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Abstract

The bacterial leucine-responsive regulatory protein (Lrp) is a global transcriptional regulator that
controls the expression of many genes during starvation and the transition to stationary phase. The
Mpycobacterium tuberculosis gene Rv3291c encodes a 150-amino acid protein (designated here as Mtb
LrpA) with homology with Escherichia coli Lrp. The crystal structure of the native form of Mtb LrpA
was solved at 2.1 A. The Mib LrpA structure shows an N-terminal DNA-binding domain with a helix-
turn-helix (HTH) motif, and a C-terminal regulatory domain. In comparison to the complex of E. coli
AsnC with asparagine, the effector-binding pocket (including loop 100-106) in LrpA appears to
be largely preserved, with hydrophobic substitutions consistent with its specificity for leucine. The
effector-binding pocket is formed at the interface between adjacent dimers, with an opening to the core
of the octamer as in AsnC, and an additional substrate-access channel opening to the outer surface of the
octamer. Using electrophoretic mobility shift assays, purified Mtb LrpA protein was shown to form a
protein—-DNA complex with the lat promoter, demonstrating that the lar operon is a direct target of
LrpA. Using computational analysis, a putative motif is identified in this region that is also present
upstream of other operons differentially regulated under starvation. This study provides insights into the
potential role of LrpA as a global regulator in the transition of M. tuberculosis to a persistent state.
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Mycobacterium tuberculosis LrpA (Rv3291c) is a leu-
cine-responsive member of the Lrp/AsnC family of tran-
scription factors, which has representatives in a broad
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range of organisms spanning Eubacteria and Archaea.
Members of this family have been identified in 45% of
bacterial genomes and 95% of Archaea, with some
species such as Mesorhizobium loti containing over a
dozen paralogs (Brinkman et al. 2003). The Lrp/AsnC
family has been associated with global regulation of
metabolism, especially in response to changes in intra-
cellular levels of amino acids (Calvo and Matthews
1994). They are also referred to as feast/famine regula-
tory proteins (FFRPs), because of their potential role in
detecting and adapting to starvation conditions (Suzuki
2003). Escherichia coli contains three members of this
family: LrpA, to which Mtb LrpA has 40% amino acid
identity, YbaO, and AsnC, which regulate asparagine
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biosynthesis (Kolling and Lother 1985). Other members
of this family include LrpB in Sulfolobus (Peeters et al.
2004), LrpC in Bacillus subtilis (Thaw et al. 2006), LysM
in Sulfolobus (senses lysine) (Brinkman et al. 2002), Ptr2 in
Methanococcus (Ouhammouch and Geiduschek 2005), and
FL11 in Pyrococcus (senses glutamine) (Koike et al. 2004).

In E. coli, LrpA has been shown to influence the
expression of up to 10% of the proteins in the genome,
causing upregulation of some genes and downregulation of
others during late-log phase (Tani et al. 2002). Leucine
modulates the regulatory effects of LrpA in multiple ways.
The presence of leucine potentiates some changes, antag-
onizes others, and has no effect for still others (Calvo and
Matthews 1994). LrpA has been shown to bind directly
to genomic regions upstream of a number of regulated
operons, including ilvIH (Wang and Calvo 1993), leuABCD
(Calvo and Matthews 1994), pap (Nou et al. 1995), and
dadAX (Mathew et al. 1996). In some cases, LrpA acts as an
activator to recruit the transcription machinery (e.g., ilvIH),
and other times as a repressor by blocking transcription
(e.g., dadAX). However, for many other genes showing
differential expression, it is not known whether they are
controlled directly by LrpA, or regulated indirectly through
secondary transcription factors.

LrpA is strongly up-regulated during starvation (Betts
et al. 2002), implicating it in response to nutrient
limitation in M. tuberculosis, and therefore suggesting it
might play a role in persistence (Gomez and McKinney
2004). There are several in vitro models of persistence,
including stationary-phase growth (DeMaio et al. 1996;
Voskuil et al. 2004) and hypoxia (Wayne and Hayes
1996; Wayne and Sohaskey 2001). Nutrient starvation is
another important model for M. tuberculosis dormancy,
as a nutrient-limiting environment is suspected to develop
in the granulomatous lesions that encase the sites of
infection (Loebel et al. 1933a,b). Betts et al. (2002) devel-
oped an in vitro system to characterize the effects of
starvation on M. tuberculosis gene expression. This culture
system generates apparently nonreplicating bacilli that
exhibit a low level of respiration and exhibit no loss of
viability in this nutrient-deprived condition for up to 6 wk.
The bacilli develop resistance to isoniazid and rifampin
similar to persistence in vivo (Gomez and McKinney 2004),
but do not acquire susceptibility to metronidazole as in
hypoxic conditions (Wayne and Sohaskey 2001), suggest-
ing differences in the physiological responses.

In the Betts et al. (2002) starvation model, many genes
appear to be down-regulated, including those that are
involved in energy metabolism, lipid biosynthesis, cell
division, and transcription. In contrast, starvation induces
a number of stress response and virulence factors that may
be important for adaptation to the host environment (Betts
et al. 2002). In this model, LrpA is one of the most strongly
up-regulated genes (14.6-fold after 96 h), implicating it in
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regulation of starvation response in Mtb. Furthermore,
mutations in Lrp have been shown to provide a growth-
advantage-in-stationary-phase phenotype in E. coli (Zinser
and Kolter 1999). However, LrpA is only weakly up-
regulated (2.9-fold) in anaerobic conditions (specifically,
NRP2) (Muttucumaru et al. 2004). Deciphering the regu-
latory control exerted by LrpA in response to nutrient
limitation will be important for understanding the nature of
persistence, and ultimately for drug design.

Crystal structures for five proteins in the Lrp/AsnC
family have been solved to date: LrpA in Pyrococcus
furiosus (Leonard et al. 2001), FL11 in Pyrococcus OT3
(Koike et al. 2004), LrpA in E. coli (de los Rios and
Perona 2006), LrpC in B. subtilis (Thaw et al. 2006), and
AsnC in E. coli (Thaw et al. 2006). These structures
reveal that proteins in this family typically have two
domains: a classical helix-turn-helix DNA-binding domain,
and a regulatory domain for binding the effector. This
second domain is termed a RAM domain (regulator of
amino acid metabolism) (Ettema et al. 2002), and is related
to ACT domains which bind a broader range of small
metabolites (Grant 2006). Lrp proteins naturally form
dimers and likely interact with helical DNA as such. How-
ever, they have been reported to form a number of higher
order oligomers (tetramers, hexamers, octamers), which is
believed to be related to formation of histone-like particles
with the DNA helix wrapped around it and making inter-
actions at multiple evenly spaced sites (Koike et al. 2004).

