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ABSTRACT

Infection with Streptococcus pyogenes is associated with a breadth of clinical manifestations ranging from mild pharyngitis to
severe necrotizing fasciitis. Elevated levels of intracellular copper are highly toxic to this bacterium, and thus, the microbe must
tightly regulate the level of this metal ion by one or more mechanisms, which have, to date, not been clearly defined. In this
study, we have identified two virulence mechanisms by which S. pyogenes protects itself against copper toxicity. We defined a set
of putative genes, copY (for a regulator), copA (for a P1-type ATPase), and copZ (for a copper chaperone), whose expression is
regulated by copper. Our results indicate that these genes are highly conserved among a range of clinical S. pyogenes isolates. The
copY, copA, and copZ genes are induced by copper and are transcribed as a single unit. Heterologous expression assays revealed
that S. pyogenes CopA can confer copper tolerance in a copper-sensitive Escherichia coli mutant by preventing the accumulation
of toxic levels of copper, a finding that is consistent with a role for CopA in copper export. Evaluation of the effect of copper
stress on S. pyogenes in a planktonic or biofilm state revealed that biofilms may aid in protection during initial exposure to cop-
per. However, copper stress appears to prevent the shift from the planktonic to the biofilm state. Therefore, our results indicate
that S. pyogenes may use several virulence mechanisms, including altered gene expression and a transition to and from plank-
tonic and biofilm states, to promote survival during copper stress.

IMPORTANCE

Bacterial pathogens encounter multiple stressors at the host-pathogen interface. This study evaluates a virulence mechanism(s)
utilized by S. pyogenes to combat copper at sites of infection. A better understanding of pathogen tolerance to stressors such as
copper is necessary to determine how host-pathogen interactions impact bacterial survival during infections. These insights may
lead to the identification of novel therapeutic targets that can be used to address antibiotic resistance.

treptococcus pyogenes, also known as group A Streptococcus

(GAS), is a Gram-positive obligate human pathogen and the
causative agent of a wide variety of diseases ranging from relatively
mild clinical illnesses such as pharyngitis, cellulitis, and impetigo
to life-threatening puerperal sepsis, myositis, toxic shock syn-
drome, and necrotizing fasciitis (1, 2). In some instances, S. pyo-
genes infections can lead to postinfectious sequelae, such as acute
rheumatic fever (ARF) and acute poststreptococcal glomerulone-
phritis (1-3).

Several factors, including micronutrients such as trace ele-
ments, metal ions, and vitamins as well as cytokines produced by
inflammatory cells, are thought to play a role in the progression
and severity of S. pyogenes disease (4). Homeostatic systems in-
volved in regulating intracellular levels of iron, manganese, zinc,
cobalt, and heme play a critical role in S. pyogenes survival, as
demonstrated in a wide variety of animal models (5-7). However,
the mechanism(s) that prevents copper toxicity in S. pyogenes has
not been previously described. In view of the ability of copper to
promote the generation of toxic reactive oxygen species (ROS)
(8-10), bacteria have evolved mechanisms to tightly regulate cop-
perlevels (11, 12). Copper-regulating systems have been identified
in Gram-positive organisms such as Streptococcus pneumoniae
(13), Streptococcus mutans (14), Lactococcus lactis (15), and En-
terococcus hirae (16). In each of these organisms, the cop operon
encodes a copper-transporting CPx-type ATPase (CopA/CopB), a
copper-responsive repressor that represses the operon under con-
ditions of low copper concentrations (CopY/CopR), and a copper
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chaperone that shuttles copper intracellularly (CopZ) (8, 13-17).
Animal studies have demonstrated that deletion of a copper-
transporting ATPase results in decreased survival of Mycobacte-
rium tuberculosis (18), Pseudomonas aeruginosa (19), Listeria
monocytogenes (20), Salmonella enterica serovar Typhimurium
(21), and S. pneumoniae (13, 22).

In view of the importance of protective mechanisms against
copper in a broad range of pathogenic bacterial species, we hy-
pothesized that S. pyogenes utilizes a similar mechanism(s) to en-
hance its survival in an infected host. S. pyogenes infection results
in a severe inflammatory response that involves the production of
a number of effectors, including ROS, cytokines, and a spectrum
of acute-phase reactants (23). Strikingly, S. pyogenes lacks com-
mon oxidative stress resistance factors such as catalase (24).
Therefore, tight regulation of copper, a promoter of ROS genera-
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tion, is likely to be of extreme importance at sites of infection (11,
12, 25, 26). Therefore, we set out to define the mechanism(s) by
which S. pyogenes controls intracellular copper levels and, thus,
copper toxicity.

MATERIALS AND METHODS

Bacterial strains and growth conditions. This study utilized S. pyogenes
MGAS5005, a clinical M1T1 strain isolated from a case of invasive S.
pyogenes disease (27, 28). Planktonic and biofilm cultures were grown in
Todd-Hewitt broth (Becton-Dickinson) supplemented with 2% yeast ex-
tract (THY) (Fisher Scientific). Before the addition of CuSO, (Sigma-
Aldrich), bacteria were centrifuged at 4,400 X g for 15 min, and the bac-
terial pellets were washed twice and suspended in chemically defined
medium (CDM) (29). Cultures were grown at 37°C in 5% CO,, serially
diluted, and plated onto THY agar. Heterologous expression assays were
performed by using Escherichia coli W3110, a K-12 wild-type strain (30),
and a mutant strain, W3110AcopA (31). E. coli strains were grown (with
shaking) in Luria-Bertani (LB) broth (Amresco) at 37°C before and after
the addition of CuSO,. Following incubation with copper, the cultures
were serially diluted and plated onto LB agar.

