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ABSTRACT

Altering zinc bioavailability to bacterial pathogens is
a key component of host innate immunity. Thus, the
ability to sense and adapt to the alterations in zinc
concentrations is critical for bacterial survival and
pathogenesis. To understand the adaptive responses
of group A Streptococcus (GAS) to zinc limitation
and its regulation by AdcR, we characterized gene
regulation by AdcR. AdcR regulates the expression
of 70 genes involved in zinc acquisition and viru-
lence. Zinc-bound AdcR interacts with operator se-
quences in the negatively regulated promoters and
mediates differential regulation of target genes in re-
sponse to zinc deficiency. Genes involved in zinc mo-
bilization and conservation are derepressed during
mild zinc deficiency, whereas the energy-dependent
zinc importers are upregulated during severe zinc
deficiency. Further, we demonstrated that transcrip-
tion activation by AdcR occurs by direct binding to
the promoter. However, the repression and activa-
tion by AdcR is mediated by its interactions with
two distinct operator sequences. Finally, mutational
analysis of the metal ligands of AdcR caused im-
paired DNA binding and attenuated virulence, indi-
cating that zinc sensing by AdcR is critical for GAS
pathogenesis. Together, we demonstrate that AdcR
regulates GAS adaptive responses to zinc limitation
and identify molecular components required for GAS
survival during zinc deficiency.

INTRODUCTION

Zinc is an essential nutrient for bacterial growth and patho-
genesis (1). Zinc is a critical cofactor for protein folding and
catalytic activity of various enzymes (2). However, when in
excess, zinc can also be toxic as it competes for non-cognate
metal binding sites in metalloproteins and renders them
dysfunctional (3). The host can exploit this paradoxical nu-
tritional requirement of bacteria to impede their growth
by altering the amount of zinc available to the invading
pathogens (4,5). Depending on the host microenvironment
and the pathogen, different molecular strategies are em-
ployed to either sequester zinc from the microbial popula-
tion or poison the pathogen with toxic concentrations of
zinc (4,6–10). Infiltrating neutrophils at the bacterial col-
onization surface produce large amounts of the secreted
protein calprotectin. Extracellular calprotectin sequesters
zinc and manganese from the infection site and deprives the
pathogen of these critical cofactors (4,5,7,11). Conversely,
macrophages inundate phagocytosed pathogens (e.g. pneu-
mococci and Mycobacterium tuberculosis) with bacterici-
dal zinc levels as part of their protective immune response
(8,12,13). Bacterial countermeasures against these host de-
fense mechanisms include tight coordination of the expres-
sion of zinc uptake and efflux systems in response to varying
zinc concentrations (3,14). Bacterial adaptive responses to
zinc starvation include the upregulation of zinc import sys-
tems, zinc sparing responses and mobilization of intracellu-
lar zinc storage (15). In most bacteria, these counterstrate-
gies to host-mediated zinc limitation are controlled by the
metal-sensing transcription regulator, zinc uptake regulator
(Zur). However, in streptococci, similar responses are con-
trolled by the structurally dissimilar adhesin-competence
regulator, AdcR (3,16).
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Group A Streptococcus (GAS, Streptococcus pyogenes)
is an exclusive human pathogen and a causative agent for
a variety of diseases that range from mild pharyngitis to
complicated necrotizing fasciitis (17). Given the abundance
of neutrophils at the GAS colonization interface (18), it is
likely that GAS faces zinc limitation within the host. Con-
sistent with this, genes encoding zinc uptake systems, zinc
storage systems and zinc sparing responses are significantly
upregulated during subcutaneous GAS infection (19). A re-
cent study also demonstrated that internalization of GAS
by neutrophils triggers a rapid influx of zinc into the cy-
toplasm, and a gene encoding a zinc efflux pump, czcD, is
critical for GAS survival against neutrophil-mediated zinc
cytotoxicity (10). The significance of zinc homeostasis sys-
tems to GAS pathogenesis is further underscored by the
finding that the metal transporters, both uptake and efflux
systems, are critical for GAS virulence and inactivation of
these genes results in significantly attenuated strains (10,20).
Together, these data indicate that GAS encounters host-
mediated zinc defense mechanisms during infection and the
components of the zinc homeostasis machinery contribute
to GAS survival and virulence.

Adaptive responses to zinc limitation in streptococci are
controlled by AdcR (21). AdcR regulators form a subclass
of multiple antibiotic resistance family regulators (MarR)
that use metal ions as co-repressors (21). AdcR regulators
sense the alterations in intracellular zinc concentrations and
negatively regulate the expression of genes involved in metal
uptake, metal storage and metal-sparing responses (21,22).
Although adcR has been identified in most streptococci,
AdcR from S. pneumoniae is the best studied. The pneumo-
coccal adc regulon is comprised of ∼15 genes, most of which
are implicated in zinc uptake and storage (21). Genes reg-
ulated by AdcR in S. pneumoniae include an ATP-binding
cassette (ABC)-family high affinity transporter (adcABC),
an extracellular zinc-binding protein (adcAII) and putative
zinc storage proteins, known as polyhistidine triad proteins
(phtA, phtD, phtE and phpA) (21). Both AdcA and Ad-
cAII are critical for zinc uptake, albeit by different mech-
anisms, and inactivation of either gene significantly atten-
uates pneumococcal virulence (23). Similar studies in GAS
show that AdcAII, also known as Lsp, plays a critical role in
zinc procurement, as deletion of adcAII results in defective
growth in zinc-limited conditions and attenuates GAS viru-
lence (20). The Pht proteins are implicated in streptococcal
zinc homeostasis as zinc scavengers, in immune evasion by
preventing complement deposition and in host cell attach-
ment by unknown mechanisms (24,25). Collectively, these
data indicate that AdcR is the master regulator of adaptive
responses to zinc limitation and AdcR-dependent gene reg-
ulation plays a critical role in pneumococcal pathogenesis.

AdcR is a homodimeric DNA-binding protein that has
two functional domains: a DNA-binding domain with
winged helix-turn-helix (wHTH) motif and a dimeriza-
tion domain (22). The zinc binding sites are located in
the interdomain region of AdcR, and metal occupancy
produces conformation changes that enable DNA bind-
ing (22). Thus, when sufficient zinc is available, the metal-
lated form of AdcR binds operator sequences (adc motif)
in AdcR-regulated promoters (21) resulting in repression
of gene expression. Conversely, apo-AdcR dissociates from

the promoter sequences resulting in derepression of the tar-
get genes. Structurally, AdcR from S. pneumoniae consists
of a central domain with the wHTH motif and a dimeriza-
tion domain with the N- and C-terminal helices forming
the dimer interface (22). The crystal structure has two zinc
molecules bound to AdcR within the interdomain region
(22). Although the regulatory role of the primary site has
been identified, the role of second site remains unknown.
Much of what is known regarding AdcR structure is based
on pneumococci, but the role of AdcR in zinc metalloregu-
lation, the breadth of the GAS adc regulon and the contri-
bution of AdcR-dependent gene regulation to GAS patho-
genesis remain largely unknown.

To elucidate the molecular and mechanistic basis of zinc
metalloregulation by AdcR in GAS, we performed genetic,
biochemical and animal infection studies to characterize
AdcR from a GAS serotype M3 strain. Transcriptome anal-
yses using an isogenic ΔadcR mutant determined that AdcR
influences the expression of a much larger regulon in GAS
compared to that of pneumococci and identified the genes
involved in the GAS adaptive response to zinc limitation.
We also demonstrated that AdcR negatively regulates gene
expression by directly binding promoter sequences contain-
ing the adc motif. Interestingly, our data revealed a novel
role for AdcR as a transcriptional activator responsible for
upregulation of the operon encoding the genes involved in
GAS capsule biosynthesis. Finally, using a mouse model of
infection, we demonstrated that the metal sensing and gene
regulation functions of AdcR are critical for GAS patho-
genesis in vivo.