In this paper, we report the crystal structure of Mtb
LrpA. Mtb LrpA crystallizes as an octamer and has a
similar fold to that observed previously for other mem-
bers of the Lrp/AsnC family, including a helix-turn-helix
DNA-binding domain and a RAM regulatory domain for
binding the effector. Although largely preserved, we note
several differences in the probable effector-binding
pocket buried between adjacent dimers in the octamer.
In addition, we identify a putative DNA binding-site
motif for LrpA, in order to begin to better understand
its network of control via the genes it directly regulates.
The third most strongly up-regulated gene in the Betts
et al. (2002) study is lat (Rv3290c), which is up-regulated
42-fold after 96 h of starvation. Lat is a lysine amino-
transferase that, in other bacteria, is involved in produc-
tion of antibiotics, such as cephalosporins in Streptomyces
(Malmberg et al. 1993). We show by a gel-shift assay that
LrpA binds in a specific fashion to a region within 150 bp
upstream of the translational start site of /atz. We observe a
region located at —55 to —33 that resembles the AT-rich
E. coli LrpA binding site pattern. We used computational
methods (Gibbs sampling) to search for similar patterns
upstream of other genes differentially regulated under
starvation, in order to define a motif that could represent
a binding site for LrpA. Interestingly, nine out of 15
instances of this motif are proximal to peaks in the
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curvature of the DNA, suggesting that geometry may be as
important as sequence in determining the protein-DNA
interaction, which has previously been reported for LrpA
(Wang et al. 1994) and other family members like LrpC
(Beloin et al. 2000). Among the proteins predicted to
contain a motif upstream are other regulators associated
with stress response, including transcription factors like
whiB2, and sigma factors like sigD, supporting the hypoth-
esis that LrpA could be acting hierarchically through a
layer of secondary regulators.

Results and Discussion

The Mycobacterium tuberculosis LrpA structure

The structure of Mtb LrpA was solved by MAD methods
(Hendrickson and Ogata 1997), using crystals of seleno-
methionylated protein formed in the orthorhombic space
group C222; (see Tables 1 and 2). Since there are no
methionine residues in the native Mth LrpA sequence
(other than at the N terminus), Leu 108 was mutated to
Met to obtain a selenium signal. The L108M mutation
was chosen since it is a conservative substitution, and the
residue in the corresponding position in the Pyrococcus
FL11 sequence is also Met. The structure was refined to
2.1A resolution, with a final R-factor and R-free of 21%
and 26%, respectively. The crystal structure of the Mtb
LrpA subunit (Fig. 1) reveals an N- and C-terminal
domain similar to what was observed in the structure of
the Archaeal LrpA from P. furiosus (Leonard et al. 2001)
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Figure 1. Overview of M. tuberculosis LrpA structure. Ribbon diagram of
the M. tuberculosis LrpA subunit secondary structure. The helix-turn-helix
(HTH) motif is formed by residues Leu 5-Ser 47. The C-terminal domain
consists of residues Leu 67-Ile 137. The HTH domain and the C-terminal
domain are connected by a two-hinge region, which encompasses residues
Arg 48-Leu 66 and Ile 138-Pro 150. The a-helices are colored in rust,
the B-strand is colored in purple, and the connecting loops are colored in
yellow.

and the feast/famine regulatory protein FL11 (Koike et al.
2004). The N-terminal domain contains a helix-turn-helix
(HTH) motif, which has been proposed to be involved in
DNA binding (Platko and Calvo 1993; Enoru-Eta et al.
2000). The al and a2 helices are joined by a short turn
that contains a critically conserved glycine at position 32.
All HTH-containing proteins characterized to date have
a glycine at the analogous position in the HTH motif
(Brennan and Matthews 1989). This glycine residue is
thought to play an important role in forming the con-
strained turn of the HTH motif (Mondragon et al. 1989).
The structural alignment also indicates that the HTH
motif of Mtb LrpA is similar to the HTH motifs of other
transcriptional regulators. Superposition of N-terminal
domains of Mth LrpA (Ca carbon atoms of residues 5—
47) and the transcriptional regulator Rob (PDB: 1D5Y,
Ca carbon atoms of residues 45-86) (Kwon et al. 2000),
as well as the metallothionein repressor of cyanobacteria
(PDB: 1SMT, Ca carbon atoms of residues 3-49) (Cook
et al. 1998), have an RMSD of 2.50 A and 2.36 A,
respectively (Fig. 2). Superposition of the E. coli Rob-
DNA binary complex with Mtb LrpA showed four
important residues in the a3 helix of the HTH motif of
Rob (i.e., Trp 36, GIn 39, Arg 40, and Lys 43), which
bond through van der Waals interactions and hydrogen
bonding with the DNA major groove. Structural align-
ment of the HTH motif of Mtb LrpA with Rob demon-
strates that Ser 36, Gln 39, Arg 41, and Arg 43 occupy
analogous positions in Mtb LrpA to the above four
residues in the a3 helix of Rob. A model of an Mtb
LrpA-DNA complex based on the structure of Rob
showed that the conserved serine 36 is close enough
(2.7 A) to form a hydrogen bond with the nitrogen of
guanine 7 (DNA). In addition, the guanidino groups of
Arg 43 (equivalent to Lys 43 in Rob) and Arg 41
(conserved among Lrp homologs, but not in Rob) are
positioned in close proximity to, and able to make
electrostatic interactions with, phosphate groups in the
DNA backbone on opposite sides of the major groove.
These observations suggest that residues in this helix of
LrpA could determine the specificity of interaction with
its cognate DNA.

