (49, 50). The coding sequences were obtained
by PCR with primers LeuO-FBgl and LeuO-RKpn (see Table S2 in the
supplemental material) with leuO wt and mutant templates. The resulting
fragments were cloned in frame as a BglII-KpnI fragment into the se-
quence encoding the LexA DNA-binding domain (LexADBD) in
pSR658-A, generating plasmids coding for chimeric proteins constituted
by LexADBD fused to either the LeuO wt or mutant derivatives (see Table
S1 in the supplemental material). The resulting plasmids were verified by
DNA sequencing and introduced into E. coli SU101, which contains a
chromosomal sulA::lacZ fusion, to monitor the ability of the hybrid pro-
teins to form functional LexADBD dimers, which in turn repress the ex-
pression of the sulA::lacZ fusion. The E. coli SU101 strain harboring
pSR658-A or LexADBD-LeuO derivative plasmids was grown overnight in
LB medium with tetracycline at 37°C under aerobic conditions. It was
then subcultured in LB medium with tetracycline (10 �g/ml), kanamycin
(30 �g/ml), and IPTG (1 mM) to induce expression of LexADBD-LeuO
hybrid proteins. Cells were collected when the optical density at 600 nm
(OD600) was 1.0, and the pellets were stored for �-galactosidase and West-
ern blot assays.

RESULTS
S. Typhi LeuO forms tetramers that bind DNA with high affin-
ity. To determine the oligomeric state of LeuO from Salmonella
enterica serovar Typhi IMSS-1 (see Table S1 in the supplemental
material), the leuO gene was cloned in pMPM-T6�, and LeuO was
overexpressed and purified under native (nondenaturing) conditions
(NCs), resulting in LeuO-6�His-NC. LeuO-6�His-NC was sub-
jected to size exclusion chromatography, and a single peak giving
an average relative mass of 140.75 kDa was detected. This was
calculated using a previously calibrated column with molecular

mass standards (Fig. 1A). This indicates that LeuO-6�His-NC is
composed of four identical subunits (Fig. 1B) and that LeuO
forms a tetramer in solution. Additionally, LeuO-6�His-NC
showed only one intense band when analyzed in a native poly-
acrylamide gel, and that band corresponded to a tetramer (Fig.
2A). Western blot analysis of purified LeuO-6�His-NC with anti-
His antibody revealed a single monomeric band of 35.7 kDa
(Fig. 2B).

To analyze the ability of tetrameric LeuO-6�His-NC to bind
DNA, a 350-bp DNA fragment (F�1) from the ompS1 promoter
region containing two LeuO binding sites (13) was used in an
EMSA (Fig. 2C). The results depicted in Fig. 2D show that LeuO-
6�His-NC binds at low concentrations, starting at 50 nM.

Previously, LeuO purified under denaturing conditions
(LeuO-6�His-DC) did bind DNA, albeit at higher concentrations
(13). The analysis of LeuO-6�His-DC in a native polyacrylamide
gel showed other bands that migrated faster than the tetramer.
The tetramer comigrated with the octameric form of the Ler reg-
ulator (a 16-kDa monomer), and the monomer comigrated with
the Ler dimer (data not shown). The nature of the bands observed
between the tetramer and the monomer is unknown and will be
the subject of further studies regarding the structure of LeuO (Fig.
2A). LeuO-6�His-DC was purified to homogeneity according to
the findings obtained with Coomassie blue-stained gels (not
shown) and analysis by Western blotting (Fig. 2B). When analyzed
for DNA binding, it required nearly 10-fold higher concentrations

FIG 1 Size exclusion chromatography analysis of LeuO wt. The LeuO wt was
purified under native conditions (2 mg/3 ml) and was loaded onto a Sephacryl
S-200 column. (A) Calibration curve obtained by plotting the logarithms of
the known molecular mass standards versus their respective Ve/Vo values. Blue
dextran was used to determine the void volume (Vo) of the column (90 ml).
The following protein standards are presented in the standard curve (gray
diamonds) (their molecular masses, elution volumes [Ves], and Ve/Vo values
are given in parentheses): �-amylase (200 kDa, 108 ml, 1.2), alcohol dehydro-
genase (150 kDa, 117 ml, 1.3), albumin (66 kDa, 129 ml, 1.43), carbonic an-
hydrase (29 kDa, 167 ml, 1.86), and cytochrome c (12.4 kDa, 187 ml, 2.08). (B)
LeuO Ve and Ve/Vo values obtained from two independent experiments and
the average LeuO Ve and Ve/Vo values; the Ve value was incorporated into the
standard curve (open circle in panel A). The relative molecular mass (RMM) of
the LeuO wt was calculated using the equation described in Materials and
Methods, and the oligomer size of LeuO was calculated as the relative molec-
ular mass/35.7 kDa, where the latter value is the molecular mass of the LeuO
monomer.
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than LeuO-6�His-NC to interact with DNA (Fig. 2E). These re-
sults suggest that the tetrameric LeuO in the LeuO-6�His-NC
samples binds to DNA with a higher affinity than the other LeuO
forms found in LeuO-6�His-DC. In any event, care must be
taken to purify LeuO under the appropriate native conditions in
order to obtain the best activity.