MATERIALS AND METHODS

Ethics statement

Mouse experiments were performed according to proto-
cols approved by the Methodist Hospital Research Insti-
tute Institutional Animal Care and Use Committee. This
study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of labora-
tory Animals, eighth edition. The protocol was approved
by the Institutional Animal Care and Use Committee of
TMHRI (OLAW assurance no A4555–01; USDA assur-
ance no 740R-0192). No surgery was performed. All efforts
were made to minimize animal suffering.

Bacterial strains, plasmids and growth conditions

Bacterial strains and plasmids used in this study are listed
in Supplementary Table S1. Strain MGAS10870 is a fully
sequenced invasive serotype M3 isolate that has wild-type
(WT) sequence for all major regulatory genes (26). GAS
was grown routinely on Trypticase Soy agar containing 5%
sheep blood (bovine serum albumin; Becton Dickinson)
or in Todd–Hewitt broth containing 0.2% (w/v) yeast ex-
tract (THY; DIFCO). When required, ampicillin or chlo-
ramphenicol was added to a final concentration of 80 and
8 �g/ml, respectively. All GAS growth experiments were
done in triplicate on three separate occasions. Overnight
cultures were inoculated into fresh medium to achieve an
initial OD600 of < 0.1. Growth was monitored by measuring
optical density at A600. The Escherichia coli strain used for
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protein overexpression was grown in Luria–Bertani broth
(LB broth; Fisher Scientific) and when appropriate ampi-
cillin was added to a final concentration of 80 �g/ml.

Construction of adcR-inactivated mutant strain

A three-step process was used to generate a polymerase
chain reaction (PCR) fragment in which 414 bases of the
adcR open reading frame (ORF) were removed. Primer pair
adcR-For and adcRKO-Rev were used to generate a 1060-
bp fragment including the first 15 bases of the adcR ORF.
Likewise, primer pair adcR-Rev and adcRKO-For were used
to generate a 1151-bp fragment containing the last 15 bases
of the adcR ORF. The two PCR products were subsequently
used to generate a 2171-bp product containing an in-frame
deletion of adcR using primer pair adcR-For and adcR-Rev.
The final PCR product was subsequently cloned into the
temperature-sensitive E. coli––Gram-positive shuttle vector
pJL1055 (27,28) and used for allelic replacement as previ-
ously described (29,30). Inactivation of the gene was con-
firmed by DNA sequencing. Primers used for the construc-
tion of strain 10870ΔadcR are listed in Supplementary Ta-
ble S2.

Construction of adcR trans-complementation plasmid

To complement isogenic mutant strain ΔadcR, the coding
sequence of the full-length adcR gene together with the pu-
tative adcR promoter region were cloned into the E. coli-
GAS shuttle vector pDC123 (31). Using the primers listed
in Supplementary Table S2, the respective fragments were
amplified by PCR from GAS genomic DNA, digested with
BglII and NdeI and ligated into digested vector to generate
the complementation plasmid, pDC-adcR. The inserts were
verified by DNA sequencing, and pDC-adcR was electropo-
rated into the strain MGAS10870-ΔadcR.

RNA sequencing (RNA-seq)

GAS strains were grown to late exponential phase of growth
(A600 ∼ 1.0) in THY broth and cells were were harvested
by centrifugation. RNA isolation and purification were per-
formed using an RNeasy (Qiagen) mini kit according to
the manufacturer’s protocol and treated with DNase using
the TURBO DNA-free kit (Ambion). RNA was analyzed
for quality and concentration with an Agilent 2100 Bioana-
lyzer. The ribosomal RNA was then removed using a Ribo-
Zero treatment kit (Epicenter) according to manufacturer’s
protocol and further purified using the Min-Elute RNA pu-
rification kit (Qiagen). The ribosomally depleted RNA was
then used to synthesize adaptor-tagged cDNA libraries us-
ing the ScriptSeq V2 RNA-seq library preparation kit (Epi-
center). cDNA libraries were then run on a MiSeq using the
MiSeq v2 reagent kit (Illumina). Approximately 2 million
reads were obtained per sample and the reads were mapped
to the MGAS315 genome using the CLC-Genomics Work-
Bench, version 5 (CLC Bio). For RNA-seq analysis, the to-
tal number of reads per gene between the replicates was nor-
malized by RPKM [(reads/kilobase of gene)/(million reads
aligning to the genome)]. Using the RPKM values, pair-
wise comparisons were carried out between the two strains

to identify the differentially expressed genes. Genes with 2-
fold difference and P < 0.05 after applying Bonferroni’s cor-
rection considered to be statistically significant.

Transcript analysis by quantitative reverse transcriptase-
PCR (qRT-PCR)

GAS strains were grown to late exponential phase (A600 ∼
1.0) and incubated with two volumes of RNAprotect (Qi-
agen) for 10 min at room temperature. Bacteria were har-
vested by centrifugation and the cell pellets were snap frozen
with liquid nitrogen. RNA isolation and purification were
performed using an RNeasy kit (Qiagen). Purified RNA
was analyzed for quality and concentration with an Agilent
2100 Bioanalyzer. cDNA was synthesized from the purified
RNA using Superscript III (Invitrogen) and qRT-PCR was
performed with an ABI 7500 Fast System (Applied Biosys-
tems). Comparison of transcript levels was done using �CT
method of analysis using tufA as the endogenous control
gene (32). The Taqman primers and probes used are listed
in Supplementary Table S2.

Electrophoretic mobility shift assay

Oligonucleotides containing the putative adc mo-
tif from the adcRCB promoter (top strand 5′-
GTTATAATTAACTGGTTAATGAAAGA) were an-
nealed by heating equimolar mixture of top and bottom
strand oligonucleotides at 95◦C for 5 min followed by
slow cooling to room temperature. Binding reactions were
carried out in 20 �l volume of binding buffer (20 mM
Tris pH 7.5, 0.8 M NaCl, 12% glycerol and 100 �M Zinc
sulfate) containing 0.5 �M of oligoduplex, and increasing
concentrations of AdcR. After 15-min incubation at 37◦C,
the reaction mixtures were resolved on a 10% native
polyacrylamide gel supplemented with 5% glycerol (native
polyacrylamide gel electrophoresis (PAGE)) for 90 min at
100 V at 4◦C in Tris Borate buffer with 5% glycerol. The
gels were stained with ethidium bromide and analyzed on
a BioRad Gel Electrophoresis Systems.

Protein overexpression and purification

The adcR gene of strain MGAS10870 was cloned into plas-
mid pET-21b and protein was overexpressed in E. coli strain
BL21 (DE3) after induction with 1 mM IPTG at 30◦C
for 5 h. Cell pellets were suspended in 50 ml of buffer A
(20 mM Tris HCl pH 8.0, 100 mM NaCl and 1 mM Tris
2-carboxyethyl phosphine hydrochloride (TCEP)) supple-
mented with DNaseI to a final concentration of 5 �g/ml.
Cells were lysed by a cell disruptor (Constant Systems) and
cell debris was removed by centrifugation at 15 000 revo-
lutions per minute for 30 min. AdcR was purified by affin-
ity chromatography using a Ni-NTA agarose column. Puri-
fied AdcR was subjected to two rounds of overnight dial-
ysis against buffer containing 10 mM ethylenediaminete-
traacetic acid (EDTA) and one more round of dialysis
against buffer containing 100 mM EDTA to remove any
trace metals bound to the protein. All subsequent steps were
carried out with buffer treated with chelex beads (Sigma).
The concentrated AdcR was further purified by size exclu-
sion chromatography with a Superdex 200G column and
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stored in buffer B (20 mM Tris HCl pH 8.0, 200 mM NaCl,
1 mM TCEP and 1mM EDTA). The protein was purified
to >95% homogeneity and concentrated to a final concen-
tration of ∼65 mg/ml. To reconstitute the AdcR:Zn form
of AdcR, the apo AdcR was dialyzed overnight against
chelexed buffer A containing 50 �M ZnSO4.