The C-terminal domain of Mrb LrpA (i.e., residues 67—
137) contains an af-sandwich fold similar to that of P.
furiosus LrpA (Leonard et al. 2001) and the feast/famine
regulatory protein FL11 (Koike et al. 2004). This region
is composed of a mixed antiparallel B-sheet flanked by
two a-helices (a4 and a5). This fold is commonly found
in enzymes involved in amino acid metabolism and
purine biosynthesis (Ettema et al. 2002). In the P. furiosus
LrpA structure, the N- and C-terminal domains are
connected by a single linker region (i.e., residues 50-
60). In contrast, in Mtb LrpA structure the N- and C-
terminal domains are connected by two flexible linker
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Figure 2. Superposition of the HTH motif of M. tuberculosis LrpA (yellow)
with two other transcriptional regulators, Rob of E. coli (PDB 1D5Y,
purple), and the cyanobacterial metallothionein repressor (PDB 1SMT, rust).

regions (i.e., residues from 44-66 and 138—150) (Fig. 1).
The latter linker region (i.e., residues 138-150) in Mtb
LrpA contains seven additional residues, which further
extend the C-terminal end toward the N-terminal domain.
As a result, the C-terminal residue, Pro 150, of Mtb LrpA
extends far toward the N-terminal domain, forming a
favorable position to interact with the N-terminal Arg 14
residue, which could further stabilize the monomer.

The rotation angle between the N- and C-terminal
domains varies by up to 20 degrees among different
members of the Lrp/AsnC family (de los Rios and Perona
2006). The relative orientation of the two domains in Mtb
LrpA most closely resembles that in the E. coli AsnC
structure (Thaw et al. 2006).

Mtb LrpA oligomerization

Both Mtb LrpA and P. furiosus LrpA appear to exist as
dimers, tetramers, and octamers in solution (Leonard
et al. 2001; Shrivastava et al. 2004). In the crystal lattice,
the asymmetric unit contains four molecules of Mitb
LrpA. The intersubunit interactions are responsible for
the formation of the quaternary assembly (octamer). It
consists of four tightly packed dimers arranged in D4
symmetry (Fig. 3A), similar to all the other Lrp structures
except E. coli LrpA, in which the octamer appears
partially “‘open” when crystallized in the presence of
DNA (de los Rios and Perona 2006). The solvent-
accessible surface area for an individual Mtb LrpA sub-
unit is 10,481 A. Dimerization of the subunits buries 2643 A
of each subunit’s surface area, which represents approx-
imately one-quarter of the total subunit surface area. The
subunit—subunit interactions of the dimer appear to be
strong (Fig. 3B), as there are 22 hydrogen bonds between
the subunits at the dimer interface. This hydrogen bonding,
as well as the significant van der Waals interactions that
occur between the two subunits, primarily involve residues
within the four antiparallel B-strands of the C-terminal
domain. Specifically, residues from the B2 strand of one
subunit form eight hydrogen bonds with residues from the
B4 strand, and residues from the 35 strand form four hydro-
gen bonds with the C-terminal hinge region of the neighbor-
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ing subunit. Additional subunit interactions occur between
the linker regions (i.e., residues 50-59) and the «1-helix.

Oligomerization of the dimers into an octamer buries
571 A per monomer, which is only 5.4% of each mono-
mer surface area. As with the dimer formation the
octamer interface is formed primarily from residues in the
C-terminal domain. Hydrogen bonding is not nearly as
extensive (12 hydrogen bonds) at the octamer interface as it
is with the dimer interface (22 hydrogen bonds).

Comparison of the structure of Mtb LrpA with structures
of homologs

A structural similarity search of the Mtb LrpA subunit
using DALI (Holm and Sander 1995) revealed high
similarity (14.4 Z-Score) to P. furiosus LrpA (PDB code
1I1G). Vector alignment search tool (VAST) (Gibrat et al.
1996) revealed high similarity with the Archeal feast/
famine regulatory protein, FL11 (PDB code 1RI7; VAST
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Figure 3. (A) Schematic representation of the M. tuberculosis LrpA
octamer, showing the dimer—dimer interactions that lead to the formation
of a stable octamer. Each subunit is labeled A—H, and colored as follows:
A, cyan; B, yellow; C, light green; D, rust; E, light salmon; F, purple; G,
blue; H, orange. (B) Schematic representation of the M. tuberculosis LrpA
dimer, with local twofold noncrystallographic symmetry, demonstrating the
LrpA subunit—subunit interactions that promote the formation of a stable
dimer. Subunit A is colored in cyan and subunit B is colored in yellow.
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score 10.9) and structural similarity with P. furiosus LrpA
(VAST score 10.7). The Mthb LrpA structure (140 Ca
atoms) superimposed very well with P. furiosus LrpA
(140 Ca atoms). Sequence alignment shows that Mth
LrpA has ~23% sequence identity with the feast/famine
regulatory protein FL11 (Fig. 4). Despite the relatively
low level of amino acid sequence identity between Mtb
LrpA and the feast/famine regulatory proteins, least-
square superposition of the 145 Ca carbon atoms indi-
cates close resemblance (RMSD of 2.6 10%).

A DALI search further revealed that the Mtb LrpA
C-terminal domain has significant similarities to the
Archaeoglobus fulgidus (PDB 1P9Q) RAM domain (Z =
7.1), the human elongation factor (PDB 1B64, Z = 6.5),
and the Streptococcus aureus nickel-responsive repressor
(PDB 10KR, Z = 7.0). In addition, the C-terminal domain
(Ca carbon atoms of residues from 67-137) of Mtb LipA
and P. furiosus LrpA shows significant resemblance to
the ACT (Aspartokinase, Chorismate mutase, and TyrA)
domain (Ca carbon atoms of residues from 335-410) of
E. coli SerA (Grant et al. 1996).

The ACT domain folds as an «of sandwich with
ferredoxin-like BaBPaf topology (Grant et al. 1996;
Al-Rabiee et al. 1996). The effects of ligand binding on
proteins with ACT-like regulatory domains vary. For
example, phenylalanine hydroxylase is activated by a
regulatory ligand (Chipman and Shaanan 2001), whereas
tyrosine binding to TyrR protein represses transcription of
a group of operons. In E. coli D-3-phosphoglycerate
dehydrogenase (PGDH), the ACT domain binds to L-
serine, which is the final product of the serine biosyn-
thetic pathway and also acts as an allosteric regulator of
PGDH (Grant et al. 1996). Superposition of the Mtb LrpA
C-terminal RAM domain (Ca carbon atoms of residues
from 67-137) over the ACT domain of E. coli PGDH (Ca
carbon atoms of residues from 335-410), reveals close
structural resemblance (RMSD 2.48 A). However, the

dimer interactions in these two proteins differ signifi-
cantly from one another. In PGDH, the interaction
between the two ACT domains occurs through the o2
helix and the @33 strand, whereas Mtb LrpA dimerization
occurs through interactions of antiparallel B-sheets that
face each other. In the ACT domain of E. coli PGDH, the
effector-binding residues are located at the dimer inter-
face within the al and B1 strands and are highly con-
served. In contrast, in the Mtb LrpA structure, residues in
the corresponding strands are poorly conserved, suggest-
ing that the effector-binding sites in the two proteins are
very different.

