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Abstract

Soil-dwelling bacteria of the phylum actinomycetes generally harbor either GlnR or AmtR as a global regulator
of nitrogen metabolism. Mycobacterium smegmatis harbors both of these canonical regulators; GlnR
regulates the expression of key genes involved in nitrogen metabolism, while the function and signal
transduction pathway of AmtR in M. smegmatis remains largely unknown. Here, we report the structure and
function of the M. smegmatis AmtR and describe the role of AmtR in the regulation of nitrogen metabolism
in response to nitrogen availability. To determine the function of AmtR in M. smegmatis, we performed
genome-wide expression profiling comparing the wild-type versus an ΔamtR mutant and identified significant
changes in the expression of 11 genes, including an operon involved in urea degradation. An AmtR
consensus-binding motif (CTGTC-N4-GACAG) was identified in the promoter region of this operon, and
ligand-independent, high-affinity AmtR binding was validated by both electrophoretic mobility shift assays and
surface plasmon resonance measurements. We confirmed the transcription of a cis-encoded small RNA
complementary to the gene encoding AmtR under nitrogen excess, and we propose a post-transcriptional
regulatory mechanism for AmtR. The three-dimensional X-ray structure of AmtR at 2.0 Å revealed an overall
TetR-like dimeric structure, and the alignment of the M. smegmatis AmtR and Corynebacterium glutamicum
AmtR regulatory domains showed poor structural conservation, providing a potential explanation for the lack
ofM. smegmatis AmtR interaction with the adenylylated PII protein. Taken together, our data suggest an AmtR
(repressor)/GlnR (activator) competitive binding mechanism for transcriptional regulation of urea metabolism
that is controlled by a cis-encoded small antisense RNA.

© 2016 Elsevier Ltd. All rights reserved.
Introduction

Nitrogen is an essential component of macromol-
ecules (e.g., nucleic acids, proteins, and cell wall
components), and bacteria have developed elabo-
rate mechanisms for the uptake, assimilation, and
regulation of nitrogen source utilization. Actinomy-
cetes inhabit diverse environments, and some
members of the soil-dwelling actinomycetes, for ex-
ample, Streptomyces coelicolor, Corynebacterium
glutamicum, and Mycobacterium smegmatis harbor
two distinct global nitrogen regulatory proteins, GlnR
and AmtR [1–3]. GlnR is an OmpR-like transcriptional
er Ltd. All rights reserved.
regulator,whichhasbeencharacterized inS. coelicolor
[1,4]. The global regulator of nitrogen metabolism in
C. glutamicum is AmtR, which mediates the expres-
sion of at least 35 genes in response to changing
nitrogen levels, including genes implicated in ammo-
nium uptake (amtA, amtB), ammonium assimilation
(glnA, gltBD), urea metabolism (ureABCEFGD), and
regulatory proteins (glnK, glnD) [2,5,6].
M. smegmatis has homologs for both GlnR and

AmtR, whereas members of the Mycobacterium
tuberculosis complex encode only for GlnR [7,8].
In M. smegmatis, GlnR was reported to regulate the
expression of over 100 genes in response to changing
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nitrogen levels, including multiple nitrogen uptake
systems, and ammonium assimilation mechanisms
[3]. Transcription of the urease-encoding operon is
not under the regulatory control of GlnR, whereas
an operon encoding proteins involved in a putative,
alternative ATP-dependent urea-degrading metabolic
pathway (msmeg_2184-msmeg_2189)was shown to
be regulated by GlnR, and the expression of this
operon was upregulated in response to nitrogen
limitation [3]. While the genome-wide AmtR regulon
of M. smegmatis is unknown, this operon has also
been shown to be upregulated in a M. smegmatis
ΔamtR mutant in response to nitrogen limitation [9].
AmtR belongs to the TetR-like protein family,

which is abundant in bacteria that are exposed to
environmental changes, such as those found in
soil. The members of TetR family are DNA-binding
proteins and function generally as transcriptional
repressors. This family of proteins are involved in
regulating cellular processes such as antibiotic resis-
tance, efflux pumps, osmotic stress, and pathoge-
nicity [10]. Members of the TetR family usually bind
small effector molecules; however, inC. glutamicum,
AmtR interacts with the PII protein GlnK to regulate
the expression of the genes within its regulon in
response to changing nitrogen levels [2,5,6]. In this
model, an AmtR:GlnK interaction depends on the
nitrogen supply of the cell, which has an immediate
effect on the state of GlnK (unmodified form or
adenylylated form). GlnK is adenylylated (AMP) in
response to nitrogen limitation, and in this form, AmtR
interactswithGlnK-AMP,which results in abolishment
of the repression of the genes in the AmtR regulon
[2]. In regard to the mechanism of AmtR regulation in
M. smegmatis, it is still unknownwhether the signaling
pathway involves an effector molecule, another
protein, or a novel mode of regulation. Here, we report
the structure and function of AmtR in M. smegmatis
and propose amodel of post-transcriptional regulation
of urea metabolism mediated by a cis-encoded small
antisense RNA (asRNA) that is complementary to
msmeg_4300 (amtR).
Results and Discussion

Molecular analysis of mycobacterial AmtR and
phenotypic characterization of a M. smegmatis
ΔamtR mutant

The AmtR protein encoded by msmeg_4300 is
225 aa in length and belongs to the TetR/AcrR family
of transcriptional regulators (Fig. S1). Bioinformatic
analysis demonstrated that AmtR shares the highest
amino acid sequence identity with AmtR homologs
from other Mycobacterium species such as
Mycobacterium mageritense (81%; Uniprot X5L5Y0)
and Mycobacterium vulneris (79%; Uniprot X5LSM6),
but it shares only 41% sequence identity with the well-
studied AmtR from C. glutamicum (Uniprot Q79VH8;
Fig. S1). The region of highest sequence similarity
(~65%) is observed in the N-terminal DNA-binding
domain, while the sequence similarity in the C-terminal
ligand-binding domain is only ~20% to AmtR from
C. glutamicum. A BLAST search using C. glutamicum
AmtR and M. smegmatis AmtR against the
M. tuberculosis complex shows no homologs with
an amino acid identity over 33%, suggesting the lack
of AmtR-like homologs in bacteria that belong to the
M. tuberculosis complex [8].