Residues in LeuO DBD and LH are involved in oligomeriza-
tion, while an RD-I central subdomain mutant has no effect on
oligomer formation. The DBD is the most conserved region be-
tween LTTRs, and mutations in this domain affect DNA binding,
activation, and repression. Furthermore, mutations in the DBDs
of CysB, OxyR, and GcvA were not transdominant, and it has been
suggested that they are affected in oligomer formation (43–45).
The LH that is also conserved among LTTRs has a role in dimer
formation, and the less conserved RD-I domain is involved in
binding and a coinducer response (27–30).

The crystal structure of the characterized LTTRs has shown a
similar fold for each subunit (monomer), and in several instances
a stable active homotetramer formed as a dimer of dimers has
been proposed to be necessary for the biological function of
LTTRs (28–35, 51, 52). On the basis these findings, it seems that
dimer formation is a process needed to obtain an active LeuO
tetrameric form; therefore, we utilized the LexA-based genetic sys-
tem of homodimerization to evaluate LeuO dimerization. This

genetic system was also used in order to be able to assess the oli-
gomeric state of LTTRs since different mutated versions of LeuO
constructed in this study could not be overexpressed and purified
to homogeneity in the required amounts. This was the main lim-
itation of this study, in spite of the fact that the LeuO wt protein
was obtained in sufficient amounts (4 mg per liter of culture).

Hence, in order to determine the involvement of the DBD, the
LH, and the RD-I central subdomain of LeuO in oligomerization,
fragments with single alanine substitutions at six conserved resi-
dues were constructed (Fig. 3) and fused to LexA for dimerization
analysis. The LexA-based genetic system detects in vivo protein
dimerization in E. coli SU101, in which the reporter fusion sulA::
lacZ is controlled by the LexA dimer (dimerization is essential for
operator recognition) (50).

The DBD of LexA (residues 1 to 128) was fused to full-length S.
Typhi LeuO (residues 1 to 314) and used as a positive control. This
construct is referred to as LexA–LeuO1-314. In the reporter strain
with the vector pSR658-A, the level of �-galactosidase activity
reflects the level of constitutive expression of the sulA::lacZ fusion,
and this level is presented as 100% sulA expression (Fig. 4B). The
results showed that LexA–LeuO1-314 (wt) efficiently repressed
sulA::lacZ expression (down to 5 to 10%) (Fig. 4B); thus, LeuO can
replace the dimerization domain of LexA, and this system was
used to probe LeuO dimerization in vivo. Six conserved residues,

FIG 2 Tetrameric LeuO wt binds to DNA with a high affinity. The LeuO wt (1.5 �g per lane) purified under native (LeuO6�His-NC) and denaturing
(LeuO-6�His-DC) conditions was analyzed in a native 10% polyacrylamide gel (A), in a Western blot after SDS-PAGE with anti-His antibody (B), and by EMSA
with different concentrations of LeuO6�His-NC (tetramer) (D) and LeuO-6�His-DC (monomer 
 dimer 
 trimer 
 tetramer) (E). (C) Schematic repre-
sentation of the F�1 DNA fragment from the ompS1 5= regulatory region (13) used as a probe for EMSAs.
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L27, L46, S54, and L60 (located in the DBD), T79 (located one
residue before the predicted LH), and P139A located in the RD-I
central subdomain of LeuO (Fig. 3 and 4A), were replaced by
alanine. The results showed sulA::lacZ expression of 65% for
LexA-L27A, 85% for LexA-L46A and LexA-L60A, and 50% for
LexA-T79A. Thus, these mutant proteins had a defective ability to

repress the expression of the sulA::lacZ reporter in strain SU101
compared with that of LexA-LeuO (wt) (Fig. 4B).