Contact between adjacent dimers appears to involve
two sets of interactions during oligomerization; residues
from the connecting loops between the 32 strand and a4
helix (i.e., Pro 78, Ser 79, and GIn 80) interact through
hydrogen bonds with the a5 helix (i.e., Gln 123, Arg 132,
and Thr 127) of a noncrystallographic symmetry-related
subunit. Similarly, residues from the loop connecting the
33 and (34 strands of one subunit (e.g., Gly 102) interact
with backbone atoms of the B5 strand of the other
subunit. Hence, the C-terminal domain is important for
dimerization, as well as oligomerization of dimers into
higher order oligomers, such as tetramers, octamers, and
hexadecamers, as previously observed for E. coli Lrp
(Chen and Calvo 2002). Mutational studies have shown
that seven mutations in the C-terminal domain of E. coli
Lrp result in the loss of sensitivity to leucine (Platko and
Calvo 1993). When the locations of these mutations were
mapped on the Mtb LrpA structure, six of the seven were
found to be located at the interfaces between subunits
(Ser 99, Ser 105, Ala 115, Ile 137, Ile 138, and Leu 139).

Based on the crystal structure of the E. coli AsnC
structure in complex with asparagine, the effector-binding
site was identified to be in a surface pocket formed by
two subunits at the interface between adjacent dimers
(Thaw et al. 2006). The pocket in LrpA is formed

* * * * * * *
P._furiosus 1l ----eea- MIDERD] AKKLIGESETAVRKRVKALEEKGLIEG
ASNC_family 1l ------ MENYLIDNLDRGILE AKQF|IGNSPETIHVIRVEKMKQAGLITG
FFRP 1 ------- MRVPLUDEIDRKIIKILDNDGKAPL SKITIGLAESTIHHRIRKLRESGVIKK
E.coli-Lrpa 1 MVDSKKRPGKDLDRIIDR SKRVIGLSPTPCLERVRRLERQGFIQG
Mtb-LrpaA 1l - MNEALDPI|DR P ATRAIGLSVSAVQSRVRRLESRGNVQG
consensus 1 ----mmme - lDeiDr-il--L--dgr----Elakk-Gls-t-v--Rvrkle--Gii-g

*
P._furiosus 51 YTIKIN

H

ASNC_ family 55 ARIDVSi
FFRP 54 FTAIIDi
E.coli-LrpA 61 YTALLNi
Mtb-Lrpa 54 YSARINP
consensus 61 yta-inP--1lgyslv-figi-1lk

KKLGYSLVTITGVDTKP- -EKLF-EVAEKLKEYDFVKELYLS
KQLGYDVGCFIGIILKS--AKDYPSALAKLESLDEVTEAYYTTIGHYSIFIKVM
EALGYSMLAFILVKVKA--G-KYSEVASNLAKYPEIVEVYETT|IGDYDMVVKIR
HYLDASLLVFVEITLNRGAPDVFEQFNTAVQKLEEIQECHLV
EAVGHLLSAFVAITPLD--PSQPDDAPARLEHIEEVESCYSVAQG
—————— f-e---kl--1dev-e-y-8sGdy-imikir

* * % *
SGDHMIMAVIW

GDFDYLLKTR
ESYVLLVR

P. furiosus 108 AKDGEDLAEIISNKIGKIEGVTKVCPAIILEKLK----------
ASNC_family 113 CRSIDALQHVLINKIQTIDEIQSTETLIVLQNPIMRTIKP----

FFRP 111 TKNSEELNNFLD-LIGSIPGVEGTHTMIVLKTHKETTELPIK- -
E.coli-LrpA 121 VPDMSAYRKLLGETLLRLPGVNDTRTYVVMEEVKQSNRLVIKTR
Mtb-LrpaA 112 VASARALEDLLQR--IRTTANVRTRSTIILNTFYSDRQHIP---
consensus 121 -k--eal--il---i-ki-gv--t-t-ivl---k-=-=-=-=--=--

Figure 4. Sequence alignment of Lrp homologs from E. coli, P. furiosus, M. tuberculosis, and AsnC. The fop line asterisk indicates
amino acids that can potentially interact with DNA. Multiple alignment was generated with Clustal W 1.8.2 (Thompson et al. 1994).

Perfectly conserved residues are shown in boxes.
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primarily from loop 99-106 in one subunit and residues
from strand 35 and helix a5 of another subunit. The Mtb
LrpA structure also shows a cavity between dimers in the
molecular surface of the octamer assembly, with a
substrate-access channel opening into the core of the
octamer near Glu 103, as in the AsnC structure. However,
there is an additional access channel to the pocket from
an opening to the outer surface of the complex near Glu
119 (which is blocked off by Tyr 82 in the AsnC-
asparagine complex, and by Phe 90 in the E. coli LrpA
structure). Based on a homology model of E. coli LrpA
based on the AsnC structure, Thaw et al. (2006) predicted
the leucine-binding pocket of LrpA to consist of residues
Phe 90, Leu 108, Val 109, Gly 111, Asp 114, Leu 136,
Thr 144, and Thr 146. In the Mtb LrpA structure, the
residues that actually line this pocket include Ser 99a—Ser
105a (primarily backbone atoms), Tyr 106a, Leu 118b,
Glu 119b, Leu 122b, Arg 126, Thr 133b, and Ser 135b
(where a and b represent different subunits). The GD/E
motif in the center of the loop (residues 102—103 in LrpA)
is highly conserved among Bacteria, as well as Archaea;
several carbonyl oxygens in this loop make hydrogen
bonds with the main-chain atoms of the bound asparagine
in AsnC, are structurally conserved in Mtb LrpA, and
would be consistent with binding leucine in a similar
fashion. However, there are significant differences where
the side chain resides. In AsnC, the carboxamide of the
asparagine ligand hydrogen bonds with the backbone
carbonyl of Ser 105 and carboxamide of GIn 128 (2.7 A
each). In LrpA, Ser 105 is conserved, and Arg 126
occupies approximately the same position in the pocket
as Gln 128 in AsnC. It is notable that Ser 105 is one of
two leucine-response mutants identified in E. coli LrpA
by Platko and Calvo (1993) that can be mapped onto the
central loop in this pocket (Ser 99 and Ser 105 correspond
to Leu 108 and Asp 114 in E. coli LrpA, respectively). In
addition, the aliphatic part of Glu 119b and Leu 139c
(from a third subunit) contribute to the hydrophobicity of
the pocket. These observations support the hypothesis
that leucine could bind LrpA in the same location as
asparagine in AsnC.