Modeling studies of AdcR

The structure of AdcR was modeled using the I-TASSER
structure prediction server (http://zhanglab.ccmb.med.
umich.edu/I-TASSER). The top template identified by
I-TASSER to model AdcR was AdcR from S. pneumoniae
(22). The algorithm for structure prediction by I-TASSER
involves template identification by threading alignments,
assembly by iterative simulations and refinement of the
resulting model (33,34). The accuracy of the predicted
model is validated by two parameters: the confidence score
(c-score) and the template modeling score (TM-score)
(33,34). The predicted AdcR model has a high c-score
of 0.41, indicating the accuracy of the prediction, and a
very reliable TM-score of 0.77, pointing to the topological
match of the model to the template. The resulting model
covers all AdcR residues. The AdcR dimer was generated
by superimposition of individual subunits of AdcR to the
pneumococcal AdcR dimer using COOT (35).

Site-directed mutagenesis of recombinant AdcR

Plasmid pET21b-adcR or pDC-adcR containing the WT
adcR-coding region was used as template for the site-
directed mutagenesis. Quick change site-directed mutagene-
sis kit (Strategene) was used to introduce single amino acid
substitutions within adcR coding region and substitutions
were confirmed by DNA sequencing.

Mouse infection studies

Virulence of the isogenic mutant GAS strains was tested us-
ing an intraperitoneal mouse model of infection. Twenty
female 3 to 4-week-old CD1 mice (Harlan Laboratories)
were used for each GAS strain. Animals were inoculated in-
traperitoneally with 1 × 107 colony-forming units (CFUs)
and survival was monitored daily. Data were graphically
displayed as a Kaplan–Meier survival curve and analyzed
using the log-rank test.

RESULTS AND DISCUSSION

GAS adaptive responses to zinc limitation

To elucidate the molecular components of GAS adaptive
responses to zinc limitation, we compared the transcription
profile of serotype M3 strain MGAS10870 grown in zinc-
depleted and zinc-replete conditions by RNA-seq. We used
chemically defined medium (CDM) with no zinc supple-
mentation to mimic zinc limitation. Since the GAS growth
medium THY contains 10–15 �M zinc and the level of
AdcR-mediated repression of target gene expression is un-
affected within this range (Supplementary Figure S1A) (36),
we used the CDM supplemented with 15 �M zinc to mimic
the zinc replete condition. GAS grown under either of these

conditions did not show any differences in growth pheno-
type (Supplementary Figure S1B). Briefly, cells were grown
to late exponential phase (A600 ∼ 1.0) and RNA isola-
tion and cDNA library preparation was performed using
commercial protocols. For the purpose of statistical anal-
ysis, three biological replicates were used for each growth
condition. Transcript levels of GAS genes with ≥2-fold
changes with statistical significance (P < 0.05) are summa-
rized in Supplementary Table S3. As expected, GAS senses
zinc bioavailablity and upregulates (≥3-fold) the expression
of genes involved in zinc uptake (adcA, adcAII and ad-
cBC), zinc sparing responses (rpsN) and zinc storage sys-
tems (phtD and phtY) (Supplementary Table S3). Addi-
tional genes that are differentially regulated in response to
zinc limitation include the operon encoding dipeptide per-
meases (dppA-E) and manganese uptake systems (mtsABC)
(Supplementary Table S3). Since most of these genes are im-
plicated in zinc homeostasis in streptococci, and the pro-
moter sequences of adcA, adcAII, adcRBC, rpsN, phtD and
phtY contain putative AdcR-binding sites in their promoter
sequences, it is likely that the GAS adaptive responses to
zinc limitation are predominantly regulated by AdcR.

AdcR regulates zinc metabolism and virulence in GAS

To investigate the global regulatory influence of AdcR in
GAS and define the broader regulon controlled by AdcR,
we constructed an in-frame adcR deletion in parental
serotype M3 strain MGAS10870 (ΔadcR). Since adcR is
the first gene of the adcRCB operon, disruption of adcR in
the isogenic ΔadcR mutant strain could cause polar effect
and alter expression of the downstream genes. To rule out
this possibility, we measured the transcript levels of adcC,
the second gene in the adcRCB operon, by qRT-PCR assay.
Consistent with its role as a repressor, inactivation of adcR
gene resulted in the upregulation of adcC gene compared to
the parental serotype, indicating the absence of polar effect
in ΔadcR (Supplementary Figure S2).

Comparative genome-wide transcription profiling of
parental strain MGAS10870 and ΔadcR strains was per-
formed by RNA-seq. AdcR exerts significant influence on
GAS gene expression: a total of 70 genes were significantly
regulated (∼4% of the 1951 predicted genes in the genome),
with 31 genes repressed and 39 genes upregulated by AdcR
(Supplementary Tables S4 and S5). Out of the 31 negatively
regulated genes, the promoters of 15 genes contain AdcR
operator sequences, suggesting that these genes are under
direct regulation by AdcR. As observed in the pneumococ-
cal transcriptome studies, the negatively regulated genes in-
clude the ABC zinc uptake system (adcBC), two outer mem-
brane zinc-binding proteins (adcA and adcAII) and polyhis-
tidine triad proteins (phtD and phtY) (Supplementary Table
S4). In S. pneumoniae, the extracellular zinc-binding protein
(AdcA) is co-transcribed as part of adcRABC operon. In
GAS, however, the adcA gene is not in the adcRBC operon
and encoded elsewhere on the GAS genome. Although the
physiological significance of this uncoupling of adcA from
the adcRCB operon in GAS is not clear, it results in a higher
level of induction of adcA gene in GAS (15-fold in GAS
compared to 8-fold in pneumococci). Genes encoding the
two Pht proteins, phtD gene (SpyM3 1724), which is co-
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transcribed as a bicistronic transcript with adcAII, and the
phtY gene (SpyM3 1035) were also highly regulated (Sup-
plementary Table S4). The pneumococcal genome encodes
for 4 Pht proteins and the expression of all 4 pht genes is
controlled by AdcR. Interestingly, the GAS genome also
contains four copies of predicted pht genes (SpyM3 1724,
SpyM3 1035, SpyM3 0072 and SpyM3 1504), but only two
of them are under the control of AdcR. This was fur-
ther corroborated by the promoter analysis, which indi-
cated that the promoter sequences of both spyM3 0072 and
spyM3 1504 lack AdcR operator sequences, and are there-
fore not likely targets of AdcR-mediated regulation.

Although the adc regulon in GAS shares similarities with
its pneumococcal counterpart, the regulatory circuit con-
trolled by AdcR in GAS is much larger and contains sev-
eral additional components. Importantly, the transcript lev-
els of rpsN (spyM3 1615), the gene encoding the zinc-free
paralog for 30S ribosomal protein S14, was increased in
the ΔadcR strain (Supplementary Table S4). Most bacte-
ria encode two sets of ribosomal proteins: zinc-containing
and their zinc-free paralogs (37). During zinc starvation,
the AdcR-mediated repression of zinc-free paralogs is re-
lieved and results in the upregulation of non-zinc containing
paralogs (37–39). The zinc-free paralogs replace their zinc-
bound counterparts from the ribosome and this process of
zinc recycling constitutes the zinc sparing or zinc mobiliza-
tion responses (37–39). Further, the genes encoding alcohol
dehydrogenases (adh) (spyM3 0036 and spyM3 0037) were
significantly upregulated in the ΔadcR strain (Supplemen-
tary Table S4). This is contrary to the observations made in
pneumococci in which both the genes were downregulated
in the ΔadcR strain (21,40). The GAS genome has three
genes encoding adh isozymes (spyM3 0772, spyM3 0036
and spyM3 0037), among which only the spyM3 0772
is annotated as zinc-containing ADH. The adh2 gene
(spyM3 0036) encodes a putative iron-containing ADH. Al-
though adh1 is a zinc-dependent ADH, the catalytic activ-
ity of ADH1 requires fewer zinc atoms per subunit com-
pared to the zinc-containing ADH (spyM3 0772). Given
that ADHs are among the most abundant zinc-containing
proteins in the cell and require ∼8 zinc atoms per molecule
as structural and functional cofactors (41–43), it is plau-
sible that substitution of zinc-dependent ADH with zinc-
independent isozymes will likely reduce the bacterial zinc
requirement and release the zinc for essential activities dur-
ing zinc limitation. Similar zinc conservation mechanisms
have been identified as a component of yeast adaptive re-
sponses to zinc limitation (43,44). Thus, we speculate that
the regulation of rpsN and adh genes by AdcR constitute
the zinc sparing responses in GAS.