Planktonic assays. S. pyogenes cultures were grown to logarithmic
phase (optical density at 600 nm [ODy,,] of ~0.5), centrifuged, sus-
pended in CDM (29), and diluted to 10°> CFU/ml prior to the addition of
CuSO,. Triplicate cultures were then incubated for 24 h at 37°C in the
presence of 5% CO,. At 3, 6, 12, 18, and 24 h, aliquots were removed,
serially diluted, plated onto THY agar, and then incubated in 37°C over-
night prior to colony counts.

Biofilm assays. For biofilm growth, S. pyogenes cultures were grown to
logarithmic phase (ODg, of ~0.5), centrifuged, suspended in CDM (29),
and diluted prior to aliquoting into 24-well tissue culture-treated polysty-
rene plates (Corning Costar) for biofilm growth. Cultures were incubated
with 0, 50, 75, or 100 uM CuSO, for 24 h at 37°C. For experiments with
established biofilms, S. pyogenes cultures were incubated for 24 h prior to
the exchange of medium with copper-containing medium and then incu-
bated for an additional 24 h. Biofilms were serially diluted and plated onto
THY agar for viable counts. Biofilm formation was assessed by using a
crystal violet assay, as previously described (32).

ICP-OES analysis. All samples were analyzed by using inductively
coupled plasma-optical emission spectrometry (ICP-OES) (Teledyne
Leeman Labs). The wavelengths for the detection of each metal were as
follows: 324.754 and 327.396 nm for Cu and 257.610 and 259.372 nm for
Mn. Samples were centrifuged and washed with 10 ml of phosphate-buff-
ered saline (PBS) plus 0.5 mM EDTA, followed by two washes with 10 ml
of PBS. After a final wash, bacteria were suspended in 2 ml PBS prior to the
addition of 10 mg/ml lysozyme. After incubation at 37°C for 20 min, 1 ml
of 6% HNO; plus 0.1% Triton X-100 was added, and samples were incu-
bated at 95°C for 30 min. Following centrifugation for 10 min at 15,700 X
g supernatants were removed, added to tubes containing 3.2 ml 1%
HNO;, and stored at 4°C until ICP-OES analysis was performed. Intra-
cellular copper levels were calculated by using metal standard solutions
and normalized to optical densities.

Sequence alignment. For sequence identity analysis, we utilized the
following S. pyogenes strains of multiple M serotypes: MGAS5005 (M1)
(GenBank accession number CP000017.2), MGAS315 (M3) (accession
number AE014074.1), MGAS10750 (M4) (accession number CP000262),
Manfredo (M5) (accession number NC_009332.1), MGAS2096 (M12)
(accession number NC_008023), MGAS8232 (M18) (accession number
AE009949), and MGAS6180 (M28) (accession number CP000056). Ad-
ditional streptococcal strains included S. mutans JH1005 (GenBank acces-
sion number AF296446.1), S. pneumoniae D39 (accession number
CP000410.1), and E. hirae ATCC 9790 (accession number CP003504.1).
ClustalW2 analysis was used to perform a multiple DNA sequence align-
ment of a 200-bp region upstream of the annotated copY genes of each
strain  (http://www.ebi.ac.uk/Tools/msa/clustalw2/). ClustalW2 and
BLAST were performed to align and assess the similarity of features as well
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as to determine the percent identity of CopA sequences of E. coli W3110
(GenBank accession number WP_000083955.1) and S. pyogenes
MGAS5005 (accession number AAZ52023.1). All sequences are available
in the GenBank database (http://www.ncbi.nlm.nih.gov/GenBank/index
htm).

RNA isolation. Bacteria exposed to CuSO, were pelleted by centrifu-
gationat 15,700 X gfor 10 min at4°C. To isolate RNA, culture pellets were
suspended in 1 ml of RNA Pro solution (MP Biomedicals), transferred to
a Lysing Matrix B FastPrep-24 tube (MP Biomedicals), and then pro-
cessed with a FastPrep EP120 instrument for 40 s at a setting of 6.0. Sam-
ples were centrifuged at 15,700 X g for 5 min at 4°C. Approximately 750 pl
of the supernatant was transferred to a sterile 1.5-ml microcentrifuge tube
and incubated for 5 min at room temperature, after which 300 wl of
chloroform was added. The samples were incubated for 5 min at room
temperature, transferred to a phase lock tube (2 ml, heavy gel; 5 Prime),
and then centrifuged at 15,700 X g for 5 min at 4°C. The top layer was
transferred to a second phase lock tube (2 ml, heavy gel; 5 Prime), and 300
wl of chloroform-isoamyl alcohol (24:1) was added prior to centrifuga-
tion at 15,700 X g for 5 min at 4°C. The aqueous layer was transferred to
an RNase-free 1.5-ml microcentrifuge tube, 500 pl of ice-cold 100% eth-
anol was added, and samples were incubated for a minimum of 30 min at
—20°C. RNA was pelleted by centrifugation at 15,700 X g for 30 min at
4°C and washed with 500 pl of ice-cold 75% ethanol, followed by air
drying. RNA was suspended in 100 pl of nuclease-free water and mea-
sured on a NanoDrop ND-1000 spectrophotometer. Samples were treated
with DNase I (Invitrogen) for 45 min at room temperature. A Qiagen
RNeasy MinElute Cleanup kit (Qiagen) was used to clean up RNA, ac-
cording to the manufacturer’s instructions. RNA was stored at —80°C
until it was reverse transcribed into cDNA by using the Superscript 111
first-strand synthesis system for reverse transcription-PCR (RT-PCR)
(Invitrogen), according to the manufacturer’s protocol.

