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Here we report the crystal structure of M. tuberculosis A1dR
(Rv2779c) showing that the N-terminal DNA-binding domains
are swapped, forming a dimer, and four dimers are assembled
into an octamer through crystal symmetry. The C-terminal
domain is involved in oligomeric interactions that stabilize the
oligomer, and it contains the effector-binding sites. The latter
sites are 30 — 60% larger compared with homologs like MtbFFRP
(Rv3291c) and can consequently accommodate larger mole-
cules. MtbAIdR binds to the region upstream to the ald gene
that is highly up-regulated in nutrient-starved tuberculosis
models and codes for r-alanine dehydrogenase (MtbAld;
Rv2780). Further, the MtbAldR-DNA complex is inhibited upon
binding of Ala, Tyr, Trp and Asp to the protein. Studies involv-
ing a ligand-binding site G131T mutant show that the mutant
forms a DNA complex that cannot be inhibited by adding the
amino acids. Comparative studies suggest that binding of the
amino acids changes the relative spatial disposition of the DNA-
binding domains and thereby disrupt the protein-DNA com-
plex. Finally, we identified small molecules, including a tetrahy-
droquinoline carbonitrile derivative (S010-0261), that inhibit
the MtbAldR-DNA complex. The latter molecules represent the
very first inhibitors of a feast/famine regulatory protein from
any source and set the stage for exploring MtbAIldR as a poten-
tial anti-tuberculosis target.

Feast/famine regulatory proteins (FFRPs),” also known as
Lrp/AsnC family proteins, bind to a variety of effectors like
amino acids that modulate the respective regulatory functions.
They are involved in the formation of globular nucleoprotein
structures, chromosome structure organization, and other reg-
ulatory functions (1). Directly or indirectly, they globally regu-
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late a variety of metabolic processes in response to amino acids
and nitrogen bases present in the environment. The general
understanding is that FFRPs adopt a variety of quaternary
structures upon binding/release of effectors. This presumably
allows for binding to target promoter regions or for disrupting
the nucleoprotein structures formed by them (2). Fine tuning/
selection of the target promoter-FFRP interactions is also gen-
erally thought to occur due to binding of the effector molecules
and in some cases can elicit subtle structural changes as
opposed to changes to the oligomeric association itself (3, 4).
Escherichia coli Lrp, a better studied member of the family, is
known to be important for changes that occur from a “feasting”
to a “famine” state, and it controls ~10% of gene expression (5,
6). The latter protein binds to a variety of amino acids like Leu,
Ala, Pro, and Val, and that in turn elicits either positive or neg-
ative regulation of the target genes (7).

Crystal structures of several FFRPs/Lrp/AsnC-type proteins
have been reported from bacterial and archaeal sources. These
include structures of the E. coli Lrp, E. coli AsnC, Mycobacte-
rium tuberculosis FERP (also called LrpA), Lrp proteins from
Pyrococcus furiosus, and Pyrococcus sp. OT3 FL11. Complexes
of some of them with several amino acids, DNA, etc. have also
been reported (8 —10). The studies reveal that the basic func-
tional unit of FFRPs is a dimer where each chain folds into two
domains. The N-terminal domain normally faces outside and
contains the DNA-binding helix-turn-helix motif and a C-ter-
minal domain that is involved in effector binding and in oligo-
merization. Both of the domains are connected by a rather long
linker region. Some FFRPs like the M. tuberculosis FFRP and
E. coli Lrp have been shown to adopt the rare “open” quaternary
structure that seems to be an operating principle in these pro-
teins. This presumably allows them to bind to non-symmetrical
target sites (10-12). In general, instances of deviations from
oligomeric symmetry in proteins are rare, and wherever they
are observed, it is attributed to strong functional reasons (13).
Helical cylindrical arrangements are the other kind of assembly
observed in P. furiosus sp. OT3 Lrp. FFRPs may have one or
more types of effector binding sites (e.g. E. coli AsnC has one
binding site, whereas those like M. tuberculosis FEFRP have at
least two types of binding sites, each with different hypothe-
sized roles) (8). The type I binding site is a common site in the
FERP family that occurs at the interdimer interface at the C-ter-
minal oligomerization domain, whereas the type II site was
identified in M. tuberculosis FERP at the intradimer interface
and consists of residues from the C-terminal domain also (8).
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However, both sites are located distal to the DNA-binding
helix-turn-helix motif. It has been suggested that binding of
ligands to the type I site can affect the formation of higher order
oligomers, whereas binding of ligands to the type II site can lead
to relative changes to the spatial disposition of the DNA-bind-
ing motif, and this in turn can lead to modulation of binding
affinity to target DNA (10, 12).

M. tuberculosis harbors five genes that have been annotated
as either Lrp- or AsnC-like transcription factors in the data-
bases. These have been drawing attention as potential drug
targets due to their important roles in persistence (14). The
present work involves structural and functional studies of
M. tuberculosis AldR (Rv2779c). In Mycobacterium smegmaltis,
it has been shown that the ald gene that encodes for alanine
dehydrogenase is regulated by its AldR (15). ald is highly up-
regulated in tuberculosis nutrient-starved and stress models
designed to mimic persistence. In fact one analysis suggested
that lysine-e-aminotransferase (16) and alanine dehydrogenase
(17) are in the top 3 among over 200 targets considered in the
analysis against tuberculosis persistence (18). In M. smegmatis,
AldR reportedly senses the level of alanine in cells and acts as an
activator or as a repressor of the ald gene, depending upon
the alanine levels (15). Ald itself has been shown to function as
a dual function enzyme and exhibits both alanine dehydroge-
nase and glycine dehydrogenase activities (19). In the present
study, we report the crystal structure of M. tuberculosis AldR.
We also report studies involving its interactions with a variety
of amino acids. We have demonstrated through EMSA that
MtbAldR binds to the upstream region of the M. tuberculosis
ald gene. Amino acids not only bind to MtbAldR but also elicit
diverse effects on its interactions with the promoter region.
Using EMSAs, supported by in silico docking studies, we have
identified small molecule compounds that inhibit the forma-
tion of the nucleoprotein complex. To the best of our knowl-
edge, these compounds represent the first inhibitors that act by
disrupting FFRP-DNA interactions.