Transcriptome analysis of GAS grown in zinc-limited
conditions indicated that GAS upregulates the five gene
operon (dppABCDE) encoding the dipeptide permeases in
response to decreased zinc levels (Supplementary Table S4).
Interestingly, similar observations were made in the RNA-
seq studies of ΔadcR mutant strain, suggesting that AdcR
regulates dppABCDE operon in response to changing zinc
availability (Supplementary Tables S3 and S4). Given that
the promoter sequence of the dpp operon contains the char-
acteristic adc motif immediately upstream of the −35 pro-
moter element, it is likely that AdcR directly controls the ex-

pression of dipeptide permeases. Increased transcript levels
were observed for 16 additional genes in ΔadcR strain (Sup-
plementary Table S4), but since their promoter sequences
lack consensus or near-consensus AdcR binding sites, these
genes may be indirectly regulated by AdcR.

Contrary to the known role of AdcR as a transcrip-
tion repressor, a significant number of genes were down-
regulated in ΔadcR strain. Genes with decreased transcript
included several major GAS virulence factors, genes in-
volved in metal transport and ribosomal subunits (Supple-
mentary Table S5). AdcR-regulated virulence genes include
well-characterized virulence factors, such as the hasABC
operon encoding capsule biosynthesis enzymes (45), genes
encoding cell envelope protease (prtS) (46,47), C5a pepti-
dase (scpA) (48), streptokinase A (ska) (49) and exotoxin A
(speA3) (50), suggesting a role for AdcR and its gene regu-
lation in GAS pathogenesis (Supplementary Table S5). To-
gether, these results demonstrate that AdcR is the master
regulator of GAS adaptive responses to zinc limitation and
identify the major molecular determinants that contribute
to GAS survival during low zinc availability.

Mechanism of negative gene regulation by AdcR

The promoter sequences of the core adcRBC regulon
possess the putative AdcR binding site (adc motif) up-
stream of their respective transcription start sites (TSSs).
Thus, we used gel mobility shift assays to determine
whether AdcR directly binds to the adc motif sequences
in a zinc-dependent manner. First, we assessed the metal-
requirement of AdcR for its DNA binding by assaying the
DNA binding by apo and zinc-metallated AdcR. When apo
AdcR was incubated with oligoduplexes containing the pu-
tative adc motif from the adcRCB promoter, AdcR failed
to bind the cognate DNA. However, when the DNA bind-
ing was measured in the presence of zinc, AdcR specifi-
cally bound the adc motif (Figure 1A and B). To ensure
that the observed interaction was sequence specific, we per-
formed the same experiment with oligoduplexes containing
the binding sites for peroxide sensing regulator (per box)
from GAS (51). AdcR did not bind to the per box, even in
the presence of zinc (Figure 1C). Based on these results, we
conclude that AdcR interacts directly and specifically with
adc motif sequences and these interactions require the pres-
ence of zinc.

Although it is evident that AdcR mediates negative regu-
lation by directly binding to the target promoters, the mech-
anism of transcription repression remains unclear. To elu-
cidate the likely mechanism of repression by AdcR, we an-
alyzed the promoter sequences for the location of various
promoter elements and their proximity to the adc motifs.
Using the program, BPROM (52), we identified the putative
TSS and the location of RNA polymerase (RNAP) recog-
nition elements, the −10 and −35 hexamers. Subsequently,
we mapped the AdcR binding sites to determine the relative
proximity of the adc motifs to the identified promoter ele-
ments. Interestingly, the adc motifs in the analyzed promot-
ers are situated either immediately upstream or downstream
of or overlapping the RNAP recognition elements in the
promoter. These observations suggest that AdcR binding
to the operator sequences in the negatively regulated pro-
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AdcR:Zn AdcR:ZnApo AdcR

Figure 1. Zinc-dependent DNA binding by AdcR. Analysis of AdcR-adc motif interactions in the absence (A) and presence (B) of 100 �M zinc by gel
mobility shift assay. Oligoduplexes containing the sequences corresponding to either the putative adc motif from the adcRCB promoter were incubated
with increasing concentrations (250, 500 and 750 ng) of either purified apo-AdcR (A) or zinc-bound AdcR (B). (C) Assessment of sequence-specificity of
AdcR-DNA interactions. Zinc-bound AdcR was incubated with non-cognate DNA containing the per box sequence. The reaction mixtures were resolved
on a 10% native PAGE and visualized by ethidium bromide staining. The positions of free probe (F) and protein-bound probe (B) are labeled and indicated
by arrows.

moters might sterically hinder the RNAP-promoter inter-
actions, thereby negatively regulates the transcription from
these promoters.

Differential gene regulation by AdcR

Transcriptome data revealed that AdcR-regulated genes ex-
hibit varied levels of regulation in response to zinc de-
ficiency. Genes encoding adcA, adcAII, phtD, phtY and
rpsN were upregulated 15-fold or higher, whereas only a
≤4.5-fold induction was observed for the adcRCB and dp-
pABCDE operons, and adh and sdn genes (Supplementary
Tables S4 and S5). To understand the basis for the differ-
ential induction of target genes by AdcR, we analyzed the
promoters of the target genes. With the exception of phtY,
the promoters of all the highly regulated genes contain two
adc motifs, while the promoters in the second group with
more moderate repression had only one AdcR-binding site
(Figure 2A and B). These observations led us to hypothe-
size that AdcR might bind to the target promoters in dif-
ferent oligomeric states and mediate differential gene regu-
lation. To test this hypothesis, we carried out gel mobility
shift assays with oligoduplexes containing either single adc
motif from adcRCB operon or two sites from the adcAII-
phtD operon. Consistent with our hypothesis, addition of
zinc metallated AdcR to adcRCB operator sequences gen-
erated single shifted species, which likely corresponds to an
AdcR dimer binding to the adc motif (Figure 2C). How-
ever, when the similar experiment was performed with two-
site operator sequences, it produced two shifted bands at
lower AdcR concentrations, and the highest concentration
of AdcR yielded a single super-shifted band (Figure 2D).
Collectively, these data indicate that AdcR binds to target
promoters with differing number of adc motifs in differ-
ent stoichiometry. Although the results from the binding
experiments revealed the differences in the sizes of macro-
molecular complexes containing AdcR bound to either sin-
gle or two adc motifs, the precise stoichiometry between
AdcR and its DNA interacting partners remains to be eluci-
dated. Our next line of investigation will focus on deducing
the oligomeric state of AdcR bound to differing number of
adc motifs. Possible approaches to elucidate the molar ra-
tio between AdcR and the varying number of adc motifs
include mass estimation of protein-DNA complexes by size
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reactions mixtures were resolved on a 10% native PAGE. The positions of
free (F) and AdcR-bound (B) forms of probe are indicated.