LrpA binds to the lat promoter

Among the genes that are up-regulated under starvation
(Betts et al. 2002), three are located immediately down-
stream of lrpA. These include /at (Rv3290c), Rv3289c,
and usfY (Rv3288c), which are also among the most
highly induced M. tuberculosis genes during nutrient
starvation (Betts et al. 2002). Hence, the lat operon was
used as a representative potential target of LrpA regu-
lation in this study. The lat gene encodes lysine e-
aminotransferase, which converts L-lysine into L-pipe-
colic acid by transferring the e-amino group of L-lysine
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to a-ketoglutarate, and is considered to be the rate-
limiting step in the biosynthesis of B-lactam antibiotics
(Malmberg et al. 1993). Rv3289c is annotated as a
possible transmembrane protein, and the function of
UsfY is also currently unknown (http://genolist.pasteur.fr/
TuberculList/).

Electrophoretic mobility shift assays (EMSA) were
used to determine the specific interaction of Mtb LrpA
with the lar upstream sequences. When the extended
upstream lat sequence (—300 to +1 region) was incubated
with purified M. tuberculosis LrpA, a single protein—
DNA complex was observed (Fig. 5SA). In contrast, no
protein—-DNA complexes were observed when the —300
to —150 region upstream of lat was used in the EMSA
(data not shown), suggesting that M. tuberculosis LrpA
binds more proximally to the upstream region of lat. We
then examined the —150 to +1 region upstream of lat to
identify a potential core sequence for M. tuberculosis
LrpA binding and found a 23-bp sequence, CATAATT
TTTCCAGCATAAATAT (—55 to —33), that resembles
the AT-rich consensus sequence for Lrp binding in E. coli:
YAGHAWATTWTDCTR, where Y = C/T, H = not G,
W =A/T, D = not C, and R = A/G (Cui et al. 1995).

To determine the effect of leucine on the binding of
Mtb LrpA to the [at promoter, an EMSA (gel-shift assay)
was performed using Mtb LrpA and two different con-
centrations of L-leucine (10 mM and 20 mM). The
binding of purified recombinant M. tuberculosis LrpA
to the 23-bp fragment resulted in a single protein—-DNA
complex in the absence of leucine (Fig. 5B). On the other
hand, we observed an additional faster migrating complex
and a relative decline in the intensity of the original
slower complex in the presence of 10 mM leucine (Fig.
5B). Moreover, the addition of 20 mM leucine increased
the intensity of the second faster complex and further
decreased the intensity of the slower complex (Fig. 5B).
These findings suggest that the addition of leucine alters
the binding of M. tuberculosis LrpA to the lat upstream
sequences, in a manner similar to that described for
leucine interaction with the E. coli Lrp at certain target
sites (Calvo and Matthews 1994). The faster migrating
complex induced by the addition of leucine could reflect
partial dissociation, e.g., of hexadecamers into octamers, as
suggested by Chen and Calvo (2002).

Computational identification of putative LrpA
binding sites

Given the results of the gel-shift assays that suggested
that LrpA binds to a genomic region upstream of lat,
we used Gibbs sampling to identify putative regulatory
motifs in this region that are shared by other genes
differentially regulated during starvation, and used these
motifs to search the rest of the genome to identify other
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Figure 5. Binding of LrpA to the lat upstream region shown by the
electrophoretic mobility shift assay (EMSA). (A) Gel shift was performed
with (15 fmol) 300-bp fragment (—300 to +1) encompassing the promoter
and transcription initiation site of the lar gene. Lanes / and 2: 50 and
100 ng of LrpA, respectively; lane 3: without LrpA (control). (B) The
assay was performed with 100 ng of purified M. tuberculosis LrpA and the
23-bp fragment (15 fmol) in the presence and absence of 10 mM or 20 mM
leucine. Lane 7: 100 ng of LrpA with no leucine; lane 2: 100 ng of LrpA
with 10 mM leucine; lane 3: 100 ng LrpA with 20 mM leucine.

genes potentially regulated by LrpA. As a representative
list of genes whose expression is influenced by starvation,
we took the 114 genes listed in Table 3 of Betts et al.
(2002), whose expression level changed significantly 96 h
after transfer to PBS, (phosphate-buffered saline) includ-
ing both up- and down-regulated genes. All four genes in
the lat operon—Rv3291c (IrpA), Rv3290c (lat), Rv3289,
and Rv3288 (usfY)—were observed to be strongly up-
regulated (10- to 40-fold) and were included in this list.

Next, the genes were mapped to their operons, since
regulatory motifs would be expected to occur upstream of
the first gene in each operon. The operon definitions were
obtained from http://www.webtb.org, which were derived
based on a combination of proximity, experimental
evidence, and other information (Moreno-Hagelsieb and
Collado-Vides 2002). After removing redundancies, this

mapping left 68 genes representing operons containing
genes whose expression level were altered during starva-
tion. A genomic region consisting of 300 bp upstream
of the translational start site of each of these genes was
extracted (taking the appropriate reverse complement
for genes on the minus strand of the chromosome). The
region upstream of Rv3290c (/ar) was also inlcuded, even
though it is predicted to be the second gene in the operon
headed by Rv3291c (IrpA), since there is direct evidence
the LrpA binds upstream of it. Despite the fact that
operon-prediction algorithms suggest /rpA and lat are the
first two genes in a common operon, this does not
preclude the possibility that they could be independently
transcribed. In fact, there is precedent for this phenom-
enon, as dosR, a transcriptional regulator involved in the
hypoxic response, appears to have its own independent
promoter, separate from the promoter upstream of the
Rv3134c-dosR-dosS operon in which it resides (Bagchi
et al. 2005).