Experimental Procedures

Cloning, Overexpression, and Purification—MtbAldR was
cloned, expressed, and purified as described previously (20). In
brief, the 540-bp nucleotide sequence encoding MtbAldR was
PCR-amplified, with M. tuberculosis H37Rv genomic DNA as a
template and cloned into pET21d. The resultant plasmid was
transformed into the E. coli C41 (DE3) strain. The C-terminal
hexahistidine-tagged protein was purified by standard proce-
dures. The protein was finally concentrated to 7 mg ml™" in 50
mwm HEPES, pH 7.0, 250 mm NaCl, 5 mm EDTA, and 10% glyc-
erol after size exclusion chromatography using a Superdex-200
HR 10/300 column (GE Healthcare). The MtbAIldR mutant
(G131T) was generated using the following primer pair: F131,
5'-CGCAAACGACAGGTGATGGATGTGTACTTTCTTG-
CAACCGCT-3; R131, 5'-GTAGCGAGCGGAGACGTGCA-
AGATGAAATAGTAGGCGGTGGC-3'. The integrity of the
clones was verified by sequencing. G131T was also purified
using a similar protocol as that of the wild-type protein. Protein
concentration was determined as per the Bradford method
(21). Proteins were concentrated using Amicon ultra-10 con-
centrator (Millipore).
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TABLE 1
Data collection and refinement statistics of MtbAIdR
Parameters Values
Data collection
Space group P2,2,2
Unit cell (A)., 99.73, 146.09, 49.96

Resolution (A) 27.19-2.95 (3.02-2.95)

Total no. of reflections 17,732 (847)
Unique reflections 3094 (170)
Completeness (%) 99.5(93.1)
Redundancy 5.7
Ryerge (%) 6.5 (43.4)
I/al 25.6 (3.4)
Refinement statistics
No. of reflections 15,581
R, o1/ Rivee (%) 26.3/29.2
No. of atoms
Protein 4233
Water 33
B-Factor
Protein 44.5
Water 25.14
Root mean square deviation
Bond lengths (A) 0.005
Bond angles (degrees) 0.953

“Values in parentheses correspond to the highest resolution shell.

P Rierge = ZpaiZi 1(hkl) — (I(hk))|/Z),4,2 1, (hkl), where I,(hkl) is the intensity of
the ith observation of reflection /1ki and (I(hkl)) is the average intensity of the i
observations.

Structure Determination, Refinement, and Analysis—Crys-
tals of the apoprotein diffracted to 2.95 A. Crystallization and
data collection statistics were reported in a preliminary report
(20). The molecular replacement method was used to solve the
crystal structure of MtbAldR, using the coordinates of Mtb
FFRP (Rv3291c; Protein Data Bank code 2IVM) (8) as the
search model after removing water molecules and heteroatoms.
An unambiguous solution was found by PHASER (22) imple-
mented in the CCP4 program suite (23). Refinements were car-
ried out by Phenix.refine (24) after setting aside 5% of the total
reflections for the calculation of R, (25). The protein model
was iteratively built using COOT (26). The final model was
refined to the R, and R.. of 26 and 29% (Table 1). The
quality of the model was checked using Molprobity (27). The
geometric parameters as well as the Ramachandran plot (28)
fall into acceptable ranges. Analysis of intersubunit contacts
and accessible surface area was carried out using the Protein
Interaction Calculator (PIC) (29) and other tools implemented
in the CCP4 program suite (23), whereas structural superposi-
tion was carried out using SUPERPOSE (23). Figures were gen-
erated using PyMOL (DeLano Scientific) and UCSF Chimera
(30).

EMSAs—EMSAs were performed to probe the DNA binding
property of the purified MtbAldR to the ald promoter region. A
400-bp upstream region of the ald gene was PCR-amplified
using the 6-carboxyfluorescein (FAM)-tagged forward primer
5"-CGAGCTGACGACTGCAAATTGACCGAGATAAC-3' and
reverse primer 5'-GATTACCCCTCTCGATACTGTACGCT-
TCAGAATGAA-3'. This 400-bp upstream region of the ald
gene was further subdivided into four regions of 100 bp each by
PCR-amplifying each site with FAM-tagged forward primer
and a reverse primer, respectively. The following primers were
used (Integrated DNA Technologies): for site S1, 5'-CGAGC-
TGACTGCAAATTGACCGAG-3' (forward) and 5'-GGGGT-
TCTACATCGTCCTGGTCG-3' (reverse); for site S2, 5'-CGGA-