In contrast, LexA-S54A, where S54A is located in the HTH
motif, and LexA-P139A, where P139A is located in the RD-I cen-
tral subdomain, repressed sulA::lacZ reporter expression as effec-
tively as the LexA-LeuO wt (Fig. 4B). Western blot experiments

FIG 3 Multiple-sequence alignment of LeuO and several characterized LTTRs. LeuO has a 20-residue extension at the N terminus when its sequence is aligned
with the sequences of the other LTTRs. The DNA-binding domain of LeuO comprises residues 21 to 78, the linker helix comprises residues 79 to 105, and the
C-terminal regulatory domain comprises residues 106 to 314. Black circles and broken vertical lines highlight the replaced residues and deletions, respectively.
The alignments and prediction of the secondary structure (in which the schematic representation above the sequences shows helices as cylinders, � sheets as
arrows, and turn segments as lines) of LeuO were performed with the ClustalW and JalView programs (59). Dark gray and pale gray boxes show residues with the
highest and the least identity, respectively. LysR family domains DBD, LH, and the C-terminal regulatory domain with two subdomains, RD-I (central, C
terminal) and RD-II, are shown at the top. The amino acid sequences used in the alignment are as follows: LeuO (S. enterica serovar Typhi), CgrA (Neisseria
meningitidis, GI 7188597), AphB (V. cholerae, GI 5565924), OxyR (E. coli, GI 388479299), MetR (E. coli, GI 388479422), BenM (Acinetobacter baylyi ADP1, GI
2996626), CbnR (Ralstonia eutropha, GI 4210464), TsaR (Comamonas testosteroni T-2, GI 75499536), CysB (E. coli, GI 1787530), ArgP (Mycobacterium
tuberculosis H37v, GI 15609122), AmpR (Citrobacter freundii, GI 736669), GcvA (E. coli, GI 388478824), and NahR (Pseudomonas putida, GI 37220701). The PDB
accession number for P. aeruginosa Q9I6S0 is 3FZV, and that for P. aeruginosa Q9I641 is 2ESN.
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showed similar levels of expression of LexA-LeuO wt and the
LexA-fused mutants (Fig. 4C). These results showed that residues
L27, L46, L60, and T79 are important in LeuO dimerization, while
residues S54 and P139 do not affect dimerization, supporting the
involvement of the DBD and LH regions in LeuO oligomerization.

LeuO DBD, LH, and RD-I central subdomain mutants are
impaired in transcriptional activation and repression. To eval-
uate the effects of mutations in DBD, LH, and the RD-I central
domain (Fig. 4A) on transcriptional activation or repression, the
genes encoding the LeuO wt and the six alanine-substituted vari-
ants were cloned into pFMTrc12 (see Materials and Methods). The
resulting plasmids, pFMTrcleuO-50 (wt), pLeuOL27A, pLeuOL46A,
pLeuOS54A, pLeuOL60A, pLeuOT79A, and pLeuOP139A, were intro-
duced into strain IMSS-1 harboring the reporter plasmid pKK232-9
(ompS1) or pKK232-9 (tpx). The expression of ompS1 and tpx (as
regulatory regions fused to the cat gene) was activated or repressed
in the presence of the LeuO wt, respectively (14). The results pre-
sented in Fig. 4D and E show that the L27A, L46A, S54A, L60A,

and T79A mutations rendered the proteins totally defective in
activating or repressing the ompS1 or tpx cat fusion, respectively.

A distinct phenotype was observed for the P139A mutant,
whose ability to activate ompS1 transcription was reduced by 10-
fold compared to that of the wt (Fig. 4D), yet it was able to sub-
stantially repress tpx activity (Fig. 4E). This observation could
mean that LeuO binds to DNA differently when it displaces the
H-NS protein to turn on a gene than when it binds to impede
transcription initiation. The elucidation of this hypothesis is cer-
tainly a matter for further research.

Western blot assays of cell extracts (Fig. 4F) showed that the
L46A, S54A, T79A, and P139A mutant proteins were expressed at
levels similar to the levels of expression of the LeuO wt, whereas
the L27A and L60A mutant proteins were detected in smaller
amounts, suggesting that they are more unstable. Nevertheless,
their expression levels appeared to be sufficient to activate and
repress transcription. These results indicate that the L27A, L46A,
L60A, and T79A mutants lost their transcriptional function, aside