These 68 DNA sequences were subjected to motif
analysis using AlignACE (Neuwald et al. 1995), which
uses Gibbs sampling to identify short (10-20-bp) frag-
ments that are statistically overrepresented in the set. The
patterns do not have to occur in every sequence, can occur
more than once in a given sequence, are searched in both
orientations, and are not positionally constrained (can
occur in any position in any sequence—not required to be
aligned). The estimation of statistical significance is
strongly biased by assumptions about background nucleo-
tide distribution, so the option ‘‘—gcback 0.65”” was used
to reflect the high GC-content of the Mtb genome. A total
of 85 motifs were identified, with MAP scores ranging
from 29.7 to 0.08.

To evaluate the relevance of these motifs, ScanACE
(Hughes et al. 2000) was used to search the upstream
regions (300 bp) of all the genes in the H37Rv genome
and calculate a specificity score, which is a statistic that
indicates the degree of overlap between the genes with a
hit (containing a motif upstream) and the original set of
68 genes representing regulated operons. Better (lower)
scores are achieved when a motif occurs in more of the
regulated genes and/or fewer genes in the rest of the
genome. Specificity scores ranged between 0.1 and 3e-16.
Motif 46 had a MAP score of 7.9 and a specificity of 3.2e-
11. Instances of it occurred in 15 genes from the regulated
set (using a threshold set so that no more than ~100 false
positive hits are found in the rest of the genome upstream
of unregulated genes). Importantly, the upstream region
of lat (Rv3290c) contained this motif. In fact, the motif
appears at position —48 to —33 (TTTCCAGCATAAA
TAT), within the 150-bp region identified by the gel-shift
studies and coincident with the AT-rich site (—55 to —33)
that bears resemblance to the E. coli Lrp binding pattern
(Cui et al. 1995). The motif occurred at varying positions
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Figure 6. Logo plot of LrpA DNA-binding motif identified by AlignACE
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and in both orientations in the upstream regions of the
other genes, from —22 to —298, without any apparent
consistency. The actual pattern is a probabilistic profile
generalized over the individual instances of the motif
found, and is illustrated by the Logo plot shown in Figure
6. The other genes showing differential expression under
starvation that contain instances of this motif are listed in
Table 3.

As partial validation of this motif, we analyzed the
proximity of the hits to predicted peaks in the local
curvature of the DNA. Wang et al. (1994) showed that
LrpA in E. coli preferentially binds at locations upstream
of the ilvIH operon showing intrinsic curvature. It has
been reported that LrpC, another member of the AsnC/
LrpA transcription-factor family in B. subtilis, binds in a
nonsequence-specific fashion to its own upstream region,
and its binding is also centered on a region that shows

a bend experimentally (Beloin et al. 2000; Tapias et al.
2000). Bends in DNA have also been associated with
other bacterial transcription factor binding sites
(Asayama and Ohyama 2005), and may be affected by
supercoiling (Beloin et al. 2003), which could be involved
in stress response and/or transition to stationary phase.

To evaluate bending in the upstream regions near LrpA
binding sites, we used the program dnacurve.py (http://
www.lfd.uci.edu/~gohlke/code/dnacurve.py.html) to pre-
dict the curvature of DNA based on the dinucleotide
wedge model (Goodsell and Dickerson 1994) (twist/roll/
tilt parameters: “‘aawedge,” window size: 21), and looked
for proximity of motifs to predicted peaks in the curvature
in the upstream regions. Of the 15 genes containing the
motif (identified in Table 3), nine genes were found to
have a peak in the curvature with a magnitude >0.3 within
10 bp up- or downstream of the predicted site. For
comparison, there are on average ~2.2 such peaks
upstream of each of the 3989 in the TB genome. The
probability of a motif in an arbitrary position within these
300 bp regions being within 10 bp of such a peak is
16.5%. Using the binomial distribution, the probability
that nine out of 15 genes contain motifs within 10 bp of
a peak in the curvature is 0.0002, suggesting that this
association is highly nonrandom. The proximity of a
motif to a peak in the curvature was not systematically
associated with up- or down-regulation.

Table 1. Anomalous data collection and phasing statistics for native LrpA structure

Data collection Inflection (max f')

Peak (max f”)

Wavelength (A) 0.9793 0.97900
Resolution range (10\) 100-2.2 100-2.2
Completeness® (%) 99.5 (92.6) 97.1 (99.0)
Completeness”, 20 (%) 99.5 (99.3) 97.1 (99.0)
< log>* 27.01 (10.57) 23.84 (7.79)
R(merge)” overall 0.0267 (0.105) 0.0297 (0.147)
F (e) -103 —~7.80
F’ (e) 32 5.90
R(ano, N)*°
Inflection 0.056 (0.127) 0.040 (0.098)
Peak 0.065 (0.146)

Phasing statistics

Resolution bin (lower limit, A) 7.85 4.98 3.90 3.31 2.92 2.65 2.44
F.o.m. initial (SOLVE) 0.68 0.62 0.54 0.51 0.49 0.43 0.35
F.o.m. final (SHARP, DM NCS averaging) 0.88 0.90 0.89 0.86 0.82 0.80 0.80

#Values in parentheses for the highest resolution bin (2.20-2.19 A) for 20 cutoff applied by SOLVE (100% without o cutoff).
"Merging R(ano) for anomalous differences in diagonal elements and R(\) for dispersive differences in off diagonal elements
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Table 2. Data collection, refinement, and geometry statistics
for native LrpA

Data collection LrpA
Space group C222,
Wavelength (A) 0.97918
Temperature (Kelvin) 120

a(A) 146.3

b (A) 149.9

¢ (A) 62.5
Resolution (A) 30-2.1
Highest resolution bin (/BX) 2.22-2.1

276,375 (19,682)
44,373 (3160)

Observed reflections®
Unique reflections®

% Completeness 97.2 (94)
R(merge)* 0.0297 (0.1137)
< Ilog>* 25.1 (4.3)
Vwm (Matthews coefficient) 2.6
Vg (solvent content) 54%
Refinement
Free R value,” random, 5% 0.26
R value® 0.21
Protein residues 580
Water molecules 258
RMSD bond length (A)° 0.02
RMSD bond angle (A) 1.99
RMSD between subunits (A) 0.65
Overall coordinate error (A)C 0.25
RSCC (Shake &wARP)* 0.92
RSCC (Refmac5)® 0.92

Residue phi—psi angles

Most favored (%) 494 (92.9%)

Allowed (%) 38 (7.1)
Generously allowed (%) 0 (0.0)
Disallowed (%) 0 (0.0)

#Values in parentheses for the highest resolution bin.