In M. smegmatis, the amtR gene is flanked by
genes that encode for an acyl-CoA synthase
(msmeg_4301) andanenoyl-CoAhydratase/isomerase
(msmeg_4299) with proposed roles in fatty acid and
phospholipid metabolism, respectively (Fig. S2). To
investigate the role of AmtR inM. smegmatis, we first
confirmed whether the amtR gene was polycistronic
with the flanking genes. Reverse transcriptase PCR
and DNA sequencing of amplicons with primers that
bind within the amtR gene alone (Fig. S2, PCR
product II) and on either side of the gene of interest
(Fig. S2, PCR products I and III) confirmed that
amtR was a single, independent transcript under the
conditions tested. We then created a markerless
amtR deletion mutant (M. smegmatis JR258 ΔamtR;
Table S1) and confirmed the deletion of 65% of the
internal region of amtR with Southern hybridization
and PCR (Fig. S3). To identify a phenotype of the
JR258 ΔamtR mutant, we compared the growth be-
tween the wild-type strain and the JR258 ΔamtR
mutant in Hartmans-de Bont (HdB) minimal medium
with different nitrogen sources.Growthof thewild-type
and JR258 ΔamtR mutant on the Phenotypic Micro-
Array plate PM3 from Biolog Omnilog Systems™ (i.e.,
95 different sole nitrogen sources tested) was
comparable for the majority of the nitrogen sources
tested [e.g., (NH4)2SO4 shown in Fig. 1, and for other
nitrogen sources tested, see Fig. S4]. We did observe
a growth phenotype between the wild-type and JR258
ΔamtR mutant when lysine was added as the sole
nitrogen source (Fig. 1b). Under these growth
conditions, the JR258 ΔamtR mutant revealed a
slower doubling time compared to the wild-type strain
(wild-type 18.6 ±1.4 h versus JR258 ΔamtR 28.4 ±
2.7 h), and we confirmed this slow growth rate
phenotype with colony-forming unit (CFU ml−1)
measurements (Fig. 1c). To validate the growth rate
phenotype of the JR258 ΔamtRmutant, we success-
fully performed a complementation of JR258 ΔamtR
with a tetracycline-inducible vector carrying the amtR
gene (pMind-amtR) of M. smegmatis (Fig. 1d). To
determine the metabolic basis for the lower growth
rate of the JR258 ΔamtR mutant, we measured the
cellular dry weight and molar growth yield (Yglycerol)
when cells were grown under these conditions (Fig.
S5a and b). This analysis revealed that the cell dry
weights for the wild-type (0.93 ± 0.02 g) and the
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Fig. 1. Growth comparison of strains wild-type mc2155 and JR258 ΔamtR. Comparative growth analyses by OD600
measurements were performed by growing the strains in HdB minimal medium containing 0.2% (wt/vol) glycerol as carbon
source and (a) 1.5 mM (NH4)2SO4 or (b) 1 mM L-lysine as sole nitrogen source (wild-type, closed circles; JR258, closed
squares). (c) Colony-forming unit (CFU) counts of panel (b) comparing CFU of wild-type strain mc2155 (black bars) and
mutant JR258 ΔamtR (white bars). (d) Complementation of JR258 ΔamtR (open squares) with a tetracycline-inducible
pMind-amtR construct. Wild-type control with pMind-amtR (open circles) and empty vector controls (pMind) were used as
negative controls in the background of both the wild-type (closed circles) and JR258 (closed squares). Error bars represent
the standard error of the mean of three independent biological replicates. *P b 0.05; **P b 0.01.
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JR258 ΔamtR mutant (0.90 ± 0.02 g) were compa-
rable (Fig. S5a), consistent with the OD600 measure-
ments (Fig. 1b). However, the molar growth yield on
glycerol (Yglycerol) was significantly lower for the JR258
ΔamtR mutant (35.4 ± 0.5 g cells mol−1 glycerol
utilized) compared to the wild-type strain (38.2 ±
0.8 g cellsmol−1 glycerol utilized; Fig.S5b), suggesting
a greater energetic demand (ATP consumption) on the
JR258 ΔamtRmutant during growth with lysine as the
sole nitrogen source.

Genome-wide regulation by AmtR: repression
of a pathway for urea degradation and
biotin synthesis

To gain further insight into the role of AmtR and
the molecular basis for the lower Yglycerol in the
ΔamtR mutant, we compared the transcriptional
response of the JR258 ΔamtR mutant with the
wild-type using microarray analysis. Cells of both
strains were grown in HdB minimal medium contain-
ing 0.2% (wt/vol) glycerol as carbon source and
1 mM L-lysine as the sole nitrogen source and were
harvested at an OD600 between 0.15 and 0.18 to
avoid a general stress response linked to the slower
growth of the JR258 ΔamtR mutant. Comparison of
the transcriptional response of the JR258 ΔamtR
mutant with the wild-type revealed that a total of
11 geneswere differentially expressed (N2.0× change,
P b 0.05, and four independent biological replicates,
including two dye swaps). Nine genes were upregulat-
ed and two genes were downregulated in the JR258
ΔamtR mutant (Table 1). The microarray data were
validated by quantitative real-time PCR (qPCR) of
seven selected genes (Fig. S6).
Five of themost highly upregulated genes,msmeg_

2184, msmeg_2185, msmeg_2186, msmeg_2187,
and msmeg_2189, were co-transcribed within an
operon (Table 1). The genes msmeg_2187 and
msmeg_2189 (atzF) were upregulated 30-fold and
56-fold, respectively, and are annotated as urea
amidolyase (UA) and allophanate hydrolase (AH),
while msmeg_2185 and msmeg_2186 encode for
hypothetical proteins thatwere upregulated 26-fold and
42-fold, respectively, in the JR258 ΔamtR mutant. A
BLAST search against the Uniprot database revealed
an identity between 70 and 80% of these two putative
proteins to a urea carboxylase (UC)-associated

Image of Fig. 1


Table 1. List of genes that are differentially expressed in strain JR258 ΔamtR compared to strain wild-type mc2155

mc2155 locusa Expression ratiob p value Description

msmeg_2189 56.04 7.50E-02 allophanate hydrolase
msmeg_2186 42.72 3.28E-04 conserved hypothetical protein
msmeg_2184 39.79 1.43E-02 amino acid permease
msmeg_2187 29.86 1.67E-02 urea amidolyase
msmeg_2185 26.15 4.13E-03 conserved hypothetical protein
msmeg_4588 2.90 4.63E-02 ABC nitrate/sulfonate/bicarbonate family protein transporter, inner membrane subunit
msmeg_5594 2.27 3.50E-02 ferredoxin-dependent glutamate synthase
msmeg_4925 2.20 4.77E-02 transcriptional regulator
msmeg_6770 2.07 7.69E-02 conserved hypothetical protein
msmeg_6241 0.50 3.76E-03 ATPase associated with various cellular activities
msmeg_6240 0.46 1.18E-02 conserved hypothetical protein

a Locus number of gene in M. smegmatis mc2155
b Mean of the gene expression ratio of four biological replicates
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protein 1 (msmeg_2186) and UC-associated protein
2 (msmeg_2185) of Gordonia bronchialis and
some other Gordonia species. Genes encoding for a
UA and an AH are, like AmtR, only present in some
soil-dwelling actinobacteria, for example, M. smegma-
tis, Mycobacterium vanbaalenii, Mycobacterium
abscessus, and Streptomyces avermitilis.
UA consists of two distinct enzyme activities: UC