424 Nucleic Acids Research, 2015, Vol. 43, No. 1

exclusion chromatography and calculation of molar ratio
of the interacting partners by fluorescent polarization (FP)
assays. The elution profiles of individual components of the
macromolecular complexes as well as the different AdcR-
DNA complexes, as assessed by size exclusion chromatog-
raphy, can be used to deduce the molecular weight and the
corresponding oligomeric states of AdcR-DNA complexes.
Alternatively, FP assays in which binding experiments are
carried out with DNA concentrations in molar excess of
the Kd of protein-DNA interactions. Subsequently, the sto-
ichometry of protein to DNA can be derived by measur-
ing the protein concentration at which the transition from
specific (high-affinity) to non-specific (low-affinity) interac-
tions occur. Similar methods have been used to compute the
oligomeric states of MepR from S. aureus bound to differ-
ent target operator sites (53).

Although the correlation between the number of adc mo-
tifs and level of induction is evident, the underlying mech-
anism remains unknown. Possibililites include tighter re-
pression of genes with two adc motifs by the multimeric
AdcR and/or differential sensitivity of AdcR-DNA com-
plexes to reductions in zinc availability. Thus, we investi-
gated AdcR-mediated gene regulation in GAS undergoing
zinc withdrawal by measuring the transcript levels of target
genes. To mimic zinc withdrawal, GAS was grown in zinc-
rich conditions to late exponential growth phase and subse-
quently treated with the zinc-chelator N,N,N′,N′-tetrakis-
(2-pyridylmethyl) ethane-1,2-diamine (TPEN). Samples
were collected over 5 min in one-minute intervals and the
transcript level of target genes was analyzed by qRT-PCR.
We tested the transcript level of adcC and phtD as repre-
sentative genes for the AdcR-regulated promoters with one
or two adc motifs, respectively. Since AdcR exists predom-
inantly in a zinc-metallated state during growth in zinc-
rich conditions, transcript levels of AdcR-regulated genes
in cells not treated with TPEN were considered repressed.
Accordingly, gene expression was repressed by AdcR in un-
treated cells and repression was relieved with the addition
of TPEN (Figure 3A and B). Interestingly, the mode of reg-
ulation by AdcR appears to differ for the two tested genes.
During the repressed state, the relative abundance of phtD
transcript level was significantly lower compared to that of
adcC, indicating that phtD was strongly repressed by AdcR.
Additionally, the zinc withdrawal had distinct effects on the
derepression of adcC and phtD. As shown in Figure 3, ex-
posure to TPEN caused an earlier induction of phtD expres-
sion, as a >6-fold increase in phtD transcript levels occurs
as early as 2 min after addition of TPEN and continues to
increase in a gradual manner over the tested time points. In
contrast, the derepression of adcC was less sensitive to zinc
withdrawal, and most of the induction occurs in one step,
3 min after TPEN addition. Together, these data indicate
that AdcR exerts tighter repression of genes with two AdcR
binding sites during zinc sufficiency and causes early on-
set of derepression during mild zinc deficiency. Conversely,
genes with single adc motif might be less tightly repressed
by AdcR under zinc-rich conditions while the repression is
relieved only during severe zinc deficiency.

To better understand the differential induction of the two
classes of target promoters by AdcR, we subsequently tested
the effect of TPEN on the DNA-binding ability of AdcR

by gel mobility shift assay. Consistent with the qRT-PCR
results, AdcR-DNA complexes on the two-site operator se-
quence displayed higher sensitivity to zinc withdrawal and
readily dissociated at lower TPEN concentration (60–65
�M) (Figure 3C). However, AdcR bound to a single adc
motif was more resistant to zinc chelation by TPEN, and
dissociation occurred at 80–100 �M (Figure 3D). Together,
these data indicate that the differential induction of target
genes by AdcR are due to the combined effects of varying
levels of repression during zinc sufficiency and responsive-
ness to alterations in zinc availability.

Differential gene regulation by zinc-sensing regulators
has been observed in bacteria and yeast (43,44,54). Zur
from Streptomyces coelicolor (ZurSc) displays varying affini-
ties for the operator sequences in different promoters, and
mediates graded gene regulation in concert with varying
zinc concentration (54). High-affinity interactions occur be-
tween ZurSc and a subset of target promoters at low zinc
concentration, which leads to tighter repression and delayed
derepression (54). Alternatively, higher zinc concentration
is required for the association of ZurSc with lower affin-
ity promoters. Consequently, gene expression from these
promoters is more sensitive to zinc withdrawal and results
in early onset of derepression (54). Despite the similarities
in the mode of gene regulation between ZurSc and AdcR,
fundamental differences exist in the underlying mechanism
of differential gene regulation. ZurSc has two zinc-binding
sites and occupancy of one or two sites modulate its DNA-
binding activity with high- or low-affinity promoters, re-
spectively (54). Similarly, the crystal structure of AdcR from
S. pneumoniae has two zinc-binding sites per subunit (22).
However, the second site of pneumococcal AdcR is dis-
pensable for DNA binding, high-affinity metal binding and
gene regulation by AdcR (21). Thus, the physiological rele-
vance of zinc binding at the second site to gene regulation by
AdcR is insignificant. Additionally, our unpublished crystal
structure of zinc-bound AdcR from GAS has only one zinc
per subunit and this site corresponds to the primary zinc-
sensing site identified in pneumococcal AdcR. Although the
structure of AdcR from GAS does not have zinc at site 2,
the metal ligands of site 2 are conserved. Thus, contrary
to ZurSc, the differential gene regulation by AdcR is pri-
marily controlled by the number of AdcR-binding sites in
the target promoters. Interestingly, the promoters that are
tightly repressed by AdcR during zinc sufficiency are dere-
pressed more readily than the less-stringently regulated pro-
moters. This paradoxical regulatory mechanism might be
explained by a simplified model in which AdcR mediates
two layers of adaptive responses to the alterations in zinc
availability. Growth in zinc-replete conditions leads to vary-
ing levels of gene repression by AdcR, tight repression of
the target promoters with two sites by multimeric AdcR
and weaker repression of genes with single site by AdcR
dimer. Importantly, tighter repression of the highly regu-
lated genes requires the occupancy of both operator sites
by AdcR. However, when the bacteria encounters slight de-
crease in zinc concentration, disruption of the higher or-
der AdcR-DNA complex occurs first, which leads to partial
derepression of the highly regulated genes. As the zinc con-
centration drops further, it promotes further dissociation
of AdcR from the target promoters and causes additional
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Figure 3. Differential gene regulation by AdcR. Strain MGAS10870 was grown to late exponential phase (A600 ∼ 1.0) in zinc-rich growth medium and
treated with 50 �M TPEN. Samples were collected at one-minute intervals for 5 min. Transcript levels of phtD (A) and adcC (B) were measured by qRT-
PCR. Three biological replicates were used. Data graphed are mean ± standard deviation. Average values for untreated samples were used as reference
and the fold changes in the transcript levels in the treated samples relative to untreated sample were shown above. The sensitivity of AdcR bound to two-
(C) and one-site (D) operator sequences to zinc chelation was assessed by gel mobility shift assay. The metallated form of AdcR bound to DNA was
challenged by increasing concentrations of TPEN (45, 55, 60, 65, 70, 75, 80 and 100 �M) and the reaction mixtures were resolved on a 10% native PAGE.
Representative image from three independent experiments is shown. The positions of free (F) and AdcR-bound (B) forms of probe are indicated.

derepression. This mechanism allows GAS to constantly
monitor alterations in zinc availability and mediate a mul-
tilayered adaptive response. The first layer of response to
mild zinc deficiency includes the upregulation of pht and ad-
cAII genes to acquire extracellular zinc and mobilize inter-
nal zinc storage by energy-independent mechanisms, and in-
duction of rpsN gene to conserve zinc utilization by switch-
ing to zinc-independent mechanisms. The second layer of
response to severe zinc deficiency involves the upregulation
of energy-dependent, highly efficient zinc uptake systems to
obtain sparsely available zinc from the environment. Given
that pathogenic bacteria encounter zinc-limiting conditions
in the host, the proposed model provides a glimpse of how
GAS might sense and respond to various zinc-limiting con-
ditions in the host.