SASBMB

VOLUME 291-NUMBER 23+JUNE 3, 2016



TCACGCAAAGTCAACCAA-3' (forward) and 5'-ATGCCA-
GAATGCCCAACAACGCG-3' (reverse); for site S3, 5'-CGC-
CATGCAGCAAGCTCAGGATT-3' (forward) and 5'-TTCA-
ACGGTACACAAGCTCGACGG-3' (reverse); and for site S4,
5'-TTATCACGCATCTGGCCTCGAAAA-3" (forward) and
5-GATTATCCCTCTCGCTACTGTACGCT-3' (reverse). DNA
protein binding was initiated by mixing increasing concentra-
tions of purified MtbAldR with 30 pmol of FAM-labeled DNA
in the binding buffer: 20 mm HEPES (pH 7.5), 500 mm NacCl, 4
mm DTT, 2% glycerol, 2 mm MgCl,. The whole reaction mix-
ture was then incubated for 40 min at 37 °C. Following incuba-
tion, the DNA-protein mixture was run on a 8% non-denatur-
ing polyacrylamide gel, and the image was captured by an
ImageQuant LAS 4000 system (GE Healthcare). To check the
effect of different cofactors on the binding of MtbAIdR to the
ald promoter region, 650 nM MtbAldR was incubated with 10
mM respective L-amino acids in the same reaction condition.
For the inhibition of DNA-protein binding, MtbAldR was incu-
bated with the increasing concentrations of different com-
pounds before the addition of DNA probe. For the determi-
nation of the equilibrium binding constant (K,), densitometry
of the EMSA gels was performed by measuring the pixel inte-
grated density of the bands by IQTI (GE Healthcare). The mea-
sured pixel intensity was plotted against the concentration of
the protein. The equilibrium constant was determined using
the non-linear regression analysis implemented in the Graph-
Pad Prism software.

Binding Studies Using Competitive 1-Anilino-8-naphthale-
nesulfonate (ANS) Displacement Assays—ANS, an extrinsic
flourophore, binds to pockets and hydrophobic patches of pro-
teins. It has been used in several studies to monitor ligand bind-
ing that exploits the displacement of the flourophore upon
binding of the ligand (31). A PerkinElmer Life Sciences LS 50B
fluorescence spectrophotometer was used in the experiments
carried out at 25 °C. The excitation wavelength used was 380
nM, and the emission was monitored between 400 and 600 nm.
All samples were incubated for 2 h under specified conditions
before recording the spectra. The purified protein (7 um) and
ANS (5 um) mixture was titrated against 0—25 mM concentra-
tions of the respective amino acids. All of the spectra were
recorded in the correct spectrum mode with excitation and
emission band passes of 8 and 6 nm. For inhibitor binding stud-
ies, the protein-ANS complex was titrated against 0-20 um
concentrations of the respective compounds, and the spectra
were recorded in a similar manner as above.

Circular Dichroism Spectroscopy—Far-UV CD spectra were
used to quantify the secondary structure content of MtbAldR in
the presence of different ligands. The spectra were acquired on
aJasco J810 polarimeter. The spectra were measured from 5 um
protein samples in 10 mm Tris-HCl (pH 7.5) and 10 mm NacCl
and titrated with increasing concentrations of ligands. Typi-
cally, spectra were recorded from 200 to 260 nm at a scan speed
of 10 nm/min, with each spectrum representing an average of
three accumulations. The residue ellipticity, [6]yryw (mean
residual weight) was calculated from the measured 6 (in
degrees) as follows,

[O]mrw = 0 X 100 X M,/c X | X N, (Eq. 1)
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where 6 is the measured ellipticity in degrees, c is the protein
concentration in mg/ml, / is the path length in cm, and M, and
MRW are the protein molecular weight and mean residue
weight, respectively. N, is the number of amino acids per pro-
tein. [0],;rw has units of degrees X cm? X dmol ™ '. The values
obtained were corrected by subtracting the baseline recorded
for the buffer.

Size Exclusion Chromatography—Changes to the quaternary
association of MtbAldR in the presence of respective amino
acids were probed using size exclusion chromatography. A
Superdex S-200 HR10/300 (GE Healthcare) column calibrated
with low and high molecular weight range markers was
mounted on an AKTA-FPLC system (GE Healthcare) for the
experiments. The partition coefficient (K,,) was plotted as a
function of log M, of the standard protein according to the
equation,

Koy = Ve =V, /V, =V, (Fq.2)
where V, is the elution volume of the protein, V is the void
volume of the column, V, is the total volume of the column, and
M, is the molecular weight of the particular protein. The col-
umn was equilibrated with buffer containing 20 mm HEPES (pH
7.0), 500 mMm NaCl, 5 mm EDTA, 4 mm DTT and supplemented
with a 5 mM concentration of the respective amino acids. 0.5
mg/ml of protein was pre-equilibrated with the required amino
acid concentration for 1 h before injection into the column.
Also increasing concentrations of MtbAIdR alone and in the
presence of the corresponding concentration of alanine were
subjected to size exclusion chromatography experiments in
order to probe for effects of concentration-dependent oligomer-
ization and the effect of alanine on the oligomeric status of
MtbAIdR.

Dynamic Light Scattering (DLS) Studies—Protein fractions
after elution from the size exclusion chromatography column
were subjected to DLS analysis. A Zetasizer instrument
(Malvern) and the company-provided Malvern DLS version
5.03 software were used in the analysis. The instrument was
calibrated using a standard set of protein markers. The hydro-
dynamic diameter of the protein particles was calculated as per
the recommendations of the manufacturer. Protein samples
were filtered using a 0.22-um filter (Millipore) prior to the DLS
studies.