and AH. This UC/AH enzyme complex provides a
biotin- and ATP-dependent pathway for urea degra-
dation, catalyzing a two-step reaction to recover
ammonium via the intermediate allophanate. Along
with the aforementioned genes, we also observed a
1.7-fold upregulation of genes encoding for a biotin
synthase and a biotin ligase in the JR258 ΔamtR
mutant (Fig. S6). The UC harbors several domains, a
biotin carboxylase, a carboxyltransferase, and a
biotin carboxyl carrier protein. In an ATP-dependent
step, the biotin carboxylase domain carboxylates
biotin that is covalently linked to the biotin carboxyl
carrier protein domain and the carboxyltransferase
domain subsequently transfers this carboxyl group
from biotin to urea, producing allophanate. However,
M. smegmatis encodes for a Ni2+-dependent urease
enzyme that catalyzes a very similar but energy-
independent reaction, converting urea into ammonium
[7]. Furthermore, the genemsmeg_2184 is annotated
as an amino acid permease and was upregulated
40-fold in the JR258 ΔamtR mutant. However, its
specific function is unknown, while the genesmsmeg_
6240 (conserved hypothetical protein) and msmeg_
6241 (AAA-ATPase) are downregulated 2-fold in
the JR258 ΔamtR mutant. Expression of these two
genes has been previously shown to be affected by
growth rate and hypoxia, both conditions that alter
the energetic level of bacteria similar to the situation in
the JR258 ΔamtR mutant [11].
These data suggest that AmtR represses genes

for urea degradation, and the ATP-consuming re-
action of this pathway may indeed explain the lower
Yglycerol observed in the JR258 ΔamtR mutant. We
also compared the growth of wild-type to the JR258
ΔamtR mutant in a carbon-limited, continuous cul-
ture with a doubling time (td) of 24 h to simulate
severe energy (carbon)-limiting conditions [11];
however, we did not observe significant differences
in either the final OD600 or the Yglycerol measurements
during steady-state growth, suggesting that AmtR
was not controlling carbon utilization under these
conditions (data not shown).

M. smegmatis AmtR binds to a palindromic
sequence in the promoter region of the
msmeg_2184–msmeg_2189 operon that
encodes for the ATP-dependent urea-degrading
pathway

Previous work has described both a GlnR- and
an AmtR-binding site in the promoter region of
msmeg_2184, the first gene in the operon that
encodes for the ATP-dependent urea-degrading
pathway [9]. To measure AmtR binding, a 186-bp
digoxigenin (DIG)-labeled PCR product including the
promoter region of msmeg_2184 (P2184) was ampli-
fied and purified; the AmtR protein from M. smeg-
matis was used for electrophoretic mobility shift
assays (EMSA; Fig. 2a). The AmtR protein caused a
mobility shift of P2184 at a molar DNA:protein ratio of
1:25, with a complete shift occurring at a ratio of 1:50
(Fig. 2a, lane 4). To determine the specificity of
binding to P2184, we added unlabeled P2184 DNA in
120-fold excess (Fig. 2a, lane 5), resulting in the
complete abolition of the shift. Unlabeled,
non-specific DNA (promoter region of the M.
smegmatis phoH2 gene) was added in 103-fold
excess and did not affect the mobility shift of P2184
(Fig. 2a, lane 6). This clearly demonstrates that DNA
retardation is specific for the promoter region of
msmeg_2184. We identified a palindromic sequence
(CTGTC-N4-GACAG, −55 to −42; Fig. 2b and c) that
is located in close proximity to the GlnR-binding site
(−107 to −91) [3] in the promoter region of
msmeg_2184 (Fig. 2c). To verify AmtR binding at
the palindromic sequence, we mutated this putative
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Fig. 2. In vitro DNA binding of purified AmtR protein. (a) Electrophoretic mobility shift assay (EMSA) with AmtR protein
and a DIG-labeled 186-bp DNA fragment including the putative AmtR-binding site in Pmsmeg_2184. The molar ratios of
protein to DNA are indicated. Controls for binding specificity include: lane S, 103-fold excess of unlabeled Pmsmeg_2184;
lane U, 103-fold excess of unlabeled promoter region of the phoH2 gene; lane M, EMSA using a mutated (see panel b)
promoter region of msmeg_2184. (b) Unmutated AmtR-binding region with an inverted repeat (box) in Pmsmeg_2184.
Nucleotides in the inverted repeat were mutated (underlined) using site-directed mutagenesis. (c) The promoter region of
msmeg_2184 including the confirmed GlnR- and AmtR-binding sites. (d) AmtR–DNA interaction as determined by SPR.
The AmtR responses were double-referenced by subtracting the data from the reference flow cell and buffer responses.
The equlibrium dissociation binding constant (KD) of 111 ± 16 pM was calculated using the steady-state/equilibrium
binding model including the standard error.
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Fig. 3. qPCR validation of the cis-encoded small
asRNA ncmsmeg_4300c. (a) The amtR gene with the
sense strand (black) and antisense strand (gray). The
primer pairs (Table S1) 1–3 (gray arrows) span 150-bp
regions (1: ncmsmeg_4300c-1; 2: ncmsmeg_4300c-2; 3:
ncmsmeg_4300c-3; gray bars) within the msmeg_4300
asRNA, while primer pair 4 (black arrows) spans a 157-bp
region (amtR; black bar) within the msmeg_4300 mRNA.
Strand-specific primers for cDNA synthesis are indicated
(*). (b) Validation of the expression of ncmsmeg_4300c
by qPCR. Results shown represent the expression ratio
in response to nitrogen excess as mean ± SD of three
independent biological replicates. ****P b 0.0001.
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AmtR-binding motif by replacing nucleotides in the
inverted repeats using site-directedmutagenesis (Fig.
2b). DNA retardation was abolished with the mutated
promoter region of msmeg_2184, validating the
binding of AmtR to this sequence-specific site (Fig.
2a, lane 7).
EMSA demonstrates that AmtR binds to the

palindromic sequence in the promoter region of the
UC/amidase hydrolaseoperon. Toquantify the affinity
of the AmtR interaction with this DNA fragment, we
performed surface plasmon resonance (SPR) mea-
surements. Due to a very weak dissociation of AmtR
from the DNA (Fig. S7), we used the steady-state
binding model at the equilibrium to calculate the
dissociation constant (KD). For the AmtR–DNA
interaction, the KD calculated from binding at equilib-
rium was 111 ± 16 pM (Fig. 2d). Furthermore, this
high-affinity interaction is acutely specific, as an
alternative DNA sequence was immobilized in the
control flow cell. This very tight and specific binding
of AmtR to its target DNA suggests that even very
low levels of AmtR protein in the cell will repress the
urea degradation operon that lies downstream of this
recognition sequence.
Using the Motif Alignment & Search Tool of the

MEME software, we analyzed the conservation of
an AmtR consensus-binding motif in the promoter
region of genes in the genome of M. smegmatis.
We used the confirmed motifs of C. glutamicum
(ATCTATAG-N4-ATAGN) [5] and M. smegmatis
(TATCTGTC-N4-GACAG in the promoter region of
msmeg_2184) as input to screen the upstream regions
(250 bpupstreamof +1) of all annotatedM. smegmatis
genes. An M. smegmatis AmtR-binding motif was
only present upstream of msmeg_2184, msmeg_
3966, and msmeg_0426; however, we observed only
the changes in expression for msmeg_2184 and
msmeg_3966 in our microarray analysis, suggesting
that the regulation of genes differentially expressed in
the JR258 ΔamtR mutant without an AmtR-binding
motif may be due to indirect effects involving other
regulators. No C. glutamicum AmtR-binding motif was
detected in the genome of M. smegmatis.