AdcR activates hasABC expression by directly binding to
hasABC promoter

Transcriptome analysis in GAS identified several genes that
were downregulated in the ΔadcR mutant strain, suggest-
ing a novel role for AdcR as an activator. The genes that
are upregulated by AdcR include well-characterized viru-
lence factors and virulence regulators. Among these genes,
two of the highly regulated genes are the hasABC operon
encoding the enzymes involved in capsule biosynthesis, and
prtS that codes for cell envelope-bound membrane protease
(Supplementary Table S5).

Although the role of AdcR as a transcription repres-
sor is well characterized, its function as an activator is not
documented. To validate these findings from our transcrip-
tion profiling, we investigated the positive gene regulation
by AdcR in detail by measuring hasA and prtS transcript
levels using qRT-PCR. The parental strain MGAS10870
trans-complemented with empty vector pDC123 was used
as WT, and the isogenic adcR mutant trans-complemented
with empty vector pDC123 was used as a negative control.
To trans-complement the isogenic mutant �adcR strain, we
constructed plasmid pDC-adcR containing the coding re-
gion of adcR and its putative promoter region. The tran-
scriptional competence of pDC-adcR was verified by com-
paring adcR transcript levels in the WT (10870:pDC) and
trans-complemented (ΔadcR:pDC-adcR) strains (Supple-
mentary Figure S3). To determine the AdcR-dependent up-
regulation of target genes, three biological replicates of the
WT strain, isogenic ΔadcR mutant strain and the comple-
mented strain were grown in zinc-replete CDM to late ex-
ponential growth phase (A600 ∼ 1.0) and transcript levels
were assessed. Consistent with our observations in RNA-
seq studies, a 10-fold reduction in hasA transcript levels
were observed in the ΔadcR mutant strain compared to WT
(Figure 4A), the transcription of which is restored to WT
levels in the adcR-complemented strain (Figure 4A). How-
ever, overexpression of adcR from the high copy number
trans-complementation plasmid, pDC-adcR, (Supplemen-
tary Figure S3) caused an increase in the transcript lev-
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5′ATTARA 3′ sequence located within the inverted repeat is boxed and shaded in gray.

els of hasA in the complemented strain compared to the
parental strain (10870:pDC), indicating that AdcR is re-
sponsible for the transcription upregulation of the hasABC
operon (Figure 4A). The transcript level analysis of prtS ex-
hibited statistically significant AdcR-dependent upregula-
tion, but the level of induction is reduced in WT and the
trans-complemented strains compared to the fold changes
observed in RNA-seq studies (Figure 4B). Together, these

data indicate that AdcR is involved in the transcription ac-
tivation of prtS and hasABC operon.

Since transcription activation can occur by direct or indi-
rect mechanisms, we next assessed whether AdcR activates
transcription of hasA and prtS by direct binding to the re-
spective promoters using gel mobility shift assays. Using ge-
nomic DNA of parental strain MGAS10870 as template, we
amplified a 400-bp DNA fragment upstream of the hasA or
the prtS translation start codon comprising the entire pro-
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Figure 6. Identification of AdcR binding site in the hasABC promoter. (A)
The nucleotide sequence of the two inverted repeats, IR1 (thin lined box)
and IR2 (bold box), that has the putative AdcR binding site within the
hasABC promoter is shown and labeled. Oligoduplexes containing either
IR1 or IR2 were tested for AdcR binding by gel mobility shift assay. In-
creasing concentrations (50, 75 and 100 ng) of purified zinc-bound AdcR
(B and D), and apo AdcR (C) were incubated with the indicated oligodu-
plexes and reaction mixtures were resolved on a 10% native PAGE. (E)
The ability of zinc-bound AdcR (50 and 100 ng) to bind WT IR2 (left)
and mutant IR2 (right) was assessed by gel mobility shift assay. The nu-
cleotide sequences of the WT (PhasA-WT) and mutant (PhasA-mutant)
IR2 are shown and the mutagenized bases are underlined. The positions
of free (F) and AdcR-bound (B) probe are indicated.

moter region and tested for AdcR binding. Recombinant
AdcR was purified to near homogeneity under metal-free
conditions and used for DNA-binding experiments in the
absence and presence of zinc. We used the promoter region
of adcRCB operon that has the adc motif as positive control
and an intergenic region of a constitutively expressed gene
(proS) of similar length as negative control. Results from
these experiments demonstrated that AdcR bound to the
hasA promoter sequence in a zinc-dependent manner (Fig-
ure 4C). Although AdcR bound to the prtS promoter, the
shifted species was too large to be resolved (Figure 4C). At-
tempts to vary the DNA length, the protein or DNA con-
centration, or the porosity of the gel matrix failed to al-
low resolution. Regardless, the data demonstrate that AdcR
binds to the prtS promoter sequences in a sequence-specific
manner. Together, these results indicate that the interactions
between AdcR and the two activated promoters, hasABC
and prtS, are specific and zinc-dependent, and AdcR has a
direct role in the activation of the hasABC operon.

To determine whether the transcription activation of
hasABC by AdcR requires zinc, we compared the tran-
script levels of hasA in GAS grown in zinc-depleted and
zinc-replete conditions. Consistent with the role of AdcR
as a zinc-dependent regulator, a zinc-dependent upregula-
tion of hasA expression was observed. GAS grown under

zinc-rich conditions exhibited a 3-fold increase in the hasA
transcript levels compared to cells grown under zinc defi-
ciency (Figure 4D) (P < 0.05 by t-test). These results in-
dicate that hasABC expression is induced during zinc-rich
growth conditions and downregulated during zinc limita-
tion. Since metal binding by AdcR is required for adc mo-
tif binding and repression, we investigated the influence of
zinc on AdcR interactions with hasABC promoter. When
tested for the DNA-binding ability to hasABC promoter
by gel mobility shift assay, the apo AdcR displayed weak
to no binding to its cognate DNA sequences, whereas the
zinc-bound AdcR binding to hasABC promoter was com-
parable to its interactions with adcRCB operator elements
(Figure 4C). Collectively, these data demonstrate that AdcR
activates hasABC expression in a zinc-dependent fashion by
directly binding to the operator sequences in the promoter.

Analysis of the hasA promoter region for AdcR binding site

Since our analysis of the hasA promoter failed to identify
adc motif-like sequences, it is possible that AdcR might
bind to distinct operator sequences to activate transcrip-
tion. To identify the minimal region within the hasA pro-
moter required for AdcR binding, we screened different
fragments of the hasA promoter for AdcR binding. Frag-
ments with truncations up to 281-bp upstream of the trans-
lation start site retained AdcR binding comparable to that
of the full-length promoter-AdcR interactions (Figure 5A
and B). However, truncations that removed an additional 80
and 189 bp resulted in complete loss of AdcR binding, sug-
gesting that the putative AdcR binding site is located within
a 80-bp region between −281 and −201 bp upstream of the
hasA start codon (Figure 5A and B). Given the lack of rec-
ognizable adc motifs in this 80-bp segment, we examined
the region for the presence of cis-acting motifs. Our analy-
sis identified two inverted repeats: a 16-bp inverted repeat
from −228 to −213 bp, and a second 27-bp inverted repeat
from –223 to –199 bp that overlaps with the first (Figure
5C). Interestingly, the identified repeats share no significant
similarity with the canonical adc motif present in the nega-
tively regulated promoters. Collectively, these data demon-
strate that AdcR binds to DNA sequences that are distinct
from the adc motif to mediate activation of hasABC expres-
sion.