FIG 4 Analysis of the dimerization and regulatory functions of LeuO wt and different mutants with alanine-substituted residues in DBD and RD-I. (A)
Schematic representation of the domains of the LysR family: DBD with the HTH motif, LH, and C-terminal regulatory domains RD-I (central and C terminal)
and RD-II. The locations of the six alanine substitutions are also shown. (B) Dimerization analysis using the LexA-based two-hybrid system. sulA::lacZ expression
was analyzed in strain SU101 carrying pSR658-A (vector), which reflects constitutive expression of the fusion and which was set equal to 100%, or pLexA-
LeuOL27A, pLexA-LeuOL46A, pLexA-LeuOS54A, pLexA-LeuOL60A, pLexA-LeuOT79A, and pLexA-LeuOP139A. (C) Western blot assays of extracts prepared
from cells carrying LexA-LeuO wt or LexA–alanine-substituted DBD and RD-I were carried out using anti-LexA antibody and anti-DnaK monoclonal antibody
as a control after SDS-PAGE. The cultures were grown in LB to an OD600 of 1.0, and LexA-fused protein expression was induced with IPTG (1 mM). (D and E)
The transcriptional profiles of fusions to the cat reporter gene for the ompS1 (D) and tpx (E) genes in S. Typhi were evaluated in the presence of either the LeuO
wt or mutants with six different alanine substitutions in DBD, LH, or RD-I: L27A, L46A, S54A, L60A, T79A, and P139A. (F) Expression of the LeuO wt and
alanine-substituted mutants using an anti-LeuO polyclonal antibody and anti-DnaK monoclonal antibody as a control. The cultures were grown in MA medium
to an OD595 of 1.0, and expression of the proteins was induced with IPTG (100 �M).
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from the fact that they were affected in dimer formation (Fig. 4B).
In contrast, the ability of the S54A mutant, which dimerized like
the wt (Fig. 4B), to activate and repress transcription was abol-
ished (Fig. 4D and E). This mutant is possibly defective in DNA
binding since residue Ser54 is located in the HTH motif (Fig. 3 and
4A). The P139A mutant presented an interesting phenotype, since
it dimerized (Fig. 4B), and although it retained only a low level of
transcriptional activation, it maintained the capacity to almost
fully repress transcription (Fig. 4D and E) and was expressed in
amounts similar to those for the wt (Fig. 4F). This mutant protein
probably maintains its ability to bind efficiently to tpx DNA but
has less affinity for ompS1 DNA. It should be pointed out that for
the Western blot assays, the antibody against LeuO that was used
was polyclonal; thus, a major reactive band was obtained over a
background of other bands.

LeuO DBD, LH, and RD-I central subdomain mutants are
defective in DNA binding. To ascertain the DNA-binding abili-
ties of mutants with mutations in DBD, LH, and the RD-I central
subdomain, alanine-substituted variants with six histidine resi-
dues in the C terminus were cloned into the pMPM-T6� vector,
in order to be overexpressed and purified under nondenatured
conditions (see Materials and Methods). EMSAs were performed
with the 350-bp DNA fragment (F�1) containing the S. Typhi
ompS1 promoter region and the LeuO-binding sites (13) and a ler
DNA fragment of enteropathogenic E. coli (EPEC) as a negative
control (13, 46). By EMSA, the P139A mutant showed no detect-
able band with retarded migration (data not shown), even though
it retained some activating and almost full repressing activity (Fig.
4D and E). However, in a more sensitive gel retardation experi-
ment using a radioactive F�1 fragment, the P139A mutant did
show DNA binding to the fragment, although at a much lower
affinity than the LeuO wt (Fig. 5). Even with this more sensitive
assay, no binding to DNA was observed with the S54A mutant. All
these results showed that some residues in the DBD are involved in
dimer formation and, thus, are most likely involved in tetramer
formation, and these oligomeric defects alter the transcriptional
function and DNA binding in vitro.

Deletions in the LeuO C-terminal RD-II and RD-I sub-
domains affect oligomerization. The C-terminal domains of
LTTRs are involved in oligomerization, although the specific
amino acid regions involved in tetramerization have not been de-

termined due to the poor conservation of this domain (53, 54).
Accordingly, LeuO shares a high degree of sequence similarity
with other LTTRs at the N-terminal DNA-binding domain and
less conservation at the C-terminal inducer-binding domain
(Fig. 3).

To determine the role of the C-terminal domain of LeuO in
oligomer formation, a collection of sequentially truncated forms
of LeuO fused to LexA was constructed. The selection of deletions
was based on some that have been analyzed in other LTTRs (9, 31,
36, 40, 43–45). Thus, fragments of leuO encoding amino acid res-
idues 1 to 309, 1 to 304, 1 to 299, 1 to 294, 1 to 284, and 1 to 214
(Fig. 6A), lacking 5, 10, 15, 20, 30, and 100 amino acids, respec-
tively, were cloned into plasmid pSR658-A (see Materials and
Methods), and strain SU101 was transformed with the resulting
plasmids. The results presented in Fig. 6B show that all the trun-
cated proteins fused to LexA were defective in repressing sulA::
lacZ expression to various extents. The reporter gene expressions
were 50% for pLexA-LeuO1-309, 70% for pLexA-LeuO1-304,
40% for pLexA-LeuO1-299, 60% for pLexA-LeuO-1-294, 80% for
pLexA-LeuO1-284, and 90% for pLexA-LeuO1-214. Thus, all the
mutants had dimerization defects compared with the dimeriza-
tion ability of LexA-LeuO wt (Fig. 6B).