A trans-acting small asRNA is upregulated under
nitrogen excess and post-transcriptionally
regulates the expression of msmeg_4300

Recent work revealed an extensive number of
non-coding RNAs including small RNAs (sRNAs)
in mycobacteria that are between 50 and 500 nt
in length [12,13]. More than 40 sRNAs with a
regulatory function have been experimentally con-
firmed in M. smegmatis, while the presence of more
than 100 sRNAs is computationally predicted [14].
Previous work on defining the nitrogen-regulated
transcriptome of M. smegmatis using nitrogen-
limited chemostat culture demonstrated the pres-
ence of a novel cis-encoded small asRNA that is
complementary to msmeg_4300 that was induced
30-fold under nitrogen excess [15]. To verify this
prediction and localize the asRNA,weused sequence-
specific primers for cDNAsynthesis, followedby qPCR
with three primer pairs spanning 150-bp regions within
themsmeg_4300asRNA (Fig. 3a). Primer pair 1 spans
the region ncmsmeg_4300c-1 that is located in the
5′-end of the antisense strand and that was expressed
under nitrogen excess, while primer pairs 2 and 3
span the regions ncmsmeg_4300c-2 and ncmsmeg_
4300c-3 that are located in themiddle and at the 3′-end
of the antisense strand and that did not show
expression in RNA sequencing, respectively [15].
We confirmed an 11-fold upregulation of ncmsmeg_
4300c-1 under nitrogen excess, while we could not
detect significant changes in expression for ncmsmeg_
4300c-2andncmsmeg_4300c-3, respectively (Fig. 3b).
The presence of a cis-encoded asRNA ncmsmeg_
4300c will impact upon the transcription of the mRNA
encoded opposite and might result in the blocking
of translation and in directing mRNA processing,
suggesting a post-transcriptional regulatory mecha-
nism for AmtR, where the cis-encoded asRNA

Image of Fig. 3
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ncmsmeg_4300c base pairs with the complementary
target RNA ofmsmeg_4300 (amtR).

Structure ofM. smegmatis homodimeric AmtR is
consistent with a TetR-like regulator and lack of
interaction with GlnK

The 3D X-ray structure of AmtR was solved at
2.0-Å resolution in two steps. Firstly, the putative
ligand-binding domain was solved using single
anomalous diffraction (SAD) of a mercury derivative.
The structure of the ligand-binding domain was then
used as a molecular replacement model to solve the
full-length AmtR structure (Fig. 4a). A critical step in
obtaining high-quality crystals of the full-length AmtR
protein was a DNase step to remove all the DNA
that co-purified with the recombinant protein (see
Materials and Methods). The structure of AmtR is a
homodimer with each monomer composed of 12
α-helices (with connecting turns and loops) consti-
tuting two domains: a DNA-binding domain and
a regulatory domain responsible for dimerization
(Fig. 4a). The structure conforms to the archetypal
TetR-like fold [16].
The N-terminal domain contains a helix-turn-helix

(HTH) DNA-binding motif and includes helices α1,
α2, and α3. This domain contains highly conserved
residues involved in DNA binding (residues 27–48)
that are typical for TetR proteins [10]. A fourth helix,
α4, is responsible for connecting the HTH motif to
the regulatory domain. The C-terminal regulatory
domain is composed of helices α5–α10 and is less
conserved, consistent with the diversity of signaling
molecules recognized by different TetR-like proteins
involved in an array of different regulatory roles [10].
Helix α8 and helix α9 constitute the dimerization
interface forming an orthogonally packed four-helix
bundle with the same helices (helix α8′ and helix α9′)
from the other monomer (Fig. 4a). Each monomer
contains a central cavity that is approximately
126 Å3 and is defined by nine residues, of which
three are aromatic (Asp105, Leu109, Tyr120, Phe133,
Leu140, Arg141, Tyr144 and Glu170, and Iso173),
which are accessed by a long entrance tunnel
(Fig. 4b). Glu170 on helix α9 shows electron density
for alternative confirmation and appears to form a
gate to the pocket that extends into a well-defined
entrance site that is formed by helices α6–α9 (Fig.
4c). The position of Glu170 may be dictated by the
conformation of AmtR (i.e., unbound or bound to
DNA) and may in turn play a stabilization role in
ligand binding.
The AmtR structure was compared with similar

structures in the PDB database. The closest align-
ments were the AmtR structure from C. glutamicum
(PDB code 5DY1; RMSD = 1.40 Å, sequence
identity = 41%), a putative TetR-like protein from
Rhodococcus jostii RHA1 (PDB code 3HIM; RMSD =
2.4 Å; sequence identity = 23%), and the phenylacetic
acid and fatty acid metabolism regulator (PfmR) from
the thermophilic bacterium, Thermus thermophilus
HB8 (PDB code 3VPR; RMSD = 2.3 Å, sequence
identity = 18%). Each of the above structures is in
the apo form (not in complex with DNA), and structural
conservation for all alignments was observed primar-
ily in the DNA-binding domain, particularly helix α3
of the HTH motif. For example, the alignment of the
apo-M. smegmatis AmtR and C. glutamicum AmtR
structures is given in Fig. 4d. Of the 11 DNA-binding
residues (Arg9, Arg10, Tyr42, Arg52, Gln53, Ala54, Ser55,
Tyr57, Tyr58, His59, and Lys63) present in the DNA-
binding domain of the C. glutamicum AmtR [17], 9 are
conserved in the M. smegmatis AmtR DNA-binding
domain (Arg11, Tyr44, Arg54 Gln55, Ala56, Ser57, Tyr59,
His61, and Lys65, respectively). The M. smegmatis
AmtR has an additional two residues in the N-terminal
region at position 8.
The M. smegmatis apo-AmtR structure was then