Docking and Modeling Studies— AUTODOCK version 3.0.5
(32) was used to probe binding modes of compounds to
MtbAldR. The crystal structure of MtbAldR was used as the
model to generate the target binding site. The corresponding
type I and type II binding sites identified by us earlier in
MtbFERP (8) were used as the target. Three-dimensional struc-
tures of the amino acids and the tested compound were built
and optimized using the BUILDER module in Insight I (Accel-
rys) and Sybyl version 8.0 (Tripos Associates, Inc., St. Louis,
MO). Crystallographic water atoms and heteroatoms were
removed from the docking template. Polar hydrogen was
added, and Kollman charges were assigned to all atoms. Ligands
were prepared for calculations by adding Gasteiger charges. For
calculations involving the type I binding site, a 65 X 69 X 69-A
affinity grid was used, whereas for the type II binding site, a
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FIGURE 1. Crystal structure of MtbAIdR. A, schematic representation of the MtbAIdR monomer; helices are colored in cyan and sheets in magenta. The
helix-turn-helix motif is formed by residues Asn>'-Ala’>. The C-terminal domain consists of residues Leu®*-Leu'”3. B, MtbAldR dimer. The two chains have been
colored cyan and salmon, respectively. C, schematic representation of the two dimers in the asymmetric unit. D, schematic representation of the MtbAIdR
octamer. Each subunit is labeled A-H, respectively, and colored as follows: A (cyan), B (salmon), C (green), D (magenta), E (blue), F (orange), G (red), and H (yellow).

46 X 52 X 46-A affinity grid with 0.375-A spacing was used.
The remaining parameters were set to default values. A maxi-
mum of 20 poses were sorted based on the scoring function and
fitness score implemented in the program. The most stable
conformation of the protein-ligand complex was then selected
for further analysis. Modeling of the open and closed structures
of MtbFFRP and MtbAldR onto the promoter binding region of
the ald gene was carried out in an analogous manner as
reported by us earlier for MtbFERP (8).

Results

Crystal Structure of MtbAldR—The protein was purified as
reported earlier (20). The size of the protein was consistent with
octameric association in size exclusion chromatography exper-
iments (20). Molecular replacement calculations were carried
out to solve the structure of MtbAldR. There are four indepen-
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dent subunits in the asymmetric unit, and each subunit com-
prises two domains. MtbAldR belongs to the «/f family of pro-
teins. Each polypeptide chain folds into an N-terminal DNA-
binding domain, which initially forms a helix (residues 34 —45)
and subsequently folds into a helix-turn helix DNA-binding
motif (residues 51-75) typical for this protein family (Fig. 1A).
A rather long flexible linker (residues 76 —93) joins the N-ter-
minal domain to the C-terminal effector-binding/oligomeriza-
tion domain. The latter domain contains four B-strands and
two a-helices arranged in a BaBBaf topology also called the
RAM (regulator of amino acid metabolism) domain (residues
94—173). The C terminus ends at residues 174—178.

The flexibility of the linker region allows for variation in posi-
tioning of the relatively rigid N- and C-terminal domains with
respect to each other. In fact, the dimerization in the protein
proceeds with the N-terminal domains being swapped (Fig. 1B).

SASBMB

VOLUME 291-NUMBER 23+JUNE 3, 2016



Ve
> g 155

Crystal Structure of M. tuberculosis H37Rv AldR

4 bl L) e =

FIGURE 2. Ligand binding sites of MtbAldR. A, type | binding site at the interdimer interface and type Il binding site at the intradimer interface of MtbAldR are
shown in orange and yellow, respectively. The region marked by the box has been expanded and shown in B, which shows details of the residues that make up

the respective binding sites. Gly'*'

binding site (D) are also shown.

The domain swapping places the C-terminal domain of each
monomer below the N-terminal domain of the other monomer
of the dimer. Each asymmetric unit of MtbAldR contains two
dimers, and four such dimers associate through crystal symme-
try to form the octamer (Fig. 1, C and D). The respective DNA-
binding domains of each subunit of the octamer face the
outside of the packed oligomeric structure. The C-terminal
domain is involved in oligomeric interactions and is located
inside. There are 47 polar interactions and 18 hydrophobic
interactions that stabilize the octameric association.

We had earlier (8) identified that a new binding site, called
type IL, exists in this protein family in the intradimer interface of
the protein. This is in addition to the type I binding site that
exists in the interdimer interface. Incidentally, the conserved
Gly'®!, essential for binding amino acids/ligands, can form a
part of both types of sites (Fig. 2, A and B). An examination of
the type I and type Il binding sites in MtbAldR shows clusters of
water molecules at both of the binding sites in the apo-Mt-
bAIdR structure (Fig. 2, C and D). When the volumes of type I
and type II binding sites in the MtbFFRP and MtbAIdR struc-
tures were analyzed using the CASTp server (33), it was found
that the volume of the type II binding site is greater than that of
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is common to both sites. 2|F,| — |F_| electron density maps contoured at 1.00 at the type | binding site (C) and the type Il

type I in both structures. This suggests that the type II site can
accommodate larger ligand molecules. Further, the respective
volumes of the type I and II sites of MtbAIdR (405 and 462 A®)
were about 60 and 30% more than that of MtbFFRP (246 and
344 A®).

The solvent-accessible surface areas of subunits A and B are
similar at 9672.8 and 9707.3 A2, respectively, and a total of 4560
A? of surface area was buried upon dimer formation (i.e. ~23%
(2280 A?) of the accessible surface area of each subunit is bur-
ied). Likewise, the individual solvent-accessible surface areas of
subunits C and D are 9839.3 and 10,183.0 A, respectively, and
the interface area of the CD dimer is ~2467 A2 (i.e. ~25% of
total surface area). Formation of the octamer and associated
additional intersubunit interactions compared with the dimer
results in ~32% of the surface area being buried (i.e. an increase
of ~8% buried surface of each subunit compared with the
dimer).