Western blot assays of extracts prepared from cells carrying the
LexA-LeuO wt and LexA-LeuO truncated proteins using anti-
LexA antibody showed that all the proteins were expressed at lev-
els similar to those of the wt, with the exception of LexA-LeuO1-
214, which was expressed at very low levels (Fig. 6C). It was
unexpected that all the LeuO truncated variants had dimerization
defects, as they have an intact LH (which is involved in dimer
formation) (28–30, 34, 35). The effect observed in the truncated
protein lacking only 5 residues has not been observed for other
LTTRs (40, 44, 45). This is clear evidence that the C-terminal
RD-II and RD-I subdomains of LeuO are involved not only in
tetramer formation but also in dimerization.

The transcriptional function of LeuO C-terminal variants
with truncations in the RD-II and RD-I subdomains is com-
pletely abolished. To determine whether the proteins with trun-
cations in the C terminus that are affected in dimer formation
(Fig. 6B) are impaired in their transcriptional function in vivo,
their capacity to activate or repress expression was explored. The
various versions with deletions of the leuO gene were cloned into

FIG 5 The P139A mutant binds to DNA with a low affinity. The results of EMSAs with the LeuO wt and the P139A and S54A mutants, which were purified under
native conditions, bound to the 32P-end-labeled F�1 DNA ompS1 fragment are shown. Different concentrations of LeuO wt and mutant proteins were used, as
indicated above each lane.
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plasmid pFMTrc12 (see Materials and Methods), and the resulting
plasmids were named pLeuO1-309, pLeuO1-304, pLeuO1-299,
pLeuO1-294, pLeuO1-284, and pLeuO1-214 (Fig. 6A). These
were introduced into strain IMSS-1 harboring either plasmid
pKK232-9 (ompS1) or plasmid pKK232-9 (tpx). As expected, in
accordance with their dimerization defects, all truncated pro-
teins were unable to activate or repress gene transcription (Fig.
6D and E).

To verify that the phenotypes observed for these truncated pro-
teins were not due to very low or no expression, Western blot
analysis with a polyclonal anti-LeuO antibody was performed, and
it showed that the truncated proteins were expressed in amounts
similar to those of the LeuO wt, with the exception of LeuO1-214,
which was expressed at lower but still detectable levels that would
appear to be sufficient for functionality (Fig. 6F). These results
show that all the truncated proteins that are affected in dimeriza-
tion are also completely defective in their regulatory function, and

this suggests that even though they have an intact DBD, they are
also affected in DNA binding.

LeuO variants with C-terminal truncations fail to bind DNA.
The DNA-binding capacity of two truncated proteins, LeuO1-309
and LeuO1-284, affected in dimerization (Fig. 6B) and in their
regulatory function (Fig. 6D and E) was determined. The frag-
ments encoding the LeuO1-309 and LeuO1-284 truncated pro-
teins with six histidine residues in the C terminus were cloned into
the pMPM-T6� vector in order to be overexpressed and purified
(see Materials and Methods). These two LeuO truncated variants
were the ones that could be obtained at relatively higher yields for
use in EMSAs using the 350-bp DNA fragment (F�1). The trun-
cated proteins LeuO1-309 and LeuO1-284 did not form any de-
tectable shifted bands; hence, they could not bind DNA even at the
higher protein concentrations compared with the concentrations
of LeuO wt used (data not shown).