RT-PCR. Cultures in CDM were incubated with 25 uM CuSO, at
37°C for 45 min. RNA and cDNA were prepared as described above.
Primers for the intergenic regions between copY and copA (primers RT
copY FWD and RT copA REV) and between copA and copZ (primers RT
copA FWD and RT copZ REV) (Table 1) were used for PCR.

Real-time quantitative PCR. Real-time quantitative PCR was per-
formed on a 7500 real-time PCR system (Applied Biosystems, Foster City,
CA), using SYBR Select master mix (Applied Biosystems) according to the
manufacturer’s protocol. Quantitative PCRs were run by using standard
curve setting and ramp speed, according to the manufacturer’s protocol.
The critical threshold cycle (C;) is defined as the cycle at which fluores-
cence becomes detectable above the background and is inversely propor-
tional to the logarithm of the initial concentration of the template. A
standard curve was plotted for each reaction with C.values obtained from
the amplification of known quantities of genomic MGAS5005 DNA. The
standard curves were used to transform C; values of the experimental
samples into the relative number of DNA molecules. The quantity of
cDNA for each experimental gene was normalized to the quantity of the
constitutively transcribed control gene (gyrA) in each sample. The fold
change in transcript levels was calculated by determining the ratio of the
levels of copY and copA cDNAs from MGAS5005 incubated with CuSO,, to
the levels of copY and copA cDNAs from unexposed samples.

5’ rapid amplification of cDNA ends. Cultures in CDM were incu-
bated with 25 uM CuSO, at 37°C with 5% CO, for 45 min. RNA was
isolated from these cultures as described above. A second-generation 5'/3’
rapid amplification of cDNA ends (RACE) kit (Roche) was used with
primers sp1, sp2, and sp3 (Table 1), according to the manufacturer’s pro-
tocol. Extension products were run on 2% agarose gels, ligated into the
pCR2.1-TOPO vector (Invitrogen), and then transformed into DH5«
chemically competent cells by using standard molecular cloning tech-
niques (33). Extension products were sequenced (Genewiz) from the vec-
tor by using the standard M13 REV primer (Table 1) to map the transcrip-
tional start site.
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TABLE 1 Primers used in this study”

Primer Sequence (5'—3")

RT gyrA FWD CGA CTT GTC TGA ACG CCA AA

RT gyrA REV TTA TCA CGT TCC AAA CCA GTC AA

RT copY FWD ATT CCA CTA TTA AGA CCCTCATTG

RT copY REV GTT GCC GCT GAC AAATAC

RT copA FWD TTC CGG TGG TTT TGG TAT

RT copA REV TTC CAACCATAATCGCTGT

RT copZ FWD AAC ATT ATC AGG TTA CAG GAA TGA C

RT copZ REV AAG CAC GCT TGA TTA GGA AC

spl copY ATA AGC TCT TTC CTT GCC GAT AA

sp2 copY GCC TAC CAATGA GGG TCT TAAT

sp3 copY GGA ATC TGA CCATTG ATATTT TTT C

M13 REV CAG GAA ACA GCT ATG AC

copYA FWD TAT ATA GGT ACC GAC CTA AGG TGA CAA GTG TTT TTC GAA TAG GA
copYA REV TAT ATA TCT AGA TTA AAT GGT TTT TCC TTT TAA TCG
W3110recA FWD GTA GAC GTT ATC GTC GTT GACT

W3110recA REV GAT CAG CAG CGT GTT GG

“ Restriction sites are in boldface type.

Cloning of the cop operon of S. pyogenes. The copYA primers (Table
1) were used to amplify the promoter of copY, as well as the complete copY
and copA genes from MGAS5005, by using 5 Prime HotMasterMix. The
PCR product was purified by using a QIAquick gel extraction kit
(Qiagen). The purified product as well as pSU18 (15) were double di-
gested with Kpnl (NEB) and Xbal (NEB) and then ligated together, re-
sulting in pSU18::copYcopA. Standard molecular cloning techniques were
performed for making chemically competent E. coli W3110AcopA cells
and for transformations (33). The plasmid was constructed by using
SnapGene 2.6.1.

Complementation assays. Cultures of E. coli W3110, E. coli
W3110AcopA, E. coli W3110AcopA with pSU18:copYcopA, and E. coli
W3110AcopA with pSU18 (vector control) grown overnight were diluted
1:100 in LB broth (Amresco) and grown (with shaking) for 1 h at 37°C.
After 1 h, cultures were either streaked onto plates containing copper or
exposed to copper in liquid culture for 8 h. For plates, 10 pl of each
subculture was streaked as a lawn onto LB agar containing0, 1, 2, or 3 mM
CuSO, and grown overnight at 37°C. For liquid cultures, cultures were
incubated with 0.5, 1, 1.5, or 2 mM CuSO, with shaking at 37°C for 8 h.
After 8 h, the optical density (ODg,) was measured by using a BioPho-
tometer instrument (Eppendorf). For verification of the expression of
the MGAS5005 cop operon in E. coli W3110AcopA containing pSU18::
copYcopA, RNA was isolated from E. coli W3110AcopA, E. coli
W3110AcopA with pSU18::copYcopA, and E. coli W3110AcopA with
pSU18 (vector control) after 8 h in the presence of 1 mM CuSO,. RNA and
cDNA were prepared as described above, and the MGAS5005 copA prim-
ers and the E. coli W3110 recA primers (Table 1) were used for PCR.