A comparison of the available crystal structures of Lrp/AsnC
type proteins shows that the respective proteins share the basic
fold, although the proteins exhibit relatively low sequence sim-
ilarities. The results of structural superimpositions suggested
that MtbAIdR is relatively distinct as compared with other
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FIGURE 3. EMSAs of MtbAIdR with respective FAM-labeled substrates. A, EMSA corresponding to the 400-bp upstream region of Rv2780 (L-alanine
dehydrogenase) used as the substrate. B, EMSA corresponding to the 100-bp upstream region (S4) of Rv2780 used as the substrate. Both of the substrates
exhibit binding with MtbAIdR. The apparent equilibrium dissociation constant for the binding of MtbAIdR with the S4 region is 391 = 32 nm.

members and exhibits higher root mean square deviation val-
ues upon superposition. MtbAIdR is closer to M. tuberculosis
FERP (2.1 A root mean square deviation) and to a lesser extent
to that of E. coli AsnC (3.0 A root mean square deviation) and
B. subtilis LrpC (3.1 A root mean square deviation) proteins.

MtbAIdR Binds to the Upstream Region of the ald Gene—
DNA binding and specificity of MtbAldR was investigated by
EMSAs. As mentioned earlier (20), MtbAIdR lies upstream to
the ald gene (Rv2780), which codes for Ald (alanine dehydro-
genase; EC 1.4.1.1). Initially, when the extended upstream ald
sequence (—400 to +1) was incubated with purified MtbAldR,
a single protein-DNA complex was observed (Fig. 3A4). To iden-
tify the exact site where the protein binds, this 400-bp region
was further subdivided into four regions of 100 bp each, and
EMSA was performed individually with each of these regions. A
single protein-DNA complex was observed when the extended
upstream ald sequence S4 (—100 to +1) was incubated with
purified MtbAIdR, with an apparent equilibrium dissociation
constant of 391 = 32 nm (Fig. 3B). In contrast, no protein-DNA
complex was observed when the —200 to —100 (S3) region and
—300 to —200 (S2) region of ald was used in EMSA, respec-
tively (data not shown), suggesting that MtbAldR binds more
proximally to the upstream region of ald.

Binding of Amino Acids to MtbAldR Probed through Quali-
tative Competitive ANS Displacement Assays—In this part of
the study, we examined the binding of various amino acids to
MtbAldR. Competitive displacement of ANS (8) was used to
probe binding of MtbAldR and its G131T mutant to various
amino acids. Gly"®" is a conserved Gly that is known to be
essential for binding ligands in related Lrp/AsnC proteins. Con-
sequently, this mutant should lose the ability to bind to ligands
and was used as a control. Binding of an amino acid/ligand may
lead to either an increase or a decrease in the observed ANS
fluorescence. The experiments clearly show changes in fluores-
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cence intensity upon respective titration with Asp, Trp, Tyr,
and Ala (Fig. 4, A-D, respectively). With His, Phe, Leu, Asn,
Gln, Ala, Lys, Arg, Gly, Met, Pro, Ile, Ser, and Thr change in the
fluorescence intensity was also observed, but in the case of Cys and
Val, no change in intensity was observed (data not shown). The
spectroscopy results clearly suggest that various amino acids bind
to the wild-type protein. However, no such fluorescence change
was observed in the case of the G131 T mutant upon the addition of
various amino acids, indicating that Gly">" is an essential residue
for ligand binding in MtbAldR (Fig. 4, E and F).

Binding of Amino Acids Elicits Diverse Responses on the
MtbAIdR-DNA Complex—Above, we showed that MtbAldR
binds to diverse amino acids, including Ala, and also that it
binds to the promoter region of ald. Next, we probed whether
binding of amino acids to MtbAIdR affects its ability to bind to
the ald promoter region. Accordingly, we carried out EMSAs of
MtbAldR binding to the ald promoter region in the presence of
various amino acids. The results show that Ala, Trp, Tyr, and
Asp completely abolish the DNA binding ability of MtbAldR.
On the other hand, Glu and Asn reduce MtbAldR binding to
DNA but do not completely abolish it (Fig. 5, A—C). We probed
in more detail the effects of increasing concentration of Ala on
the DNA binding activity of the protein, because it was earlier
reported that Ala can act as a repressor or an activator for
M. smegmatis AldR (15). We found that the addition of increas-
ing concentrations of Ala correspondingly inhibits the forma-
tion of the MtbAIdR nucleoprotein complex with an IC,, value
of ~400 um (Fig. 5D).

Disruption of the MtbAIdR-DNA Complex by Small Molecule
Inhibitors—Conceptually, an important step to exploit the
potential of AldR as a potential target is the identification of
inhibitors that can disrupt the AldR nucleoprotein complex. As
part of a long term program, we used an in-house database of
small molecule compounds to identify potential binders to
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FIGURE 4. Amino acid binding studies using ANS fluorescence displacement assays against MtbAIdR and its G131T mutant. Concentrations of the
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to MtbAldR. Binding studies against the G131T mutant were carried out by monitoring the change in the fluorescence intensity after titrating the G131T-ANS
premix against increasing concentrations of alanine (E) and leucine (F), respectively. Clearly, the mutant protein cannot bind to the amino acids.

MtbAIdR using in silico docking. We identified a tetrahydro-
quinoline carbonitrile derivative (S010-0261), levothyroxine,
and liothyronine as potential inhibitors of AldR in this initial
exercise. ANS-based fluorescence displacement assays showed
that the compounds bind to MtbAldR (Fig. 6, A and B). Gel shift
assays were used to probe the ability of the compounds to actu-
ally disrupt the MtbAldR-DNA complex. The compounds were
individually added in a dose-dependent manner to purified
MtbAIdR in the DNA binding buffer before the addition of the
labeled DNA probe. Fig. 6, E-G, shows that the compounds
are able to disrupt/inhibit the formation of the nucleoprotein
complex in the gel shift assays. Additionally, the IC, values of
liothyronine, levothyroxine, and S010-0261 were found to be 25,
40, and 42 pum. Indeed, compared with Ala, the compounds exhibit
about ~10-15-fold better inhibition in the assay system (Fig. 7).
We tried to co-crystallize the protein with amino acids and
inhibitors, but this resulted in either no crystals or small poorly
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diffracting crystals. We then used AUTODOCK to examine the
potential binding modes of the compounds. Binding of the
inhibitors to the type I site of MtbAldR was found to be unfa-
vorable due to steric interactions of the compounds with the
protein and relatively low binding energies. On the other hand,
the compounds bind to the type II site with better predicted
affinity as compared with the type I site and also do not exhibit
unwanted steric clashes. Amino acids like Ala can, however,
bind to the type I site also (data not shown).