To identify the AdcR binding motif within hasABC pro-
moter, we investigated the interactions between AdcR and
the two candidate inverted repeat elements, IR1 and IR2,
by gel mobility shift assay. AdcR failed to bind oligodu-
plexes containing the longer 27-bp inverted repeat (IR1)
even in the presence of zinc (Figure 6A and B). On the
other hand, AdcR exhibited sequence-specific interactions
with oligoduplexes containing the shorter 16-bp inverted
repeat (IR2) (Figure 6A and D). However, these interac-
tions require zinc metallation of AdcR as the metal-free apo
AdcR failed to bind DNA (Figure 6C). To further demon-
strate that the interactions between AdcR and IR2 are se-
quence specific, we introduced three substitutions within
the inverted repeat, IR2, and tested the oligoduplexes con-
taining the mutant promoter for AdcR binding by gel shift
assay. Consistent with the specific nature of these interac-
tions, substitutions at 3 out of total 14 bases within IR2
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motif drastically reduced AdcR binding (Figure 6E). To-
gether, these data indicate that AdcR binds to a novel non-
canonical DNA-binding motif within hasABC promoter
and mediates upregulation of gene expression.

Although our studies demonstrate that AdcR upreg-
ulates hasABC operon expression by direct binding, the
molecular mechanism remains unclear. However, the lo-
cation of AdcR binding sites in the hasA promoter and
zinc dependency of AdcR for hasA upregulation offers
clues into the likely mechanism of transcription activa-
tion by AdcR. One of the well-documented mechanisms
of transcription activation by bacterial regulators involves
the binding of the regulator to the sequences immediately
upstream or downstream of −10 and −35 promoter ele-
ments to recruit/stabilize the binding of RNAP and subse-
quently activate transcription (55). Typically, the activator-
dependent promoters lack recognizable −10 or −35 motifs,

which necessitates an activator to facilitate RNAP bind-
ing to an otherwise incompetent promoter (55). However,
the hasA promoter contains strong −10 and −35 hexam-
ers (Figure 5C), which has been previously demonstrated
to be sufficient for basal transcription (56). In addition, the
AdcR-binding site in the hasA promoter identified in this
study is located >150 bp upstream of the −10 and −35 mo-
tifs (Figure 5C). Thus, it is unlikely that AdcR upregulates
hasABC expression by recruitment of RNAP to the pro-
moter.

Another intriguing possibility is that AdcR binding site
in the hasA promoter is located within or overlapping a
hasABC repressor site and AdcR-mediated activation of
hasABC occurs by the steric occlusion of repressor bind-
ing by bound AdcR. A similar mechanism of activation has
been reported in the upregulation of the norB gene by Fur in
N. gonorrohoeae. The norB promoter has operator elements



430 Nucleic Acids Research, 2015, Vol. 43, No. 1

Su
rv

iv
al

 (
%

)

40

30

50

60

70

80

90

100

0 1 2 3 4 5 6 7 8 9 10
Days post infection

P<0.0001MGAS10870

∆adcR
∆adcR:pDC-adcR

∆adcR:pDC-H108A

∆adcR:pDC-H42A

Figure 8. Zinc sensing and gene regulation by AdcR is critical for GAS
virulence. Fifteen CD-1 mice were infected with indicated strains intraperi-
toneally and near-mortality was recorded. The Kaplan–Meier survival
curve with P-values derived by log rank test is shown.

that are shared by both Fur and a repressor protein, ArsR.
Fur binding to the norB promoter precludes the ArsR from
accessing its binding site and results in Fur-dependent ac-
tivation of norB (57). The expression of hasABC operon
in GAS is negatively regulated by global regulator CovR,
and the hasA promoter has multiple binding sites for CovR
that span the entire promoter region (58). Thus, it is plau-
sible that AdcR might upregulate hasABC operon by pre-
vention of CovR binding to the hasA promoter. Typically,
CovR binds to a conserved hexameric element with a nu-
cleotide sequence of ATTARA to mediate repression of tar-
get genes (58). To investigate this possibility, we analyzed
the hasA promoter sequences for CovR binding sites in the
proximity of the putative AdcR binding element. Interest-
ingly, we have identified a CovR binding site with a sequence
of ATTAGA that is located only 8-bp away from the puta-
tive AdcR binding site (Figure 5C). Although these obser-
vations lend support to our hypothesis that AdcR precludes
CovR from binding to the hasA promoter and promote
transcription activation by relieving CovR-mediated repres-
sion, experimental evidence is needed to validate these find-
ings. Thus, our future work will focus on elucidating the
mechanisms by which AdcR binding to the hasA promoter
influences CovR binding and activates transcription.

Metal sensing and gene regulation by AdcR

To better understand the molecular mechanism of metal
binding and gene regulation by AdcR, we carried out mod-
eling studies using the structure of AdcR from S. pneumo-
niae (22). As in other MarR family regulators, AdcR is a
triangular-shaped molecule with its DNA-binding domain
located at the base and the amino and carboxy-terminal he-
lices of each subunit form the dimerization domain (53,59).
Although pneumococcal AdcR has two zinc-binding sites
per subunit, occupation of only one of the two sites is crit-
ical for zinc sensing (22). Thus, the critical site is desig-
nated as the primary site, while the role of the second site
remains unclear. The primary site is made of side chains
from residues E24 and H42 from the N-terminal domain,

and H108 and H112 from the C-terminal domain (Supple-
mentary Figure S4A and B) (22). The co-ordination of zinc
by the amino acids from the two functional domains pro-
mote a closed conformation in AdcR that is compatible for
DNA binding and repression (22). Alignment of the amino
acid sequence of AdcR from GAS and pneumococci re-
vealed that the metal ligands of the primary metal sensing
site is highly conserved and ideally positioned in the model
of GAS AdcR to interact with zinc.

To test the hypothesis that the metal ligands of AdcR
are critical for regulatory metal binding, DNA binding and
gene regulation, we chose one metal ligand from each do-
main, H42 from the N-terminal domain and H108 from
the C-terminal domain, for further analysis (Supplemen-
tary Figure S4A and B). We introduced single alanine sub-
stitutions at each of these two metal-binding histidines, pu-
rified the recombinant proteins and tested the mutant pro-
teins for DNA binding using gel shift assays (Figure 7A).
Even in the presence of 100 �M zinc, neither mutant pro-
tein bound the oligoduplexes containing the adc motif (Fig-
ure 7A). These results demonstrate that the metal ligands of
AdcR, H42 and H108, are required for DNA binding and
indicate these residues are critical components for zinc sens-
ing of GAS AdcR.

To investigate whether the alanine substitutions at the
metal ligands of AdcR affect the gene regulation, we
measured the transcript levels of AdcR-regulated genes
by qRT-PCR. The trans-complementation plasmid, pDC-
adcR, was used to introduce single alanine substitutions
at 2 (H42A and H108A) out of the total 4 metal-binding
ligands of AdcR by quick-change site-directed mutagene-
sis. When grown in standard medium, the parental serotype
(10870:pDC), ΔadcR mutant strain (ΔadcR:pDC) and mu-
tant strain trans-complemented with either the WT adcR
(ΔadcR:pDC-adcR) or one of the mutant strains exhib-
ited similar growth characteristics, indicating that the single
amino acid substitutions introduced in AdcR do not affect
GAS growth (data not shown). The isogenic ΔadcR mu-
tant strain trans-complemented with the WT adcR (ΔadcR-
pDC-adcR) was used as the WT control. Consistent with
the RNA-seq data, AdcR-mediated repression of adcC and
phtD was relieved in the mutant ΔadcR strain as the tran-
script levels of both genes were elevated (Figure 7B and C)
and the defective phenotype was rescued in the WT con-
trol (Figure 7B and C). However, the ΔadcR strain trans-
complemented with either H42A or H108A mutant adcR
failed to reverse the defective phenotype of ΔadcR mutant
and transcript levels of adcC and phtD genes in these mutant
strains were comparable to that of ΔadcR strain (Figure 7B
and C). Interestingly, similar phenotype was observed for
AdcR-dependent upregulation of hasA expression. Consis-
tent with the requirement for AdcR for transcription acti-
vation of hasA, the upregulation was absent in the mutant
ΔadcR strain (Figure 7D). Although the upregulation was
restored in the WT control, both mutant strains exhibited
hasA transcript levels similar to ΔadcR mutant strain (Fig-
ure 7D). Together, these results indicate that metal binding
at the primary metal-sensing site of AdcR is critical for pos-
itive and negative gene regulation by AdcR.
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Contribution of metal sensing and gene regulation by AdcR
to GAS virulence