All these observations show that the C- and N-terminal do-

FIG 6 Analysis of dimerization and regulatory functions of LeuO wt and C-terminal deletion mutants. (A) Schematic representation of the domains of the LysR
family: DBD, LH, and the C-terminal regulatory domain with two subdomains, RD-I (central, C terminal) and RD-II. The localization of the deletions in the
C-terminal domain is also shown. (B) Dimerization analysis. sulA::lacZ expression in strain SU101 carrying pSR658-A (vector), the expression of which was set
equal to 100%, or carrying pLexA-LeuO (wt), pLexA-LeuO1-309, pLexA-LeuO1-304, pLexA-LeuO1-299, pLexA-LeuO1-294, pLexA-LeuO-1-284, or pLexA-
LeuO1-214 is shown. (C) Expression of the LeuO wt and deletion mutants fused to LexA was evaluated by Western blotting using an anti-LexA polyclonal
antibody and an anti-DnaK monoclonal antibody as a control after SDS-PAGE. The cultures were grown in LB medium to an OD600 of 1.0, and LexA-fused
protein expression was induced with IPTG (1.0 mM). (D and E) Transcriptional profiles of fusions to the cat reporter gene for the ompS1 and tpx genes
in S. Typhi in the presence of either the LeuO wt or mutants with different deletions in the C terminus: LeuO1-309, LeuO1-304, LeuO1-299, LeuO1-294,
LeuO1-284, and LeuO1-214. (F) Expression of the LeuO wt and the deletion mutants was evaluated by Western blotting using an anti-LeuO polyclonal
antibody and an anti-DnaK monoclonal antibody as a control. The cultures were grown in MA medium to an OD595 of 1.0, and expression of the proteins
was induced with IPTG (100 �M).
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mains have a role in dimer formation and thus suggest that they
have a role in tetramer formation and that the oligomeric state of
LeuO is essential to exert transcriptional regulation and DNA
binding.

LeuO mutants with point mutations in the last 5 residues of
the C terminus are able to dimerize but are differentially af-
fected in activation and repression. Given the dimerization de-
fects of LexA–LeuO1-309C (Fig. 6B), it was of interest to know if
proteins with single alanine substitutions in the last 5 residues
showed the same phenotype. Using the two-hybrid system, we
observed that all LexA-fused mutants with point mutations re-
pressed expression of the lacZ reporter as efficiently as the LexA-
LeuO wt; therefore, they maintained the capacity to dimerize (Fig.
7A). To verify the expression of the LexA-fused point mutants, a
Western blot assay was performed using extracts of cells carrying
LexA-LeuO wt and LexA-S310A, LexA-V311A, LexA-C312A,
LexA-K313A, and LexA-R314A. As observed in Fig. 7B, all fused
proteins were expressed at levels similar to the level for the LexA-
LeuO wt, showing that they were stable and functional.

Next, the effect on the regulatory function of these mutants
not affected in dimerization was analyzed. The five variants
were cloned into pFMTrc12 (see Materials and Methods), gen-
erating plasmids pLeuOS310A, pLeuOV311A, pLeuOC312A,
pLeuOK313A, and pLeuOR314A, which were introduced into
strain IMSS-1 harboring plasmids pKK232-9 (ompS1) and
pKK232-9 (tpx). Only the K313A and R314A mutants were able to
activate the ompS1-cat fusion at a level similar to that for the LeuO
wt; the S310A, V311A, and C312A mutants were not able to do so
(Fig. 8A). Interestingly, all five variants repressed the tpx-cat fu-
sion (Fig. 8B). Western blot analyses were performed to verify the
expression of these mutant proteins at a level similar to that of the
LeuO wt (Fig. 8C).

These results show that deletion of the last 5 LeuO residues of

the RD-I terminal subdomain affects dimerization but that inde-
pendent substitutions in each residue do not. Interestingly, mu-
tants with two of these mutations (K313A and K314A) located at
the end of the protein (Fig. 3) retained the capacity to activate and
repress gene expression (Fig. 8A and B). In contrast, mutants with
mutation of the remaining three residues that are part of the last
predicted helix in LeuO (Fig. 3) still repressed but were affected in
activating transcription (Fig. 8A and B). A similar phenotype was
observed in the P139A mutant (Fig. 4D and E), in which the mu-
tation was located in the RD-I central subdomain (Fig. 3). This
indicates that residues in the RD-I central and terminal sub-
domains are involved in transcriptional activation.

DISCUSSION

In this work, the oligomeric structure of LeuO from Salmonella
enterica serovar Typhi IMSS-1 was determined to be a tetramer
(Fig. 1) that binds with high affinity to DNA (Fig. 2D). This oli-
gomeric form was obtained when LeuO was purified under native
conditions (LeuO-6�His-NC). In contrast, LeuO purified under
denaturing conditions (LeuO-6�His-DC) bound to the same
DNA with a lower affinity (Fig. 2E). Interestingly, both LeuO-
6�His-NC and LeuO-6�His-DC showed DNA-protein com-

FIG 7 Dimerization analysis of mutants with single alanine substitutions
of the last 5 residues of the RD-I subdomain at the C terminus by the
LexA-based two-hybrid system. sulA::lacZ expression in strain SU101 car-
rying the pSR658-A (vector) was set equal to 100%. (A) Analyses of pLexA-
LeuO (wt), pLexA-LeuOS310A, pLexA-LeuOV311A, pLexA-LeuOC312A,
pLexA-LeuOK313A, and pLexA-LeuOR314A. (B) Western blot assay of ex-
tracts from cells carrying the LexA-LeuO wt and all the LexA-point mutants
after SDS-PAGE. The gels were probed with anti-LexA antibody (top) and, for
DnaK detection, with an anti-DnaK antibody as a control (bottom).