With the help of qualitative ANS displacement assays, we
studied the binding of these inhibitors to the Gly'*! mutant,
which, as shown above, does not bind to ligands/inhibitors due
to the mutation of the essential Gly">' residue (Fig. 6, C and D).
Interestingly, the mutant retains the ability to bind to the target
DNA but the binding cannot be inhibited by the above com-
pounds. This confirms that the compounds probably bind to
the type II binding site as predicted. Further, it also suggests
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were analyzed in more detail, and it was found that it inhibits the MtbAldR nucleoprotein complex with an IC, value of ~400 um.

that binding of the inhibitors to the wild-type MtbAIdR induces
relative changes between the DNA-binding domains/other
larger changes that prevent the protein from binding to the
promoter region of ald. This was further confirmed using the
circular dichroism spectroscopy experiments detailed below.
Circular Dichroism and Size Exclusion Chromatography
Experiments—Far-UV CD spectra of both purified apo-
MtbAIdR and apo-MtbAIdR in the presence of 3 mm concen-
trations of respective amino acids were collected. In the pres-
ence of alanine, aspartate, glutamine, and asparagine, signifi-
cant changes to the respective CD spectra were observed (Fig.
7A). Far-UV CD spectra were also collected in the presence of
liothyronine and levothyroxine. In the presence of increasing
concentrations of the latter compounds, considerable changes
to the CD spectra of the inhibited protein were observed com-
pared with those of the apoprotein (Fig. 7, Band C). The results
clearly suggest larger changes to the secondary structure/struc-
tural perturbations in the presence of the respective amino
acids and compounds. To further probe the nature of the struc-
tural changes in MtbAIdR in the presence of the amino acids,
we used size exclusion chromatography. This protein family
exhibits changes to the oligomeric association in the presence
of effectors (e.g. amino acids). These changes may be in the form of
a different order oligomeric association or even the adoption
of an open quaternary structure (10, 11). The size exclusion
chromatography experiments show that at 2 mg/ml concentra-
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tion, MtbAldR elutes as an octamer and further that it elutes as
a decamer in the presence of 20 mm Ala (Fig. 84). At 1 mg/ml
concentration, MtbAIdR elutes at a position corresponding to a
heptamer, and in the presence of 10 mm Ala (Fig. 8B), it appar-
ently elutes as a nonamer. At 0.5 mg/ml concentration, the
elution profile is a single peak corresponding to a hexamer.
When 5 mMm Glu, Asn, and Gln were added to the protein at this
concentration, it adopted octameric and higher order oligomer-
ic forms (Fig. 9, A—C). On the other hand, at 5 mm Ala, Asp, and
Phe, we also observed a slight left shift in the elution peak of the
protein, which can be attributed to either the “opening” of the
closed structure or changes in the oligomeric associations (Fig.
9, D—F). No change in the oligomeric association was observed
in the presence of Leu in analogous experiments (Fig. 9G).
Additionally, we subjected the fractions corresponding to the
elution peaks of the apo- and Ala-bound MtbAIdR to native
PAGE analysis and DLS studies (Fig. 9). No change in the molec-
ular weights could be discerned in the native PAGE analysis
between the apo- and Ala-bound MtbAldR. On the other hand,
the z-average size/hydrodynamic diameter of the protein particle
in DLS experiments was found to be 231.2 nm for Ala-bound
MtbAIdR and 208.5 nm for the apoprotein (Fig. 9, J and K). This
corresponds to an increase of ~9.8% in the hydrodynamic diame-
ter of Ala-bound MtbAIdR compared with the apoprotein. Over-
all, the above experiments show that MtbAldR exhibits both

SASBMB

VOLUME 291-NUMBER 23+JUNE 3, 2016



Crystal Structure of M. tuberculosis H37Rv AldR

ANS fluorescence displacement assays with MtbAIdR | [ EMSA analysis of MtbAIdR-DNA complex with inhibitors |

30 45 60 7% 20

50100261 (M)

A Liothyronine B E Liothyronine (uM)
150 — oM 0 5 10 15 20 25 30 35 40 1o
—S5uM i *
2 —10pM 2 L 53 ™
g —15uM 2 a3
£ 100 —20pM s gz »
2 £ £f
g g i3 5
s c
8 @
@ 50 H 4
@ b4 0 5§ 10 15 20 25 30 35 40
g : a0 0 o
= &
0+ 1 0 T T T 1
400 500 600 400 450 500 550 s0 F Levothyroxine (uM)
Wavelength (nm) Wavelength (nm) O 20 30 40 SO 60 70 80
C—a PR SRR R —
2
& g3 78
B 3z
d j 2 ‘. | %8 é_’g 50
I ANS fluorescence displacement assays with G131T mutant I ‘ . o | R G
e ° MM
2001 Liothyronine 801 Levothyroxine . Levothyroxine (4M)
> —opm —O0M
] —5uM > —5uM
§ 1501 —10pM 2 60 =1%M G 50100261 (uM)
£ —15uM g —15uM v 100
3 £ 0 10 20 30 40 SO 60 70 8 90 z
5100- §40- b bosd b bt bt b §§ 75.
2 g o3
2 @ 85 so
S 504 2 204 ;:-é
& S 58
[ y €3 2
%0 w0 w0 w0 =0 o %0 4 o S0 o0 6 | -
400 440 480 520 560 600 —
s s bt b b b s .