Statistical analysis. Statistical analyses were performed by using
GraphPad Prism, version 5 (GraphPad Software, San Diego, CA). Exper-
iments were repeated three times in triplicate, and significance was deter-
mined by using an unpaired ¢ test. All P values were two tailed at a 95%
confidence interval, and values of <0.05 were considered significant.

RESULTS

S. pyogenes clinical isolates contain a cop operon-like locus.
Genes involved in copper homeostasis are best characterized in E.
hirae (16, 34—39) but have also been studied in other streptococcal
organisms, including S. mutans (14, 36) and S. pneumoniae (13,
40). In these organisms as well as in other pathogenic bacteria, the
genes are located within a cop operon and represent an important
virulence mechanism (13, 18-21). Therefore, the presence of a cop
operon-like locus would be consistent with a potential role of this
locusin S. pyogenes pathogenesis. To determine whether cop oper-
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on-like regions are conserved among S. pyogenes strains, we ana-
lyzed the genomes of clinical isolates from patients with noninva-
sive and invasive diseases. Each S. pyogenes strain contained a
putative Cu-responsive transcriptional repressor, copY; a heavy
metal CPx-type ATPase, copA; and a copper chaperone protein,
copZ (17, 41) (Fig. 1). Compared to E. hirae, S. pyogenes CopY
exhibited 34% identity, CopA exhibited 44% identity, and CopZ
exhibited 35% identity. However, unlike E. hirae, none of the S.
pyogenes strains contained CopB, an additional CPx-type ATPase.
In E. hirae, CopB acts as a copper exporter, and although initial
evidence was consistent with a role for CopA in copper import
(42), recent reports support the notion that this subgroup of P-
type ATPases acts in copper efflux (16,43, 44). S. pyogenes proteins
shared the highest percent sequence similarity to S. mutans, with
51% identity to CopY, 59% to CopA, and 46% to CopZ. S. pyo-
genes also shared sequence identity with S. pneumoniae cop
operon-encoded proteins (38% identity to CopY and 44% to
CopA) but lacked CupA. CupA, which plays a role in copper re-
sistance in S. pneumoniae (13, 22), has 33% identity to a hypothet-
ical protein, Spy_0115, of unknown function in S. pyogenes
MGAS5005.

Next, we examined the region upstream of the copY open read-
ing frame (ORF) for conserved cop boxes. In order to repress cop
operon expression, CopY binds two cop boxes upstream of the
copY translational start site at the sequence T/GACANNT/CGTA
(15, 16, 39, 41). cop box 1 represents the conserved CopY binding
site furthest upstream from the copY translational start site, and
cop box 2 represents the closest binding site to the copY ORF.
Alignment revealed two cop boxes in the upstream region of the
copY ORF in each of the clinical strains. Our results indicate that
the gene orientation and copY promoters of S. pyogenes cop
operon-like loci were highly conserved among a range of clinical
isolates.

Characterization of the S. pyogenes cop operon. Given that
the S. pyogenes cop operon locus has homology to established cop
operons of other species and that these operons play a role in
tightly regulating intracellular copper levels, we assessed whether
expression of this locus was responsive to copper. S. pyogenes cul-
tures were incubated with a range of copper concentrations (5, 10,
15, 25, 75, and 100 wM) for 45 min, followed by real-time quan-
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GAS
Strains -ass.ociated Csiu Ocliﬁrrzn copY Promoter Sequence (5°2>3")
disease

Cop Box 1 Cop Box 2
S. pyogenes MGAS5005 Invasive case ; == ATTTACAAATGTAGT|ATTTACAAACGTAAA
S. pyogenes MGAS315 STSS e ATTTACAAATGTAGT|ATTTACAAACGTAAA
S. pyogenes MGAS10750 | Pharyngitis o ATTTACAAATGTAGA|ATCTACAAATGTAGA
S. pyogenes str. Manfredo | ARF ] ATTTACAAATGTAGT |ATTTACAAACGTAAA
S. pyogenesMGAS2096 | PSGN — ATTTACAAATGTAGT |ATTTACAAACGTAAA
S. pyogenes MGAS8232 | RF — ATTTACAAATGTAGT|ATTTACAAACGTAAA
S. pyogenesMGAS6180 | Invasive case — ATTTACAAATGTAGA |ATCTACAAATGTAGA
S. mutans JH1005 | i B GTTGACAAATGTAGA|ATCTACAAATGTAGA
S. pneumoniaeD39 | —777777 ATTGACAAATGTAGA |ATTGACAAATGTAGA
E. hirae ATCC 9790 ——1|GATTACAGTTGTAAT |GTTTACAAATGTAAT

copy: BN  CcopA: N copZ: cupA: 8 copB: [

FIG 1 S. pyogenes clinical isolates contain a cop operon-like locus. Shown are annotated cop operons of S. pyogenes clinical isolates, S. mutans, S. pneumoniae, and
E. hirae. For each strain, the sequences upstream of the copY translational start site were aligned for conserved cop boxes (shaded gray), which represent putative
CopY binding sites. STSS, streptococcal toxic shock syndrome; ARF, acute rheumatic fever; PSGN, poststreptococcal glomerulonephritis; RF, rheumatic fever.
GenBank accession numbers are as follows: CP000017.2 for S. pyogenes MGAS5005 (M1), AE014074.1 for S. pyogenes MGAS315 (M3), CP000262 for S. pyogenes
MGAS10750 (M4), NC_009332.1 for S. pyogenes strain Manfredo (M5), NC_008023 for S. pyogenes MGAS2096 (M12), AE009949 for S. pyogenes MGAS8232
(M18), CP000056 for S. pyogenes MGAS6180 (M28), AF296446.1 for S. mutans JH1005, CP000410.1 for S. pneumoniae D39, and CP003504.1 for E. hirae ATCC