aligned against the C. glutamicum AmtR structure
in complex with DNA (PDB code 5DY0; RMSD =
1.94 Å, sequence identity = 37%). The most notable
region of poor alignment between these structures
in the DNA-binding domain occurs in helix α3 of
the HTH motif, which sits into the major groove of
the DNA and contains most of the identified DNA-
binding residues. The most apparent residue dis-
placement is at the arginine residue (Arg52 and Arg54
in the C. glutamicum and M. smegmatis structures,
respectively) located in the N terminus of helix α3. In
the alignment between the apo-AmtR structures, this
arginine residue is similarly orientated and differs by
a distance of 1.8 Å at Cβ (Fig. 4e). In the alignment
of the M. smegmatis apo-AmtR structure with the
C. glutamicum AmtR structure in complex with DNA,
the orientation of this arginine differs significantly
with a distance of 4.2 Å at Cβ (Fig. 4f). In the
C. glutamicum AmtR structure in complex with DNA,
the change in orientation of Arg52 results in the
residue projecting directly into the major groove of
the DNA to interact with both the DNA phosphate
backbone and the adjacent nucleotides (Fig. 4f). This
observation implicates Arg54 in the M. smegmatis
AmtR as an important residue for DNA binding.
Interestingly, Palanca and Rubio described a 19-bp,
arginine-rich N-terminal extension of theDNA-binding
domain as an essential anchor for DNA binding [17].
They confirmed the anchoring role by truncating the N
terminus of AmtR to exclude the anchor sequence,
which resulted in abolished DNA binding. They
suggest that the role of the anchor with its inherent
flexibility and apparent binding to AT pairs is to
“search” for these regions in high GC genomes and to
enhanceDNAbinding. The extension was exclusively
observed in the structure in complex with DNA,
suggesting the disorder of this region until it can bind
into the minor groove of DNA and anchor the rest of
the HTH motif to the major groove of DNA. A similar
arginine-rich N-terminal extension is also observed in



Fig. 4. Overall structure of the AmtR protein from M. smegmatis. (a) The full-length X-ray crystallographic structure of
M. smegmatisAmtR. The structurewas solved bymolecular replacement to 1.98 ÅwithC2 symmetry. TheM. smegmatisAmtR
structure is a homodimer with each monomer composed of 10 α-helices constituting an N-terminal HTH DNA-binding domain
andaC-terminal ligand-bindingdomain. (b) Amesh-lined space-fillingmodel of theM. smegmatisAmtRLBDmonomer structure
showing the long entrance tunnel along the gray surface with threewatermolecules (in blue). The ligand-binding site is shown in
black with a mesh surface. (c) The ligand-binding pocket of M. smegmatis AmtR showing the putative interacting residues in
binding pocket as sticks from helices α5, α6, α7, and α8. Glu170 is shown with its alternate confirmations illustrating its potential
role as a gate to the binding pocket. (d) Alignment of theM. smegmatis AmtR monomer (magenta) to the C. glutamicum AmtR
monomer (gray). Structural conservation is observed primarily in N-terminal DNA-binding domain and not in C-terminal
regulatory domain. (e) Alignment of the M. smegmatis apo-AmtR DNA-binding domain (magenta) to the C. glutamicum
apo-AmtR DNA-binding domain (gray). In the apo form, the orientation of the conserved N-terminal arginine (Arg54 and Arg52
inM. smegmatis andC. glutamicum, respectively) on helix α3 is similarly orientated and differs by 1.8 Å at the cβ of the residue.
(f) Alignment of the M. smegmatis apo-AmtR DNA-binding domain (magenta) to the complexed C. glutamicum AmtR
DNA-binding domain (gray). This alignment shows that the conserved N-terminal arginine (Arg54 and Arg52 in M. smegmatis
and C. glutamicum, respectively) on helix α3 is no longer similarly orientated and differs by 4.2 Å at the cβ of the residue.
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the M. smegmatis AmtR, which shares 10 of the 19
residues with the anchor region of C. glutamicum
AmtR. This anchor region is not observed in the
structure of M. smegmatis apo-AmtR, suggesting
that this region is also disordered in the absence of
DNA and may be playing a similarly essential role in
DNA binding as the C. glutamicum AmtR. The
alignment of the M. smegmatis AmtR and C.
glutamicum AmtR regulatory domains shows poor
structural conservation (Fig. 4d). This may be
expected given the inherent differences of each
regulatory region, that is, the C. glutamicum AmtR
regulatory domain functions to interact with the
adenylylated PII signaling proteinGlnK, which in turn
dictates the DNA-binding state of AmtR. Further
investigation is required to identify a potential
signaling mechanism that has not yet been eluci-
dated in M. smegmatis AmtR regulation.
Summary

We propose a regulatory model in which AmtR
regulates the transcription of the msmeg_2184-ms-
meg_2189 operon encoding for urea degradation
through a very tight binding of AmtR at its promoter
region (Fig. 5). The likely sensor in this regulation is a
cis-encoded (trans-acting) sRNA ncmsmeg_4300c
that responds to nitrogen availability. Under con-
ditions of nitrogen excess, strongly upregulated
ncmsmeg_4300c base pairs with the complementary
target mRNA msmeg_4300, blocking the translation
and mRNA processing. As cells become depleted
for nitrogen, the transcript level of ncmsmeg_4300c
decreases, resulting in the effective translation of
the amtR mRNA into functional protein and in the
repression of ureametabolism through anAmtR/GlnR
competitive binding mechanism (Fig. 5) [3]. The
dual regulation of the putative ATP-dependent urea-
degradingmetabolic pathway (msmeg_2184-msmeg_
2189) by GlnR (activation) and AmtR (repression) in
response to nitrogen suggests that urea degrada-
tion is an important source of nitrogen for the soil
saprophyte M. smegmatis (Fig. 5). Further work is
needed to measure the relative affinity of GlnR and
AmtR binding at this operon to determine the
mechanism of dual regulatory control in response
to nitrogen supply.
Materials and Methods

Bacterial strains, media, and growth conditions

Escherichia coli DH10B was grown in Luria-Bertani (LB)
medium at 37 °C with agitation (200 rpm) or on LB agar
plates. M. smegmatis mc2155 and derived strains were
grown in LB supplemented with 0.05% (wt/vol) Tween-80
(LBT) or HdB minimal medium [18] supplemented with
0.2% (wt/vol) glycerol (unless otherwise stated) and 0.05%
(wt/vol) Tyloxapol at 37 °C with agitation (200 rpm).
Growth curves were performed in triplicate. Bacterial cell
viability was monitored by cell counts based on CFUs per
ml, where serial dilutions of bacterial cell culture in
phosphate-buffered saline with 0.05% Tween-80 (PBST)
were plated on LBT agar plates. Chemostat growth
conditions under nitrogen excess and nitrogen depletion
were as previously described [15]. For in vivo
nitrogen-limiting-induced adenylylation of GlnK, the glnK
gene (msmeg_2426) was inserted into the M. smegmatis
expression vector pYUB28b (pYUB28b + glnK). Primers
for the amplification of the glnK gene from M. smegmatis
mc2155 genomic DNA were designed to include the 5′
restriction site NdeI and the 3′ restriction site HindIII
necessary for ligation into pYUB28b with an N-terminal
6xHis tag. Extra 3–6 bases were included to allow for
efficient cleavage, depending on the restriction enzyme
used. The gene was digested with Ndel and HindIII and
inserted into pYUB28b. The vector was transformed into E.
coli TOP10 cells prior to transformation and protein
expression in the M. smegmatis 4517 expression strain.
The transformation was streaked out on a low-salt LBT
agar plate. Selective media contained ampicillin
(100 μg ml−1 for E. coli), kanamycin (50 μg ml−1 for E.
coli, 20 μg ml−1 for M. smegmatis), hygromycin B
(200 μg ml−1 for E. coli, 50 μg ml−1 for M. smegmatis),
and gentamycin (25 μg ml−1 for E. coli, 5 μg ml−1 for M.
smegmatis). All bacterial strains, plasmids, and primers
used in this study are listed in Table S1.