To test the hypothesis that zinc-binding ligands of AdcR
are critical for in vivo metal sensing, gene regulation and
GAS virulence, we carried out animal infection studies us-
ing an intraperitoneal mouse model of infection. Mice were
infected intraperitoneally and monitored for near-mortality
for 9 days post-infection. Consistent with our hypothesis,
the ΔadcR mutant strain (ΔadcR:pDC) was significantly
less virulent compared to the WT strain (10870:pDC). Al-
though the attenuated virulence phenotype of the isogenic
ΔadcR mutant strain was restored to WT virulence pheno-
type in the trans-complemented strain (ΔadcR:pDC-adcR),
the strains with alanine substitutions at the metal ligands
failed to complement the virulence phenotype of ΔadcR
mutant strain (Figure 8). The virulence phenotype of the
ΔadcR mutant strain (ΔadcR:pDC) is similar to the mu-
tant strains (P = n.s.) (Figure 8). Together, these data in-
dicate that the metal sensing function of AdcR is critical
for GAS pathogenesis and impaired zinc sensing by AdcR
significantly attenuates GAS virulence, likely due to the dys-
regulation of adc regulon and zinc homeostasis.

In conclusion, data presented in this study revealed the
molecular strategies used by GAS to survive under zinc-
limiting growth conditions. Our results demonstrate that
AdcR senses the zinc availability and responds by regu-
lating the expression of genes involved in zinc homeosta-
sis, metabolism and virulence. Importantly, the regulatory
mechanism of AdcR involves both repression and activa-
tion. Interestingly, the regulon controlled by AdcR goes
beyond the genes involved in metal homeostasis and in-
clude several virulence genes that are known to participate
in GAS disease production. However, further studies are re-
quired to understand the contribution of upregulation of
AdcR-regulated virulence factors to GAS survival during
zinc limitation.
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Couñago,R.M., Ogunniyi,A.D., Kobe,B., O’Mara,M.L., Paton,J.C.
and McDevitt,C.A. (2014) AdcA and AdcAII employ distinct zinc

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku1304/-/DC1


432 Nucleic Acids Research, 2015, Vol. 43, No. 1

acquisition mechanisms and contribute additively to zinc homeostasis
in Streptococcus pneumoniae. Mol. Microbiol., 91, 834–851.

24. Ogunniyi,A.D., Grabowicz,M., Mahdi,L.K., Cook,J., Gordon,D.L.,
Sadlon,T.A. and Paton,J.C. (2009) Pneumococcal histidine triad
proteins are regulated by the Zn2+-dependent repressor AdcR and
inhibit complement deposition through the recruitment of
complement factor H. FASEB J., 23, 731–738.

25. Plumptre,C.D., Ogunniyi,A.D. and Paton,J.C. (2012) Polyhistidine
triad proteins of pathogenic streptococci. Trends Microbiol., 20,
485–493.

26. Beres,S.B., Carroll,R.K., Shea,P.R., Sitkiewicz,I.,
Martinez-Gutierrez,J.C., Low,D.E., McGeer,A., Willey,B.M.,
Green,K. and Tyrrell,G.J. (2010) Molecular complexity of successive
bacterial epidemics deconvoluted by comparative pathogenomics.
Proc. Natl. Acad. Sci. U.S.A, 107, 4371–4376.

27. Gryllos,I., Grifantini,R., Colaprico,A., Cary,M.E., Hakansson,A.,
Carey,D.W., Suarez-Chavez,M., Kalish,L.A., Mitchell,P.D.,
White,G.L. et al. (2008) PerR confers phagocytic killing resistance
and allows pharyngeal colonization by group A Streptococcus. PLoS
Pathog., 4, e1000145.

28. Li,J., Kasper,D.L., Ausubel,F.M., Rosner,B. and Michel,J.L. (1997)
Inactivation of the alpha C protein antigen gene, bca, by a novel
shuttle/suicide vector results in attenuation of virulence and
immunity in group B Streptococcus. Proc. Natl. Acad. Sci. U.S.A, 94,
13251–13256.

29. Flores,A.R., Olsen,R.J., Wunsche,A., Kumaraswami,M.,
Shelburne,S.A., Carroll,R.K. and Musser,J.M. (2013) Natural
variation in the promoter of the gene encoding the Mga regulator
alters host-pathogen interactions in group A Streptococcus carrier
strains. Infect. Immun., 81, 4128–4138.

30. Carroll,R.K., Shelburne,S.A. III, Olsen,R.J., Suber,B.,
Sahasrabhojane,P., Kumaraswami,M., Beres,S.B., Shea,P.R.,
Flores,A.R. and Musser,J.M. (2011) Naturally occurring single
amino acid replacements in a regulatory protein alter streptococcal
gene expression and virulence in mice. J. Clin. Invest., 121, 1956–1968.

31. Chaffin,D.O. and Rubens,C.E. (1998) Blue/white screening of
recombinant plasmids in Gram-positive bacteria by interruption of
alkaline phosphatase gene (phoZ) expression. Gene, 219, 91–99.

32. Virtaneva,K., Porcella,S.F., Graham,M.R., Ireland,R.M.,
Johnson,C.A., Ricklefs,S.M., Babar,I., Parkins,L.D., Romero,R.A.,
Corn,G.J. et al. (2005) Longitudinal analysis of the group A
Streptococcus transcriptome in experimental pharyngitis in
cynomolgus macaques. Proc. Natl. Acad. Sci. U.S.A., 102, 9014–9019.

33. Roy,A., Kucukural,A. and Zhang,Y. (2010) I-TASSER: a unified
platform for automated protein structure and function prediction.
Nat. Protocols, 5, 725–738.

34. Zhang,Y. (2008) I-TASSER server for protein 3D structure
prediction. BMC Bioinformatics, 9, 40.

35. DeLano,W.L. (2002) The PyMol Molecular Graphics System.
DeLano Scientific, Palo Alto, CA, USA.

36. Grifantini,R., Toukoki,C., Colaprico,A. and Gryllos,I. (2011)
Peroxide stimulon and role of PerR in group A Streptococcus. J.
Bacteriol., 193, 6539–6551.

37. Nanamiya,H. and Kawamura,F. (2010) Towards an elucidation of the
roles of the ribosome during different growth phases in Bacillus
subtilis. Biosci. Biotechnol. Biochem., 74, 451–461.

38. Gabriel,S.E. and Helmann,J.D. (2009) Contributions of
zur-controlled ribosomal proteins to growth under zinc starvation
conditions. J. Bacteriol., 191, 6116–6122.

39. Natori,Y., Nanamiya,H., Akanuma,G., Kosono,S., Kudo,T., Ochi,K.
and Kawamura,F. (2007) A fail-safe system for the ribosome under
zinc-limiting conditions in Bacillus subtilis. Mol. Microbiol., 63,
294–307.

40. Shafeeq,S., Kloosterman,T.G. and Kuipers,O.P. (2011)
Transcriptional response of Streptococcus pneumoniae to Zn2+

limitation and the repressor/activator function of AdcR.
Metallomics, 3, 609–618.

41. Brandt,E.G., Hellgren,M., Brinck,T., Bergman,T. and Edholm,O.
(2009) Molecular dynamics study of zinc binding to cysteines in a

peptide mimic of the alcohol dehydrogenase structural zinc site. Phys.
Chem. Chem. Phys., 11, 975–983.
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