9790.

titative PCR to quantitate the levels of copY and copA mRNA ex-
pression. Gene expression was induced in a copper concentration-
dependent manner, with copper concentrations as low as 10 puM
resulting in a statistically significant 2-fold increase of copY and
copA gene expression levels (Fig. 2). In the presence of 75 to 100
wM copper, the enhancement of specific gene expression ap-
peared to plateau at ~10-fold.

Established cop operons in other species are transcribed in a
polycistronic manner. In view of this observation, we determined
whether the transcription of the S. pyogenes copYAZ genes was also
polycistronic and, if so, the location of the transcriptional start

12

10

Fold Change

site. To assess the polycistronic nature of the copY, copA, and copZ
genes, we exposed S. pyogenes to 25 WM copper for 45 min and
isolated RNA. We reverse transcribed RNA to cDNA and ampli-
fied the intergenic regions between copY and copA as well as those
between copA and copZ. PCR products run on an agarose gel con-
firmed the expression of the intergenic regions, indicating that
these genes are polycistronic (Fig. 3A). Next, we exposed S. pyo-
genes to 25 pM copper and prepared RNA for 5" RACE to amplify
the copY promoter and map the transcriptional start site. Our
results indicated that a transcriptional start site is located at a
cytosine 34 nucleotides upstream of the copY translational start

acopY
QcopA
*p<0.01

25

Concentration of CuSO, (uM)

FIG 2 Real-time quantitative PCR measurement of copYA mRNA expression in response to copper. Cultures of S. pyogenes grown in CDM to logarithmic phase
were incubated with the indicated concentrations of CuSO, for 45 min. RNA was extracted and reverse transcribed to make cDNA, and cop operon mRNA levels
were determined by real-time quantitative PCR with copY and copA primers directed against their respective genes. These data are representative of the fold
increases in gene expression levels = standard deviations from three independent experiments (P values were determined by an unpaired ¢ test).
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A =

— —)
“cop hoxes” copY copA copZ
(o L]
IRI IR-II
IR-I IR-II
N7 7
- -
53-8 £c88
L8525 Ax3%
—
= !
=M i
B -35 -10 +1

5" ..AGTTATTTATHTACAAATGTABTTAAATTCGT TATAATTAATTTACAAACGTAMATATATTGTG

Shine-Dalgarno

AATGAAGGTGACGTTATGCAACAGATATCAGCTGCTGAATGGGAAGTCATGCGTGTGGTGT GGG
copl ORF

CCAGTGGTGATATTAAAAGTAGCGATATTATTACTATTTTAAGG... 3’

FIG 3 Organization of the S. pyogenes cop operon promoter. (A) Cultures of S. pyogenes in CDM were induced in logarithmic phase with 25 pM CuSO, for 45
min. RNA was extracted and reverse transcribed to make cDNA. As indicated, primers (black arrows) in the intergenic regions (intergenic region I [IR-1] and
IR-II) of the cop operon genes were amplified by using PCR. The PCR products of IR-I and IR-IT are 1,535 bp and 1,357 bp, respectively. (B) The transcriptional
start site of the S. pyogenes cop operon was mapped by 5" RACE. Features (5'—3") are indicated as follows: conserved cop boxes are outlined and underlined, —35
and — 10 regions are in italic type, the transcriptional start site is in boldface type and indicated by a + 1, a potential Shine-Dalgarno sequence is in italic type, the
translational start site of the copY open reading frame is indicated by an asterisk and ATG in boldface type, and the copY ORF is underlined with a dashed line.
Sequenced 5’ RACE products consisted of 5/5 products (400 bp) that matched at C (position —34), 2/2 (420 bp) that matched at A (position —35), and 0/2 (300
bp) that did not match. It was hypothesized that the potential start site is the C residue located at position —34 from the copY ORF, because 400 bp accounted for

70% of the PCR product sizes.

site. The start site was located within the inverted repeats of one of
the cop boxes (Fig. 3B). Our results demonstrate the polycistronic
nature of the S. pyogenes copYAZ genes, map the location of the
transcriptional start site within a conserved cop box, and raise the
possibility that the S. pyogenes cop operon, as with other cop oper-
on-containing pathogens, plays a role in S. pyogenes susceptibility
to copper.