Dry weight measurements and glycerol concentration
determinations

Cultures were grown in HdB with 0.2% (wt/vol)
glycerol as carbon source and 1 mM L-lysine as the
sole nitrogen source until stationary phase, and 20 ml of
each culture was harvested by rapid filtration through a
nitrocellulose filter (pore size 0.22 μm; Millipore) with an
applied vacuum of approximately 7.5 psi. Filters were
washed twice with 20 ml PBST and dried at 60 °C until
no change in weight could be determined, and dry
weights were measured. For glycerol concentration
determinations, samples were taken after culture inoc-
ulation to determine the starting glycerol concentration
for each biological replicate and after entering stationary
growth phase. Culture samples were centrifuged (5 min,
14,400g) to obtain cell-free supernatants. Glycerol
concentrations were measured by detecting NADH
oxidation (absorbance = 340 nm) as previously de-
scribed [19].
Alignment and bioinformatics of AmtR proteins

Amino acid sequences of AmtR proteins from C.
glutamicum (CAF19569.1), S. avermitilis (BAC74412.1),
M. smegmatis (WP_011729715.1), M. mageritense
(WP_036438965.1 and WP_019346862.1), M. vulneris
(WP_036449407.1), M. farcinogenes (WP_036393868.1),
M. septicum (WP_044523525.1), and M. abscessus
(WP_005071231.1) were obtained from the National Center
for Biotechnology Information. Sequences were aligned
using Clustal Omega [20].
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Fig. 5. Model for an AmtR/GlnR competitive binding mechanism for transcriptional regulation of urea metabolism. (a) During nitrogen excess conditions, transcription
of a cis-encoded sRNA ncmsmeg_4300c is enhanced, suggesting the formation of a double-stranded RNA molecule and subsequent mRNA degradation. (b) As cells
become depleted for nitrogen, the transcription of ncmsmeg_4300c is abolished, therefore resulting in translation of amtR mRNA into AmtR protein. The AmtR protein
functions as transcriptional repressor of the UC/AH encoding operon through tight binding at an AmtR-binding site (red box) in the promoter region of msmeg_2184,
while GlnR functions as a transcriptional activator of the same operon through binding at a GlnR-binding site under nitrogen limitation (yellow box). This dual regulatory
control would allow for fine-tuning the expression of urea metabolism under changing environmental conditions.
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Construction of amtR deletion mutant and
complementation

The creation of an amtR markerless deletion was
performed using the two-step method for integration and
excision as previously described [21]. In brief, the regions
flanking either side of the amtR gene were amplified by
PCR using primer pairs AmtR LF F and AmtR LF o/lap R to
obtain the left flank (LF; 920 bp) and AmtR RF o/lap F and
AmtR RF R to obtain the right flank (RF; 883 bp) regions
(Table S1). To create the markerless deletion insert, we
used both left and right flanks as the template for an
overlap PCR reaction. The assembled insert containing
the left and right flank DNA was then cloned into the SpeI
site of pPR23-derived vector pX33 generating pJR500,
which was electroporated into M. smegmatis mc2155
background [22,23]. For the selection of single recombi-
nation events, a culture of M. smegmatis mc2155
harboring pJR500 was grown at 28 °C with agitation
(200 rpm) to an OD600 of approximately 0.6–0.8. Aliquots
of culture were plated onto LBT gentamicin and grown at
42 °C. Single colonies were selected and grown in LBT at
37 °C to an OD600 of 0.6. Aliquots of culture were plated
onto low-salt (2 g NaCl l−1) LBT plates containing 10%
sucrose and were incubated at 42 °C, selecting for
double-recombinant events. To confirm that the correct
double recombination event had occurred, we performed
Southern blot hybridization on PvuII-digested genomic
DNA using the Amersham Gene Images AlkPhos Direct
Labeling and Detection System with CDP-Star detection
reagent (GE Healthcare) according to manufacturer's
instructions, generating M. smegmatis JR258 ΔamtR.
To create an AmtR complementation construct, we

amplified a PCR product fromM. smegmatis containing the
amtR gene using primers AmtR pMind RBS R and AmtR
pMind F (Table S1). The reverse primer introduced a
synthetic ribosome-binding sequence (GGAGG) upstream
of the amtR gene, which was obtained from a nonpolar
kanamycin resistance cassette (aphA-3) to ensure trans-
lation. The PCR product containing the amtR gene was
then cloned into the tetracycline-inducible vector pMind,
resulting in pMind-amtR [24].
Biolog phenotypic microarray analysis

Phenotype microarray (PM) was performed using Biolog
Omnilog Systems™ (Biolog Inc., Hayward, CA). Strains
were grown to an OD600 of 0.4–0.45 in 7H9 media
containing 0.1% glycerol and 0.05% tyloxapol. Cells
were washed twice in PBST, then resuspended in PBST
and transferred to a sterile flask and incubated for 22 h at
37 °C and at 200 rpm. The cells were then harvested by
centrifugation and were resuspended in PM IF-0a media
(Biolog). The volume was adjusted to result in the same
optical density for each culture (OD600 = 0.5). PM additive
solution was made as per protocol for PM plate PM3. The
protocol was modified to add cells to a final OD600 of 0.005
instead of 85% turbidity. Growth was determined by
monitoring the purple color development due to tetrazolium
dye as an indicator. The plates were incubated in a
shaking incubator at 37 °C for 48 h, and metabolic activity
was monitored at OD590 in a plate reader (Infinite® 200/
Tecan).
Microarray analysis and qPCR