" Deviations from restraint targets.

“Estimated standard uncertainty, diffraction precision index (DPI) based
on R-free (Cruickshank 1999).

9Real space correlation coefficient versus averaged and weighted Shake&
wARP map (Kantardjieft et al. 2002).

“Real space correlation coefficient versus maximum likelihood mF,~DF,
map, reported by Refimac5 (Murshudov et al. 1997).

There are several notable genes in this set that can be
rationalized in terms of regulation of gene expression
under starvation. Genes such as pstB (phosphate trans-
porter), atpA/E (ATPase), subl (sulfate binding), nuoD
(NADH dehydrogenase), and pks2 (polyketide synthase)
could be involved in response to changes in environment
and an attempt to import or synthesize new metabolites at
the onset of starvation. whiB2 is a transcription factor in
the WhiB family, associated with sporulation in Strepto-
myces. whiB2, one of seven members of this family in the
Mtb genome, is specifically down-regulated in the late-
stationary phase (Geiman et al. 2006). It is possible that
Lrp is controlling whiB2 as a secondary regulator in a
regulatory cascade, allowing Lrp to exert a more global
influence over expression indirectly through genes like

whiB2, even if it does not bind directly to regions
upstream of differentially regulated genes itself.

A connection between RelA and Lrp has previously
been noted (Landgraf et al. 1996; Tani et al. 2002). RelA
synthesizes ppGpp (guanosine tetraphosphate) at ribo-
somes when they encounter uncharged tRNAs, and thus
helps to signal growth-limiting conditions, as part of the
so-called ““stringent response’” (Dahl et al. 2003). Fur-
thermore, ppGpp itself can up-regulate Lrp expression
(Landgraf et al. 1996). It would make sense for Lrp to
up-regulate RelA contemporaneously for this signaling
interaction to be effective. Finally, Lrp appears to have a
binding site in the region upstream of sigD. sigD is a
sigma factor for a subset of genes with a unique promoter
(Calamita et al. 2005), and many of these genes are
associated with starvation response (particularly, heat/
cold-shock proteins, lipid metabolism, and cell-wall
biosynthesis enzymes, and various transcription factors)
(Raman et al. 2004). It is unknown exactly what induces
sigD expression, but regulation by Lrp would help explain
the broad range of effects of starvation on expression
levels through this secondary control.

Materials and Methods

Cloning and expression of Mtb IrpA

A 450-bp DNA fragment containing the /rpA (Rv3291c) gene
was amplified by PCR, with M. tuberculosis H37Rv genomic
DNA as a template, using the following oligonucleotide primers:
5'-AGATGAAGCATATGAACGAGGCGCTCGACGAT-3" and
5'-AGAGTAAGCTTATGGTATATGCTGCCTATCGC-3'. The am-
plified DNA fragment was digested with Ndel and HindIIl
restriction enzymes and subcloned into the corresponding
restriction sites in the pET28b vector containing an N-terminal
His tag (Novagen). Production of a selenomethionylated (Se-
Met) protein for multiple anomalous dispersion (MAD) phasing
was facilitated by mutation of Leu (TTG) at position 108 to
Met (ATG), using a QuikChange site-directed mutagenesis kit
(Stratagene). Se-Met protein was prepared according to pub-
lished methods (Miller 1972). The pET28b-lIrpA recombinant
plasmid was transformed into E. coli B834 (DE3), a Met auxo-
troph strain. The transformed cells were grown to exponential
phase at 37°C in LB medium containing kanamycin. For
production of Se-Met-labeled protein, the cells were grown in
M9 minimal media, supplemented with all 19 standard amino
acids and selenomethionine. Expression of LrpA was then
induced using 1 mM IPTG, and cells were harvested after
growth for 14 h at 20°C.

Mtb LrpA purification

The harvested cells were pelleted and resuspended in buffer A (20
mM Tris-HCI, pH 7.5, 50 mM imidazole) containing 1 mM PMSF
and complete EDTA-free protease inhibitors (Roche). The cells
were lysed using a French press, and the cell suspension was
centrifuged at 15,000g for 1 h. The clear supernatant was loaded
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Table 3. Regulated genes containing sites in upstream regulatory regions matching the putative LrpA DNA-binding motif identified

by AlignACE

Operon® Regulated genes” Expr® Site-matching motif Site pos and strand’ Curvature peak:® pos and score
Rv0714 rpIN—50S ribosomal protein —2X TACTCAGCGCAAAATT —182 (0) —180 (0.561)
Rv0932¢ pknD (Rv0931c)—Ser/Thr kinase —4X TGTGCATCGAAAGAGG —109 (0) —104 (0.348)
Rv0933 pstB—phosphate transporter —2X TGTGCATCGAAAGAGG —120 (1) —111 (0.348)
Rv1305 atpE—ATP synthase —5X TCAGCAGCGCAAAAAT —113 (0) —110 (0.467)
Rv1308 atpA—ATP synthase —6X TAGTCAGCACAAACCG —=35(1)

Rv2400c subl—sulfate-binding precursor 5X TCACCAGCGCAACCAG —285 (0)

Rv2584c relA (Rv2583c) ppGpp synthase 5X TCGACATCAACAACGT —198 (0)

Rv2661c hypothetical 27X TCACCAGCGCAAACAG —155 (1) —159 (0.348)
Rv2663 hypothetical 7X TCACCAGCGCAAACAG —135 (0)

Rv3145 nuoA (NADH dehydrogenase) —2X TGCGAAGCAAAACTGG —215 (0) —211 (0.389)
Rv3260c whiB2—transcription factor 6X TGTACATCAAAACAGT —158 (1) —148 (0.471)
Rv3290c lat—lysine aminotransferase 42X TTTCCAGCATAAATAT —47 (1) —48 (0.562)
Rv3415¢ sigD (Rv3414c) 2% TCATCAGTAAAAAGTT —31 (0) —27 (0.497)
Rv3825¢ pks2—polyketide synthase 3X TGGAAAGCGAAACCAT —221 (1)

Rv3919c parA/B chromosome partitioning —5X TGCACAGCGAAAGCGA —189 (1)

“First gene in operon; contains motif in upstream region.