Copper is toxic to S. pyogenes growth. Considering that S.
pyogenes is likely to encounter copper in vivo (25), we determined
whether copper was toxic for S. pyogenes and, if so, at what con-
centration. S. pyogenes cultures were incubated with increasing
concentrations of copper for 24 h, after which viable cell counts
were obtained. We observed that a concentration of 75 wM had
considerable variability in the toxic effect on S. pyogenes, as seen by
the large standard deviation associated with 20% growth inhibi-
tion (Fig. 4A). Concentrations of >75 wM were toxic to S. pyo-
genes, with complete killing of bacteria after 6 h of incubation with
100 wM copper (Fig. 4B). Thus, it is quite likely that 75 uM copper
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represents the tipping point for toxicity. As shown in Fig. 2, we
observed a plateau in the expression levels of copY and copA in
cultures incubated with either 75 uM or 100 M copper. Based on
these results, we suggest that maximal cop operon expression is
insufficient to limit toxicity at concentrations of copper of
>75 wM.

The ability of GAS to form complex bacterial biofilm commu-
nities is thought to be an important mechanism for its survival and
persistence in human carriage and invasive infections (45-47).
Given the central role of biofilms in S. pyogenes pathogenesis, it
was important to determine if copper had the same effects on S.
pyogenes in a biofilm state as with planktonic bacteria. S. pyogenes
cultures were incubated with increasing copper concentrations (0
to 100 wM) for 24 h, after which the bacteria were assessed for
viability and biofilm formation. As shown in Fig. 5A, biofilm for-
mation was inhibited in the presence of copper at 75 uM but not
at lower concentrations. However, a decrease in cell viability was
not associated with the lack of biofilm formation. Thus, the ability
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FIG 4 Growth of S. pyogenes in the presence of copper. (A) S. pyogenes cultures
were incubated with increasing concentrations of copper for 24 h. Bacteria
were serially diluted and plated for viable counts. Results are graphed as copper
concentration versus percent inhibition of growth compared to the unexposed
samples. (B) S. pyogenes cultures were incubated with 0 or 100 wM copper for
24 h. At 3, 6, 12, 18, and 24 h, cultures were serially diluted and plated onto
THY agar, and viable bacteria were counted. Data represent means = standard
errors of the means from three independent experiments (P values were deter-
mined by an unpaired ¢ test).

to form a biofilm appears to be more sensitive to copper than do
growth and survival of planktonic bacteria in the presence of cop-
per (Fig. 4).

We next investigated the potential effect of copper on estab-
lished biofilms. S. pyogenes cells were cultured in wells for 24 h,
after which increasing copper concentrations were added (0 to 100
M), and incubation was continued for an additional 24 h. Via-
bility and biofilm formation were then assessed. As shown in Fig.
5B, bacterial viability and biofilm stability were unaffected by con-
centrations of copper of up to 100 wM. These results are in striking
contrast to the toxic effect of high concentrations of copper on the
growth and survival of planktonic S. pyogenes (Fig. 4).

The S. pyogenes cop operon plays a role in copper resistance.
To formally prove that the S. pyogenes cop operon can confer cop-
per resistance, we performed complementation assays in which a
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CopA-deficient E. coli W3110 strain was complemented with a
plasmid harboring the S. pyogenes cop operon. Previous studies
performed by Rensing et al. (31) showed that E. coli W3110AcopA
contains a disrupted copA gene, making it deficient in a Cu(I)-
translocating efflux pump, thus increasing its sensitivity to cop-
per. S. pyogenes and E. coli W3110 CopA proteins exhibit ~42%
sequence identity and share conserved functional domains (Fig.
6A). Both CopA proteins have all the elements common to P-type
ATPases as well as the distinct features of the heavy metal sub-
group of CPx-type ATPases (17). Conserved features of these
CopA proteins include a heavy metal-associated (HMA) domain
characterized by an N-terminal CXXC sequence for copper bind-
ing. Also conserved are the following P-type ATPase functional
components: a phosphatase domain (TGES), a putative copper
channel (CPC), a phosphorylation domain (DKTGT), and an
ATP binding region (GDGIN) (31). Although not highlighted in
our sequence alignment, an additional feature common to all cop-
per ATPases is the presence of eight transmembrane domains,
which are necessary for anchorage of the protein in the cytoplas-
mic membrane (43). Sequence analysis (ClustalW2) revealed
eight hydrophobic regions in S. pyogenes CopA with similarity to
the eight transmembrane domains in E. coli CopA described pre-
viously (31). We cloned the cop operon promoter, copY, and copA
into a plasmid backbone, pSU18:copYcopA, providing a func-
tional copy of the copA gene (Fig. 6B). The promoter and copY
gene were also provided to deal with the polycistronic nature of
the S. pyogenes cop operon. PCR products from the complemented
strain confirmed that S. pyogenes copA gene expression is respon-
sive to copper exposure (Fig. 6C).

E. coliW3110AcopA containing the S. pyogenes cop operon had
significantly increased resistance to copper compared to the
CopA-deficient E. coli strain when grown in liquid culture or on
plates (Fig. 7A and B) and had an ~2-fold-lower total intracellular
copper content than did the vector-only strain (Fig. 7C). Taken
together, these results are consistent with the hypothesis that S.
pyogenes CopA may have a key role in controlling intracellular
copper levels, by either promoting export or decreasing import.