To identify the AmtR regulon in M. smegmatis, we
performed microarray analysis comparing strains JR258
ΔamtR and wild-type mc2155 grown in HdB minimal
medium with 0.2% (wt/vol) glycerol as the sole carbon
source and 0.05% (wt/vol) Tyloxapol. We replaced
(NH4)2SO4 as the sole nitrogen and sulfur source with
11.4 mM K2SO4 as a sulfur source and 1 mM L-lysine as
the sole nitrogen source. Single colonies were used as an
inoculum into HdB for initial starter cultures and were
grown overnight at 37 °C to an OD600 of 0.2–0.3. This was
used as an inoculum for HdB to an OD600 of 0.001. Cells
were harvested at an OD600 between 0.17 and 0.2. Total
RNA was extracted using TRIzol reagent (Ambion)
according to the manufacturer's instructions. The cells
were lysed by four cycles in a mini-Beadbeater (Biospec
Products) at 4800 rpm for 30 s and on ice between each of
the cycles for 30 s. DNA was removed by treatment with
3 U RNase-free DNase using the TURBO DNA-free kit
(Ambion) according to the manufacturer's instructions.
The quality of the RNA was checked with the Bioanalyzer,
and the concentration was determined using a NanoDrop
ND-100 spectrophotometer. Reverse transcriptase PCR
was performed using SuperScript III (Invitrogen), accord-
ing to the manufacturer's instructions for cDNA synthesis,
and Phusion High-Fidelity PCR Kit (New England Biolabs)
for PCR. Microarray analysis was performed using arrays
provided by the Pathogen Functional Genomics Research
Center funded by the National Institute of Allergy and
Infectious Diseases using protocols SOP# M007 and
M008 from The Institute of Genomic Research [25]. All
data have been deposited in ArrayExpress with the
accession number E-MTAB-4857. RT-qPCR was per-
formed as described previously [11]. SigA was used as an
internal standard, and ddCt method was used for the
calculation of gene expression ratios. Error bars represent
standard deviations from three biological replicates. For
qPCR, cDNA was synthesized using 800 ng of RNA for
each sample using the SuperScript III reverse transcrip-
tase kit (Invitrogen). After cDNA synthesis, qPCR was
carried out using Platinum SYBR Green qPCR SuperMix-
UDG with ROX (Invitrogen). For the verification of the
cis-encoded sRNA, chemostat-grown cells (nitrogen ex-
cess and nitrogen depletion) were used for qPCR [15]. For
asRNA verification, cDNA synthesis was performed using
strand-specific primers. Primers were designed with the
Primer 3 software, and optimization was performed
(for primers, see Table S1). The qPCR reactions were
carried out on a 7500 Fast Real-Time PCR System
(Applied Biosystems). As an internal control and for the
normalization of results, we used the gene sigA.
Expression and purification of AmtR

The amtR gene (msmeg_4300) was synthesized
(GeneArt) with the stop codon removed to allow for a
C-terminal 6xHis tag. The gene was then inserted into
the pYUB28b expression plasmid and cloned into the
M. smegmatis 4517 expression strain [26]. Cells were
harvested and centrifuged at 3900g for 20 min. Cell pellets
were resuspended in lysis buffer [20 mM phosphate,
200 mM NaCl, and 20 mM imidazole (pH 7.4)], and cells

array-express:E-MTAB-4857


Table 2. AmtR data collection and refinement statistics

LBD structure Full Structure

Data collection
Wavelength 1.0072 Å 0.95370 Å
Space group I 2 3 C 2
Unit cell dimensions (Å) 111.1, 111.1, 111.1 181.8, 105.8, 39.57
Unit cell dimensions (°) 90, 90, 90 90, 94.5, 90
Resolution (Å) 32.07–1.84,

(1.88–1.84)
37.25–1.98
(2.03–1.98)

Rmerge 0.201 (1.662) 0.100 (0.694)
CC (1/2) 0.999 (0.859) 0.997 (0.769)
Completeness (%) 100 (100) 97.1 (90.5)
Redundancy 42.7 (39.7) 6.7 (5.7)
No. of observations 856,794 (48,790) 336,413
No. of unique reflections 20,068 (1230) 50,329
Mean I/σ(I) 69.1 (2.9) 2.1

Refinement
Rfactor 0.183 0.212
Rfree 0.210 0.252
Protein atoms 1097 4549
Metal atoms 9 Hg
Solvent atoms 147 126
Average B value (Å2) 25.7 28.8

RMSD
Bond angles (°) 2.670 1.851
Bond lengths (Å) 0.028 0.018
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were sonicated on ice using a large probe for 30-s bursts at
setting 7–8.5 with 1 min cooling in between using a
Missonix Sonicator (USA) until cells were lysed (3–8 min).
The cell suspension was centrifuged at 25,860g for 20 min
at 4 °C. The supernatant was filtered through 1.2- and
0.45-μm filters and loaded onto a pre-equilibrated 5-ml
nickel affinity column (His-trap HP™) for initial purification
[27]. The eluted protein was combined 1:1 (volume) with
high-salt phosphate-buffered saline (PBS) buffer [20 mM
phosphate and 4 M NaCl (pH 7.4)] to facilitate DNA
removal. The solution was concentrated to 700 μl and
filtered through a small 0.2-μm filter. The protein was then
further purified by S200 10/300 size-exclusion chromatog-
raphy in buffer [20 mM phosphate and 2 M NaCl (pH 7.4)].
To reduce salt concentration, we dialyzed the protein in 1 l
of buffer [20 mM phosphate and 200 mM NaCl (pH 7.4)]
for a minimum of 12 h with regular buffer changes.
SDS-PAGE gels were cast in a Hoefer mini gel casting
system. SDS-PAGE gels consisted of a 5% acrylamide
stacking gel overlaid on a 16.5% acrylamide resolving gel.
All SDS-PAGE gels were made up with 30% acrylamide
with an acrylamide:bisacrylamide ratio of 37.5:1 (BioRad
Laboratories), including 0.1% filtered SDS, and were
polymerized by the addition of 0.05% ammonium persul-
phate and tetramethylethylenediamine.
Protein samples were mixed in a 3:1 ratio with 4 x SDS

loading buffer and were denatured for 5 min at 95 °C prior
to loading onto the gel. Gels were run with 1 x SDS-PAGE
running buffer at 70 V until the samples entered the
resolving gel, then at 150 V until the dye front reached the
end of the gel. For protein molecular weight estimation,
10 μl of Precision Plus Protein™ Unstained Standard
(BioRad Laboratories) was run alongside each gel.