Wavelength (nm) Wavelength (nm)

FIGURE 6. Inhibitor/ligand binding studies using ANS fluorescence displacement assays against MtbAldR and its G131T mutant. A and B correspond to
the experiments with liothyronine and levothyroxine with MtbAIdR, whereas C and D correspond to the experiments involving the inactive G131T mutant.
Clearly, liothyronine and levothyroxine exhibit binding to the native protein, but they are unable to bind to the G131T mutant. The y axis represents the
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premix, was titrated against increasing concentration of the respective compounds, and the resultant change in the fluorescence intensity was monitored. The
concentrations of the compound used in each curve are shown as insets in the respective panels. Subsequently, the ability of liothyronine (E), levothyroxine (F),
and a tetrahydroquinoline carbonitrile derivative (5010-0261) (G) to inhibit the MtbAIdR-DNA complex was probed using EMSA. The first lane in the panels
corresponds to the control experiments containing only protein and no compound. The subsequent lanes correspond to increasing concentrations of the

added compounds. The IC5, values of liothyronine, levothyroxine, and S010-0261 were found to be ~25, 40, and 42 um.

concentration-dependent oligomerization changes and effector-
mediated changes to the quaternary association.

Discussion

Structurally, MtbAIdR exhibits the typical fold observed in
this protein family, although it has low sequence homology with
other FFRP homologs. The basic functional unit is the dimer
that is stabilized, among other things, through “N-terminal
domain-swapping” interactions. It exhibits both concentration-
dependent and ligand-binding dependent changes to the qua-
ternary structure and association. Deviation from quaternary
structure symmetry is a rare event, and where observed, it is
attributed to strong functional reasons. The open quaternary
structures observed in the feast/famine regulatory family of
proteins apparently enable them to bind to target DNA sites
separated by ~20-40 bases between them. The proteins can
adopt it in the complex with DNA, as observed in the E. coli
Lrp-DNA complex (11). Alternatively, it can be triggered by the
binding of a ligand to the effector site, as suggested by the open
structure adopted by the G102T mutant of MtbFERP in its crys-
tal structure (10). Very recently, transmission electron micros-
copy studies involving M. smegmatis AldR in the presence of
Ala showed that this protein adopts an open quaternary struc-
ture in the presence of the effector Ala. This was attributed to
the necessity of binding to multiple target sites located
upstream to the ald gene in M. smegmatis (34). Thus, there
appears to be interplay between the interactions of FFRP with
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the substrate and the effector that results in changes to the
quaternary structural assembly and/or adoption of different
quaternary states. The present work involving MtbAldR further
suggests that adoption of open quaternary structures plays an
important part in facilitating interactions with target DNA sites
(Fig. 10A). As the modeling suggests, interactions with binding
sites separated by ~26 —30 bases are conceptually possible with
a “closed” oligomer with smaller adjustments/changes to the
DNA-binding domains. On the other hand, binding to sites that
are separated by ~40 bases like in the ald promoter region (e.g.
between sites O1 and O2), will require the protein to adopt the
open quaternary association. It will be interesting to see
whether binding of different effectors/ligands can elicit
nuanced effects (e.g. can these proteins form open quaternary
structures with different extents of “openness”?) or whether the
protein can bind to the target site(s) in different quaternary
structural states to elicit diverse functional consequences.

In line with the above, we tested the ability of 20 amino acids
to bind to the protein as well as for the respective ability to disrupt
the MtbAIdR-DNA complex. With the exception of Cys and Val,
the other amino acids showed binding to the protein. Of these, Ala,
Tyr, Trp, and Asp, could completely inhibit the MtbAIdR-DNA
complex in our assays. In this context, our result involving Ala is in
contrast with the earlier report involving M. smegmatis AldR (15),
where binding of the protein to the upstream region of ald was
reportedly enhanced in the presence of Ala. The differences in the
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observations may be due to the different DNA target sequences
used in their assays (Fig. 10B), and consequently we hypothesize
that different quaternary states of AIdR might be binding to
the respective tested sequences. This underscores the need for
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more complementary in vivo and in vitro experiments to probe
the molecular mechanisms of AldR.

Subsequently, the oligomeric status of selected MtbAldR-
amino acid complexes was probed using size exclusion chroma-
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tography. Binding of some of the amino acids increased the
oligomeric status of MtbAldR, as assessed by the latter experi-
ments (Table 2). A marginal increase in the oligomeric status
(e.g. hexamer to heptamer) can be plausibly attributed to for-
mation of an open structure. This would also explain the small
retardation in the gel matrix, especially in light of the above
discussion. The native PAGE analysis and DLS experiments
involving Ala-bound MtbAIdR and the apoprotein support this
hypothesis. The increase in the hydrodynamic diameter of Ala-
bound MtbAldR by ~9.8% can be attributed to the formation
of an open quaternary structure. However, larger oligomeric
changes (e.g hexamer to decamer, dodecamer, and tetra-
decamer) were also observed, and the latter changes cannot be
attributed only to formation of an open structure. Of course,
further structural evidence is needed to understand the exact
changes that occur upon effector binding.

The CD experiments involving MtbAldR in the presence of
various amino acids also suggest that larger structural change
takes place upon amino acid binding. It is known that binding of
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effectors to this protein family can lead to conformational
changes (2, 8, 9). One such observed change is to the relative
spatial disposition of the N-terminal domains. Another large
change observed by us (8, 10) in a homologous mycobacterial
protein was a displacement of the ligand binding loop in the
C-terminal domain by nearly 4 A upon effector binding. The
conformational changes reflect the structural fine tuning that
these transcriptional regulators adopt to modulate their DNA
binding activity in the presence/absence of suitable effector
molecules.