DISCUSSION

The major goal of this study was to determine the mechanism(s)
by which S. pyogenes protects against the toxic effects of copper. S.
pyogenes is a member of the Firmicutes, a family in which only half
of the members are thought to encode copper-containing en-
zymes (8, 48). Solioz et al. termed the members of this family that
contain these cuproenzymes “users” and the members without
these cuproenzymes “nonusers” (8). As there are no known users
in Firmicutes of the order Lactobacillales (8), we hypothesized that
the S. pyogenes copper system might actually be a method of cop-
per resistance. Our studies revealed that growth in the presence of
low copper levels is temporarily impaired, yet compensatory
mechanisms are set in motion, which return growth to normal
levels. However, higher concentrations of copper result in bacte-
rial death. These results are consistent with the notion that an
elevation of extracellular copper levels initiates a protective pro-
gramin S. pyogenes that reaches maximum capacity as the concen-
tration of copper reaches a critical level (>75 pM). In studies
involving Mycobacterium tuberculosis macrophage infections,
copper levels increased up to several hundred micromoles per liter
within the phagolysosome (49). The induced expression of the S.
pyogenes cop operon was well within this range.
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Data from complementation assays utilizing an E. coli CopA- membrane domains, which allow the protein to anchor in the
deficient strain strongly support the conclusion that S. pyogenes  cytoplasmic membrane (43). Sequence analysis revealed eight hy-
CopA can play arole in the control of intracellular copper levelsby  drophobic regions in S. pyogenes CopA with similarity to the eight
either mediating copper export or impairing copper entry. S. pyo-  transmembrane domains previously identified in E. coli CopA
genes CopA and E. coli CopA shared 42% sequence identity, and  (31). The conserved nature of these domains suggests that S. pyo-
both proteins possessed the domains necessary for ATPase func-  genes CopA expressed in an E. coli CopA-deficient mutant can
tion. A critical feature of CopA function is the presence of trans-  function by anchoring in the cytoplasmic membrane and regulat-
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FIG 6 CopA sequence alignment and expression of the S. pyogenes copA gene in a CopA-deficient E. coli mutant. (A) Conserved functional regions of the CopA
amino acid sequences of E. coli W3110 (GenBank accession number WP_000083955.1) and MGAS5005 (accession number AAZ52023.1). Conserved residues
(gray shading) and domains are shown (hatched boxes, heavy metal-associated domain [HMA|; black boxes, ATPase domains, with specific domains highlighted
by black strips). E. coli CopA amino acids 121 to 232,414 to 472, and 534 to 710 and S. pyogenes amino acids 51 to 263, 325 to 382, 444 to 621, and 683 to 678 were
removed to focus on conserved regions. (B) To construct pSU18 containing the S. pyogenes cop operon, pSU18 was double digested (KpnI/Xbal) and ligated with
PCR-amplified MGAS5005 copY and copA genes plus a 211-bp region upstream of copY, creating pSU18::copYcopA. E. coli W3110AcopA with pSU18::copYcopA
was transformed prior to heterologous expression assays. Other features depicted on the plasmid include the chloramphenicol (cat) promoter, chloramphenicol
resistance gene (CmR), origin of replication (p15A ori), catabolite activator protein (CAP) binding site, lactose (lac) promoter, lac operator, and M13 FWD/REV
primer sequences. (C) PCR of E. coli W3110AcopA, E. coli W3110AcopA containing the control vector pSU18, and E. coli W3110AcopA containing pSU18::
copYcopA. S. pyogenes MGAS5005 copA internal FWD/REV primers (159 bp) (top) and internal E. coli W3110 recA FWD/REV primers (159 bp) (bottom) were
used to verify the expression of MGAS5005 copA in the E. coli mutant strain transformed with pSU18::copYcopA. L, 100-bp ladder; gDNA, genomic DNA.
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ing intracellular copper levels in a manner similar to that of E. coli
CopA.

We observed a significant increase in total intracellular copper
levels in an E. coli CopA-deficient mutant compared to CopA-
expressing strains. Given that bacteria are known to tightly regu-
late the amount of free cytoplasmic copper, it would be interesting
in future studies to quantify free versus chelated cytoplasmic cop-
per in a CopA-deficient strain compared to its parent strain. One
would predict that as a CopA-deficient strain is exposed to in-
creasing levels of copper, the amount of free cytoplasmic copper
would increase in comparison to the amount chelated copper as
the bacterium’s defense mechanisms reach capacity and are un-
able to handle excess copper.

We recognize that this assay is not as definitive as directly test-
ing the copper sensitivity of a GAS copA mutant. Although we used
a range of methods to obtain a copA mutant of MGAS5005 (in-
cluding standard GAS transformation techniques [50] as well as a
new protocol involving the transformation of GAS in biofilms
[51]), we were unable to obtain an appropriate mutant. However,
Dao etal. reported the construction of a copA mutant in a different
strain of GAS, HSC5 (52). Given that GAS has several metal trans-
porters with potential redundancy in function with that of CopA
(for example, PmtA [Spy_1167] [26], MtsABC [Spy_0368 to
Spy_0370] [53], CutC [Spy_0337] [54, 55], and CzcD [Spy_0653]
[56]), if the expression of one of these proteins is dominant in a
given strain, isolation of a mutant for this dominant protein may
be unlikely if the function of this protein is critical to the growth
and survival of the organism. In view of our inability to obtain a
copA mutant, we hypothesized that CopA may be such a dominant
protein in MGAS5005. To address this notion, we searched two
independent transposon mutant libraries containing single mu-
tants that were prepared by K. S. Mclver for strain 5448 (M1T1)
(57) and by M. N. Neely for HSC5 (M14) (58). In strain 5448, a
copA mutant was identified, whereas in strain HSC5, a copA mu-
tant was not present. Even within a strain maintained in indepen-
dent laboratories, there is potential for variability in the expres-
sion of specific genes. This strain variation may be responsible for
the reported differences in the ability to generate copA mutants of
HSC5 (52, 58). Nonetheless, we accept the possibility that copA
mutants are present in a given library but have not yet been iden-
tified or that the technique used did not provide full genome cov-
erage and thus was insufficient for targeting copA. Further sup-
porting the possibility that strain variation accounts for these
differences, there is a mutation in the covS gene in MGAS5005 (59)
that is not present in strains 5448 (60) and HSC5 (61). Consider-
ing that a mutation in the CovRS two-component system has been
shown to alter the transcriptome pattern of at least 10% of the
genes in the genome of MGAS5005 (59), this background may be
responsible for the difference in CopA as a putative dominant
transporter in this strain.