FIG 8 Effect of single alanine substitutions in the last 5 residues of the RD-I
subdomain at the C terminus on LeuO regulatory functions. (A and B) Tran-
scriptional profiles of ompS1 and tpx genes in S. Typhi with the LeuO wt or
with five mutants with different alanine-substituted residues: LeuOS310A,
LeuOV311A, LeuOC312A, LeuOK313A, and LeuOR314A. (C) Expression of
the LeuO wt and mutated proteins was evaluated by Western blotting after
SDS-PAGE using an anti-LeuO polyclonal antibody and an anti-DnaK mono-
clonal antibody as a control. The cultures were grown in MA medium to an
OD595 of 1.0, and expression of the proteins was induced with 100 �M IPTG.
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plexes with identical mobilities (Fig. 2D and E). LeuO-6�His-DC
did not form complexes that migrated faster than those of LeuO-
6�His-NC, even at higher protein concentrations, suggesting that
in both cases the tetramer is the form that interacts with DNA (i.e.,
for LeuO-6�His-DC, the tetramer was present at very low con-
centration) or else that other oligomeric forms found in the LeuO-
6�His-DC preparation bound with a low affinity, to result in
complexes similar to those formed by the tetramer (Fig. 2E).

Curiously, DntR forms tetramers in solution and crystallizes as
a homodimer (33). ArgP crystallizes as a dimer and also forms
dimers in solution, but it has been proposed that it functions as a
tetramer due to cooperative binding of dimers to dimers at two
binding sites during DNA contact, thus enhancing the recruit-
ment of RNA polymerase (30, 55). Other LTTRs, such as MetR,
NodD3, and Nac, form functional dimers that have been shown to
interact with DNA and activate or repress transcription. For these
regulators, the C terminus appears to be dispensable for DNA-
binding and transcriptional activity (36, 38, 40). Given this, it
could be that LeuO binds to DNA as a dimer via a dimer-dimer
interaction, which would be favored by the presence of DNA.
Nevertheless, our findings suggest that the LeuO tetramer is the
form that binds DNA in vitro (Fig. 2D and E). Therefore, LeuO is
part of a subclass of LTTRs that includes NahR, TrpI, CysB, BenM,
CbnR, DntR, TsaR, AphB, and ArgP, which have been shown to
form homotetramers in solution. In most cases, the formation of
an active homotetramer is necessary for their biological function
(28–35, 51, 52).

Since the LeuO tetramer is required for DNA binding, the in-
volvement of DBD, the C-terminal RD-I central and terminal sub-
domains, and the RD-II subdomain in oligomer formation was
evaluated using alanine substitutions and deletions. Single alanine
substitutions were constructed in six conserved residues in DBD
and the RD-I central subdomain (Fig. 3). The L27A mutant (in
which the mutation is located in an extended region of the N
terminus), the L46A and L60A mutants (in which the mutation is
within the HTH motif), and the T79A mutant (in which the mu-
tation is proximal to the LH) had dimerization defects (Fig. 4B).
As expected, these mutants were unable to activate and repress
ompS1 and tpx expression, respectively (Fig. 4D and E) and to
interact with DNA (data not shown).

In agreement with these results, the K42E, R60E, and L71W
mutants, whose mutations were located in the DBD and LH of
ArgP, were shown to be involved in the dissociation of dimers into
monomers, thus supporting the interactions between the C termi-
nus and the DBD (30).

The S54A mutant (in which the mutation was located in the
HTH) and the P139A mutant (in which the mutation was located
in the region corresponding to RD-I) dimerized like the wt (Fig.
4B), so these mutants are likely to form tetramers.

Despite these findings, the S54A mutant was affected in tran-
scriptional activation and DNA binding (Fig. 4D and E). Accord-
ingly, residue Ser54, located in the HTH motif, is one of the most
highly conserved residues in the recognition helix among LTTRs
(Fig. 3), and these residues have been proposed to contact the
DNA major groove (29). Ser54 corresponds to Ser35 in AmpR,
Ser33 in OxyR, and Ser38 in CysB and GcvA, and these residues
are required for DNA binding but not oligomerization (27, 43–
45). On the other hand, the P139A mutant retained some ability to
activate and almost fully repress transcription (Fig. 4D and E), and
accordingly, it was able to bind to DNA in vitro but with less

affinity (Fig. 5). The P139 residue is located in the RD-I central
subdomain (Fig. 3 and 4A), which is involved in binding and the
inducer response in LTTRs (27, 56). However, it is not known
whether LeuO requires an inducer in vivo. All these data show that
some residues in the DBD of LeuO are involved in dimer forma-
tion, since Ala substitutions of these residues affected DNA bind-
ing and transcriptional activity. Therefore, this region could be
important for dimer stability or in protein folding. Others resi-
dues in the DBD are not involved in oligomer formation yet are
important for DNA binding and transcriptional function.