So far, a clear functional role for binding of only Ala to
M. smegmatis AldR and consequent regulation of the ald gene
has been reported. Our results have identified three other
amino acids (viz. Tyr, Trp, and Asp) that bind to the protein and
disrupt the DNA complex, and the functional significance of
this is yet to be elucidated. Interestingly, aromatic amino acids
are important for the pathogen’s viability (35), and the compo-
nents of the Shikimate pathway have been identified as impor-
tant M. tuberculosis targets due to their involvement in aro-
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FIGURE 10. A, superposition of open (Protein Data Bank code 2W29; MtbFFRP) and closed octamers (Protein Data Bank code 4PCQ; MtbAIdR). This was modeled
onto MtbAIdR binding sites O1-04, respectively, located upstream to the ald gene. The numbers between the two adjacent AldR-binding sites indicate the
distances between the respective central T nucleotides in the base pairs. The model clearly suggests that the protein has to adopt the open quaternary
structure in order to bind to the complete region. B, the sequence of the 400-bp region upstream to the M. tuberculosis ald gene is shown. This was divided into
four 100-bp fragments, called S1-54, as indicated, for the present EMSA studies. The MtbAldR binding sites that were identified later are also indicated and are
marked as O1-04, respectively, in the figure.

TABLE 2
Effects of adding amino acids to MtbAldR and MtbAIdR-DNA complex, respectively
ANS intensity change upon

adding respective amino Effect on the MtbAIldR Changes to the quaternary structure
Amino acids acids to MtbAIdR (7 um) (650 nm)-DNA complex of MtbAIdR (0.5 mg/ml)”
Tyrosine Increase Inhibition —*
Phenylalanine Increase No effect Hexamer to heptamer
Tryptophan Increase Inhibition b
Histidine Increase No effect
Aspartate Increase Inhibition Hexamer to heptamer
Leucine Increase No effect No effect
Glutamate Increase Partial inhibition Hexamer to decamer
Asparagine Decrease Partial inhibition Hexamer to tetradecamer
Glutamine Decrease No effect Hexamer to dodecamer
Alanine Decrease Inhibition —

“ Smaller changes to the oligomeric state of MtbAldR in the presence of amino acids like alanine can be interpreted as a transition to an “open” quaternary association, as
hypothesized under “Discussion.”
? Inconclusive results; experiment was not performed.

matic amino acid metabolism (36). Asp has been identified as FL-11 and regulate aspartate oxidase expression (38). Indeed, a
an effector for the Lrp from Halobacterium salinarum for reg- sequence homology search of the M. tuberculosis H37Rv
ulating aspartate transaminase and glutamine synthetase gene genome sequence identified potential AIdR/FFRP binding sites
expression (37). Asp has also been suggested to bind to archaeal — upstream to the aspartate transaminase, aspartate oxidase, and

11978 JOURNAL OF BIOLOGICAL CHEMISTRY §ASBMB VOLUME 291-NUMBER 23+JUNE 3, 2016



chorismate synthase genes (data not shown). It will be interest-
ing to examine whether MtbAIdR is also involved in the regu-
lation of some of these other genes.

The binding experiments with the G131T mutant of
MtbAIdR gave further insights into the interactions with target
DNA. It may be recalled that the mutation of the same con-
served glycine residue (Gly'2) in MtbFFRP (10), and also bind-
ing of arginine to FL11 (12), results in the open quaternary
association observed in Rv3291c and FL11. Gly'®* in MtbFFRP
is an essential residue for effector binding that is common to
two separate binding sites in the protein. The type II binding
site occurs in the intradimer interface binding domain, and the
type I binding site is located at the interdimer interface. Ligands
that bind to the type II site can disrupt DNA interactions by
modulating the relative spatial disposition of the DNA-binding
domains in the dimer, although the site itself is located rela-
tively distal to the DNA binding residues. On the other hand,
ligands that bind to the type I sites can modulate DNA binding
by changing the oligomeric association. Interestingly, the
G131T mutant of MtbAIdR does not bind to amino acids/li-
gands but retains the ability to form a complex with DNA.
Because the amino acids are unable to bind to the effector sites,
they cannot interact with the protein and disrupt the DNA
complex. This supports our earlier hypothesis that binding of
the amino acids can cause changes to the relative spatial dispo-
sition of the DNA binding motifs, among other things. It also
highlights that it is possible to identify small molecule inhibi-
tors that can inhibit the MtbAIdR-DNA complex whose mode
of action is as hypothesized above.

We initially used virtual screening strategies to identify
potential inhibitors that can bind to either the type I or type II site
of MtbAldR. We tested about 25 compounds in the EMSAs, and
this resulted in the identification of a tetrahydroquinoline
carbonitrile derivative (S010-0261), levothyroxine, and lio-
thyronine as small molecule inhibitors that can disrupt the
MtbAldR-DNA complex. The binding of the latter two com-
pounds to MtbAIdR and its G131T mutant was also checked
by fluorescence displacement assays and CD experiments.
These compounds cannot bind to the type I site due to the
predicted steric hindrance but can bind well to the type II
site. Importantly, these inhibitors do not bind to the G131T
mutant, and the latter result, taken together with the dock-
ing analysis, clearly indicates that the inhibitors bind to the
type II site. To the best of our knowledge, these compounds
represent the very first inhibitors of the Lrp/AsnC/FFRP
family of proteins and demonstrate that the FFRP-DNA
complex can be disrupted by the binding of compounds to
the site located relatively distal to the DNA-interacting
helix-turn-helix motif.
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