®Genes in same operon that are differentially regulated in starvation, as reported in Table 3 of Betts et al. (2002).

“Fold-change in expression level under starvation, relative to growth conditions.

9 Motifs extracted by AlignACE can be on either strand. If on the minus strand (0), the sequence is presented as the reverse complement.

“Peaks are defined as nucleotide positions within the 300-bp upstream region that have a predicted curvature >0.3, and have highest value within a local

window of 21 bp. Only peaks within 10 bp of the motif are shown.

onto a Pharmacia Hi-trap Ni**-chelating column and washed with
300 mL buffer A containing 500 mM NaCl. The bound M.
tuberculosis LrpA was eluted from the nickel affinity column
using 20 mM Tris-HCI, pH 8.0, 500 mM imidazole, and 500 mM
NaCl. The eluant was concentrated by Centriprep (Amicon) to
7.0 mg/mL and applied onto a Sephadex 200 gel-filtration column
(Amersham Biosciences), equilibrated with 20 mM Tris-HCI, 1
mM EDTA, and (1 mM) dithiothreitol (pH 7.5). The purified
protein was dialyzed in a buffer containing 20 mM Tris/HCI, pH
7.5, 50 mM NaCl, 10% glycerol, and 0.5 mM EDTA, and
concentrated in a Centriprep-3 filter prior to crystallization. The
protein was >95% pure, as observed by SDS-PAGE.

Crystallization

Crystallization of the apo-protein was carried out in hanging-
drops, using the factorial screening method (Hampton
Research). Diffraction-quality crystals were obtained for native
M. tuberculosis LrpA (7 mg/mL in 20 mM Tris/HCI, pH 7.5,
50 mM NacCl, 10% glycerol, and 0.5 mM EDTA), equilibrated
against 500 pL of well solution containing 70 mM sodium
acetate trihydrate, pH 6.0, 30% glycerol, and 5.6% PEG 4000
as a precipitant. Crystals (0.2 X 0.3 X 0.3 mm) grew at 16°C
within 2-5 d in 4 pL hanging-drops (2 pL of LrpA combined
with 2 pL of well solution).

Data collection and processing

Highly redundant and complete selenium K-edge MAD diffrac-
tion data from a single Se-Met-LrpA crystal was collected at
two wavelengths, using an ADSC CCD detector on beamline
14-ID at the Advanced Photon Source (APS) of the Argonne
National Laboratory (ANL). Crystals mounted in cryo-loops
were flash-cooled in a liquid N, stream (120 K) after brief soaks
in N-paratone oil. The diffraction data were reduced using
DENZO (Otwinowski and Minor 1997), and intensities were
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scaled with SCALEPACK (Evans 1993). The reflections were
indexgd centered orthogonal (@ = 146.3 A, b = 1499 A, ¢ =
62.5 A). Examination of the integrated and scaled data indicated
the orthorhombic space group C222,. Solvent content calcula-
tions (Matthews 1968) indicated the presence of a tetramer
(Vm 2.6, Vs 54%) in the asymmetric unit.

Structure determination

Experimental phases for M. tuberculosis LrpA were obtained
by MAD phasing (Hendickson and Ogata 1997) (Table 1).
SHELXD located the four Se sites in the asymmetric unit,
consistent with a tetramer in the asymmetric unit (Sheldrick and
Gould 1995), and SOLVE (Terwilliger and Berendzen 1999) was
used to refine the sites and calculate initial protein phases,
resulting in an overall figure of merit of 0.41 for the data in the
resolution range of 100-2.2 A. Further phase improvement with
solvent flattening in autoSHARP (Vonrhein et al. 2006) followed
by DM (Cowtan and Main 1996) resulted in density-modified
maps of high quality showing clear electron density for all four
molecules of protein in the asymmetric unit. The electron density
map was submitted to TEXTAL (Ioerger and Sacchettini 2003) for
automated model building. After determining the NCS operator
from the Se-substructure using graphical analysis and refinement
with LSQKAB (CCP4), the electron density was averaged and
solvent-flattened using DM (Cowtan and Zhang 1999). Starting
from the TEXTAL tracing, all of the M. tuberculosis LrpA
residues, except the initial five amino acids, could be built into
the density using XTALVIEW (McRee 1999). Water molecules
were manually added during iterative cycles of model building and
refinement using a Fourier difference map.

Several cycles of manual model building, and NCS-restrained
maximum likelihood refinement in REFMACS, yielded a high-
quality model with an R-factor of 21.0% and R-free of 26.0% (Table
2) for the native LrpA structure. The protein structure file for Mrb
LrpA has been deposited in the RCSB with the PDB code 2QZ8.
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Electrophoretic mobility shift assay (EMSA)

DNA binding of purified M. tuberculosis LrpA to the lat
(Rv3290c) promoter region was determined by an EMSA
analysis. A 300-bp segment of genomic DNA covering the
extreme 5'-terminus of the lat promoter region was prepared
by PCR amplification, using the forward primer 5 GGCGT
TCGTGGCTATCACTCCTCTT-3" and reverse primer 5'-CAT
GACGCTATGATAGCAGGAATA-3'. The amplified product
was labeled at the 3 end by a filling reaction, using [a-P*]-
dATP (specific activity, 25,000 cpm), labeling mix-ATP, and
5 units of Klenow fragment of DNA. The standard reaction
(15 mL) contained 100 mM Tris-HCI (pH 7.5), 500 mM NacCl,
5 mM DTT, 50% glycerol, 100 mM MgCl2, 1 pg/mL poly
(dI-dC), and 15 fmol P*’-labeled probe. Purified protein of
M. tuberculosis LrpA was incubated in the reaction mixture for
30 min. Following incubation, the reaction mix was applied to
separate lanes of a 5% polyacrylamide gel in a buffer containing
22 mM Tris-boric acid for 2 h. The gel was removed and
exposed to X-ray film for 2-6 h. Protein-DNA complexes were
detected by autoradiography. After determining the binding site
through PCR deletion analysis, a 23-bp DNA fragment (CATA
ATTTTTCCAGCATAAATAT) was generated from the comple-
mentary single-stranded sequence that was chemically synthe-
sized and annealed. The EMSA was performed as described
above, and leucine was added at different concentrations
(10 mM or 20 mM) and incubated for 20 min in the reaction
mix before analysis.
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