Although GAS CopA shows homology to other copper export-
ers, how copper enters the bacterium has not been fully character-
ized. Studies involving copper users indicate the presence of spe-
cific importers in these bacteria (8, 62). To date, importers have
not been identified in nonusers (8). Since we hypothesize that S.
pyogenes is a nonuser of copper, copper may gain entry by one or
more importers involved in the translocation of other metal ions.
Once inside the cell, copper sequestration may operate in a man-
ner that protects against inappropriate interactions with specific
cellular components (63). CopZ, a copper chaperone, is a copper

August 2015 Volume 197 Number 15

Journal of Bacteriology

Copper Tolerance Mechanisms in Streptococcus pyogenes

binding protein that shuttles copper to CopY or CopA for changes
in gene expression or efflux (34, 38). In this regard, our analysis of
the MGAS5005 genome revealed two genes located at chromo-
somal regions separate from the cop operon that were homolo-
gous to copper proteins. One gene encodes a putative “copper
chaperone” (Spy_1403), and the second encodes a putative “cop-
per homeostasis chaperone,” annotated cutC (Spy_0337).
Spy_1403 encodes a short, 56-amino-acid protein that contains
no relevant conserved domains, such as the heavy metal binding
domain found in CopZ (64). Currently, the functions of Spy_1403
and S. pyogenes CutC are unknown. In E. coli, cutChas been shown
to be one of the six genes (cutA to cutF) involved in copper trans-
port and encodes a cytoplasmic protein of 146 amino acids (54).
Furthermore, a cutC mutant strain of E. coli accumulates intracel-
lular copper, making it more sensitive to copper-mediated killing
(54). S. pyogenes CutC has 35% amino acid identity to E. coli CutC.
These proteins in S. pyogenes require additional studies to deter-
mine whether they play a critical role in copper regulation. Al-
though it is not known if S. pyogenes possesses a mechanism for
sequestering copper, CutC might be a reasonable candidate. Ad-
ditional sequestering mechanisms include siderophores, small
molecules used to acquire iron (65), and the antioxidant glutathi-
one (GSH) (66, 67). S. pyogenes is not known to produce sidero-
phores and does not appear to have genes encoding homologues
of siderophore production systems (68-70). S. pyogenes does not
appear to synthesize GSH but, similar to other streptococcal spe-
cies, may obtain it from the local environment (71, 72). Additional
studies on the potential involvement of GSH in the protective
anticopper response of S. pyogenes are clearly merited. These se-
questering systems are highly important in the virulence of bacte-
ria, as the host has its own mechanisms to synergistically induce
ROS, deplete thiols, and increase concentrations of copper, which
are sufficient for efficient killing of bacteria (73).

Our studies demonstrate that copper inhibits S. pyogenes bio-
film formation, but established biofilms protect S. pyogenes from
copper-mediated killing. These results raise several important
questions. For example, how does copper repress biofilm forma-
tion? How do biofilms provide protection against copper-medi-
ated killing of S. pyogenes? The copper-mediated repression of
biofilm formation has been seen with other Gram-positive bacte-
ria such as Staphylococcus aureus (74) and S. mutans (75). The
addition of as little as 1 wM copper is able to inhibit S. aureus
biofilm formation (74). The authors of that study suggested that
the effect was due to copper repression of the positive biofilm
regulators Agr and Sae (74). In S. mutans, copper exposure alters
the expression of glucosyltransferase, a key enzyme necessary for
the adhesion and formation of biofilms on the tooth surface (75).
Although regulators such as Mga (76), Srv (32, 77-80), CodY (81),
and the CovRS two-component system (76) have been implicated
in S. pyogenes biofilm formation, the direct and indirect effects of
copper on their regulation have not yet been evaluated. With re-
gard to the effect of copper on biofilm initiation and copper sen-
sitivity within biofilms, we favor the notion that during initial
exposure to copper, the biofilm matrix may act as a constraint on
copper accumulation either via the nonspecific binding of copper
by biofilm components or, perhaps, by modulating the rapid ex-
pression of copper-protective mechanisms within the bacteria.
Alternatively, one could argue that biofilm formation results in
the downregulation of one or more copper-protective expression
programs in S. pyogenes. For example, in biofilms, S. pyogenes
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downregulates ~40% of the genes involved in energy production
and conversion compared to planktonic cultures grown to expo-
nential phase (76). The reduced production of energy could neg-
atively affect the ability of CopA, a CPx-type ATPase, to export
copper and thus severely limit the ability of the bacteria to prevent
intracellular copper levels from reaching a toxic threshold. We
favor the notion that the combination of protection from biofilm
matrix components and an altered program of gene expression is
responsible for the overall protection of S. pyogenes biofilms
against increasing concentrations of extracellular copper.
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