Crystallization of AmtR and collecting X-ray
diffraction data

Initial protein crystallization trials employed sitting-drop
vapor diffusion in 96-well plates and were performed at
18 °C. AmtR protein solution [100 nl, 10.5 mg ml−1, 20 mM
phosphate, and 200 mM NaCl (pH 7.4)] with 100 nl of
precipitant solution (Hampton screens HR2–086, HR2–130,
HR2–136, and HR2–144) was mixed and equilibrated
beside a 100-μl reservoir of precipitant solution. Further
crystallization screens employed hanging-drop vapor diffu-
sion in 24-well plates at 18 °C. Crystals of AmtR grew after
4 days by mixing 1 μl of protein solution [10 mg ml−1,
20 mM phosphate, and 200 mMNaCl (pH 7.4)] with 1 μL of
precipitant solution [100 mM sodium-acetate (pH 5.0), and
1.6 M sodium-formate) and by equilibrating over a 500-μl
reservoir of precipitant solution. The AmtR C-terminal
domain was crystallized using in-drop limited trypsin
digestion at a ratio of 1:100 with AmtR and hanging-drop
vapor diffusion in 24-well plates at 18 °C. Crystals of AmtR
C-terminal domain grew after 14 days by mixing 1 μl of
protein solution [10 mg ml−1, 20 mM phosphate, and
200 mM NaCl (pH 7.4)] with 1 μL of precipitant solution
[100 mM sodium-acetate (pH 5.0), and 1.6 M sodium-
formate] and by equilibrating over a 500-μl reservoir of
precipitant solution. These crystals were subsequently
soaked in mercury chloride (final concentration of 5 mM) in
order to solve the structure using SAD.
AmtR protein crystals were flash-frozen in liquid nitrogen

with up to 30% glycerol prior to data collection. For data
collection, crystals were mounted in a stream of cold N2
gas at 100 K. C-terminal (Hg soaked) and full-length AmtR
data were collected at the macromolecular crystallography
beamline (MX1) at the Australian Synchrotron, Melbourne,
Australia using an ADSC Quantum 210r detector. For the
C-terminal domain, data were collected using radiation at
a wavelength of 12,290.0 eV, (6 eV above the LIII edge of
Hg) to a resolution of 1.84 Å. For full-length AmtR, data
were collected at a wavelength of 12,669.5 eV to a
resolution of 1.98 Å. All data sets were indexed and
integrated using iMosflm 7.0.9 [28], then scaled and
truncated using Aimless [29] in the CCP4 program suite
6.4.0. (Collaborative Computational Project, Number 4,
1994). The resolution limit of 1.84 Å for the C-terminal
domain data set gives a very high Rmerge value of 0.201
(1.662). This is possibly the result of the very high
redundancy. This resolution limit of 1.84 Å can be justified
by the CC½ of 0.859 in the outer shell and the mean
I/σ(I) 2.9 in outer shell.

AmtR structure solution and refinement

The C-terminal domain structure was solved using SAD.
Initial Hg sites were identified and refined using SHELX
[30], and the structure was solved using Auto-rickshaw
[31]. The full-length AmtR structure was solved by molec-
ular replacement using the C-terminal domain structure
as a model. Molecular replacement was carried out using
Phaser [32] in the CCP4 suite 6.4.0 (Collaborative
Computational Project, Number 4, 1994). The N-terminal
domain was then built using Buccaneer [33,34], followed
by an initial restrained refinement in refmac5 [35,36] in the
CCP4 suite 6.4.0. Subsequent cycles of manual model
building using COOT 0.7 [37], followed by refinement in
Refmac5 on the CCP4 suite 6.4.0 were carried out. Full
data collection and refinement statistics are provided in
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Table 2. Coordinate files and structure factors for the full
structure have been deposited in the Protein Data Bank
with PDB code (5E57).

EMSA and SPR

Purified AmtR that had been treated for co-purified DNA
(see Materials and Methods) was used in EMSA with
DIG-labeled DNA using the DIG Gel Shift kit, 2nd
Generation (Roche, Germany). Assay protein:DNA ratios
began at equal molar and subsequent higher ratios of
protein to DNA. Assays were conducted as per manufac-
turer's instructions (Roche, Germany; for primers, see
Table S1). To identify the specificity of AmtR for target
DNA rather than DIG label, binding assays were set up
with unlabeled target DNA added in 120× excess at the
highest labeled DNA: protein ratio. This assay was labeled
the specific control. To determine the specificity of the
protein for target DNA, binding assays were set up with
unlabeled non-specific DNA (the promoter region of the
M. smegmatis phoH2 gene that contains no putative AmtR
recognition sequence) added in 103× excess (to account
for size difference of the DNA fragments). This assay was
labeled the non-specific control. Assays were prepared
on ice and incubated at room temperature for 20 min and
then run on 6% native acrylamide Tris-borate-EDTA gel.
DNA was transferred from the gel to a nylon transfer
membrane by Southern blotting and was then fixed to the
membrane by UV crosslinking. The membrane was washed,
blocked, and equilibrated in detection buffer [0.1 M Tris and
0.1 M NaCl (pH 9.5)] as per manufacturer's instructions
(Roche, Germany) before doing the chemiluminescent
immunoassay. A chemiluminesence reaction using the
alkaline phosphatase-conjugated antibody bound to the
DIG-labeled DNA and disodium 3-(4-methoxyspiro
{1,2-dioxetane-3,2′-(5′-chloro)tricyclo [3.3.1.13,7]decan}-4-
yl)phenyl phosphate was done as per the manufacturer's
instructions and was incubated at room temperature for
5 min, followed by a 10-min incubation at 37 °C to enhance
the reaction. The light emission was captured by exposing
themembrane toX-ray film in a light-protective cassette for a
minimum of 1 h. The film was then developed and fixed for
visualization and was captured using white light.
The SPR experiments were performed using a BIACORE

3000 (GE Healtcare) equipped with a research-grade
SA sensor chip. The ligand-specific, biotinylated double-
stranded DNAwas immobilized on the FC2 surface of the SA
sensor chip. Non-specific, biotinylated double-stranded DNA
was used as a reference and was immobilized on the FC1
surface of the SA chip. To collect the kinetic binding data, we
injected theanalyte (AmtR) in 50 mMNa2PO4, 200 mMNaCl,
and 0.05% Tween (pH 7.4) over the two flow cells at
concentrations of 6, 3, 1.5, 0.75, 0.375, 0.187, and 0.09 nM
at a flow rate of 50 μl/min and at a temperature of 25 °C.
Duplicate injections (in random order) of each sample and a
buffer blank were flowed over the two surfaces. The AmtR
responses were double-referenced by subtracting the data
from the reference flow cell and buffer responses. Data were
analyzed using GraphPad PRISM using a non-linear
regression association and dissociation analysis; constraints
included the nM concentration of AmtR and the start of the
dissociation phase. The equilibrium dissociation binding
constant (KD) was calculated using the steady-state/
equilibrium binding model including the standard error.
Identification of AmtR-binding motif and accession
numbers

The MEME/ Motif Alignment & Search Tool‡ was used
to detect a conserved AmtR consensus-binding motif in
the upstream regions of genes that showed differential
gene expression in M. smegmatis JR258 ΔamtR. This
consensus-binding motif was then used to search for
further putative AmtR-binding regions in the genome of
M. smegmatis mc2155 [38].

Coordinates and structure factors have been deposited
in the Protein Data Bank with accession number 5E57.
Microarray data have been deposited in ArrayExpress with
the Accession Number E-MTAB-4857 [39].
Supplementary data to this article can be found online at

http://dx.doi.org/10.1016/j.jmb.2016.09.009.
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