The C-terminal regulatory domain comprises the major por-
tion of the LTTR proteins and contains two subdomains, RD-I
and RD-II (Fig. 6A). Although the C-terminal regulatory domain
is involved in oligomerization, the specific region involved has not
been determined due to low levels of sequence conservation (Fig.
3). All truncated proteins in the C-terminal regulatory domain of
LeuO were defective in dimerization (Fig. 6B), transcriptional ac-
tivation and repression (Fig. 6D and E), and DNA binding in vitro
(not shown). This held even in a mutant in which the last 5 C-ter-
minal residues were deleted.

It was expected that the mutant with this deletion would retain
the capacity to dimerize, since proteins with deletions of 5, 11, and
14 amino acids from the C termini of CysB, OxyR, and GcvA,
respectively, function almost like the wild type or become consti-
tutively active and are thus able to bind to DNA (43–45). Never-
theless, deletion of 9 residues from the C terminus of NahR se-
verely affected transcription and DNA binding. Proteins lacking
16 or 22 residues in CysB and OxyR, respectively, were mainly
affected in repression but were constitutively active. These trun-
cated proteins formed dimers, suggesting that these regions are
involved in tetramerization. A different effect was observed for
mutants with a A233V point mutation in OxyR and a A227D point
mutation in CysB, which still repressed and activated transcrip-
tion constitutively and bound DNA as dimers (9, 31, 43–45).

All these results strongly suggest that several LysR regulators,
including LeuO, function as tetramers and that the C terminus
(the RD-I and RD-II subdomains) is important for proper oli-
gomer formation.

Interestingly, a single alanine substitution in each of the last 5
residues of LeuO did not affect dimerization (Fig. 7A) or
repression (Fig. 8B). This suggests that all five mutants retained
the ability to bind DNA, since they were able to repress tpx. The
S310A, V311A, and C312A mutants, which were affected in the
ability to activate expression (Fig. 8A), could be affected in their
ability to interact efficiently with the ompS1 regulatory region, like
the P139A mutant, which bound DNA with less affinity (Fig. 5), or
could be affected in their capacity to displace the H-NS protein to
derepress expression (13). Interestingly, these residues, like P139,
are located in the RD-I C-terminal and central subdomain and are
part of the last LeuO helix (Fig. 3).

The activation and repression mechanisms have been shown to
be different depending on the oligomeric form of the Nac regula-
tor: as a dimer it is capable of activating transcription and binding
to DNA, and it weakly represses since it binds at one site, yet it
needs to form a tetramer to promote strong repressive binding at
two sites of the target regulatory region (57). Nevertheless, as dis-
cussed above, the LeuO tetramer binds with a high affinity to DNA
in vitro and is the oligomeric form obtained under native purifi-
cation conditions (Fig. 1 and Fig. 2A). The coexistence of dimers
and tetramers described for Nac was not found for LeuO-NC, but
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the possibility that some of the LeuO mutants studied here form
dimers in vivo that retain the capacity to repress expression in vivo
cannot be discarded. How these mutants are able to repress tpx
expression but not efficiently activate ompS1 is a matter for future
study, since the mechanisms used by LTTRs for repression of tar-
get genes that are not oriented divergently from the regulator are
poorly documented (56).

By analysis of mutants with site-directed and deletion muta-
tions, we observed that LeuO shares some features with other
characterized LTTRs, such as the functionality of its DBD and the
involvement of the C-terminal domain, including the last 5 resi-
dues, in oligomerization. In addition, we found that each LeuO
domain is also important in oligomerization, transcriptional reg-
ulatory functions, and protein-DNA interactions. These findings
suggest a possible interaction between the C terminus and the
DBD which might be important for the formation and stability of
the dimer and, thus, for tetramer formation. Even though the
LeuO sequence alignment with other LTTRs showed the conser-
vation of domains and residues (Fig. 3), up to this point, further
research on the three-dimensional structure of LeuO should help
provide an understanding of whether its domains correspond to
those previously defined for other LTTRs (Fig. 3). Therefore,
complex structure-function relationships in LeuO may account
for its regulatory functions, acting as a repressor, antirepressor, or
activator of a wide variety of nonrelated genes, the number of
which is increasing (21, 22, 58).
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