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Abstract 

All bacteria possess homeostastic mechanisms that control the availability of micronutrient metals within the cell. Cross-talks be- 
tween different metal homeostasis pathways within the same bacterial organism have been reported widely. In addition, there have 
been previous suggestions that some metal uptake transporters can promote adventitious uptake of the wrong metal. This work de- 
scribes the cross-talk between Cu and the Zn and Mn homeostasis pathways in Group A Streptococcus (GAS). Using a �copA mutant 
strain that lacks the primary Cu efflux pump and thus traps excess Cu in the cytoplasm, we show that growth in the presence of 
supplemental Cu promotes downregulation of genes that contribute to Zn or Mn uptake. This effect is not associated with changes 
in cellular Zn or Mn levels. Co-supplementation of the culture medium with Zn or, to a lesser extent, Mn alleviates key Cu stress 
phenotypes, namely bacterial growth and secretion of the fermentation end-product lactate. However, neither co-supplemental Zn 

nor Mn influences cellular Cu levels or Cu availability in Cu-stressed cells. In addition, we provide evidence that the Zn or Mn uptake 
transporters in GAS do not promote Cu uptake. Together, the results from this study strengthen and extend our previous proposal 
that mis-regulation of Zn and Mn homeostasis is a key phenotype of Cu stress in GAS. 
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Effects of Cu stress on metal homeostasis in GAS 

 

 

 

 

 

 

 

 

 

 

 

between Cu and Fe homeostasis systems, 1 –5 Cu and Zn, 4 , 6 , 7 Mn 
and Zn, 8 , 9 Fe and Zn, 10 and Mn and Fe 11 –14 have been described. 

The molecular mechanisms behind such cross-talks and their 
corresponding cellular outcomes vary. Some metals play direct 
roles in the homeostasis of a different metal. For example, the 
CopY Cu sensor from Streptococcus pneumoniae is Zn-dependent. 
CopY de-represses expression of Cu efflux genes in response 
to increases in cellular Cu availability. 15 Conversely, CopY re- 
presses gene expression in response to decreases in Cu availabil- 
ity. However, Zn is required to stabilize the repressor form of this 
metallosensor. 16 Thus, Zn supplementation suppresses expres- 
sion of the CopY regulon 15 while Zn limitation upregulates it, even 
without additional exposure to Cu. 7 
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Introduction 

In general, metal homeostasis systems are specific for their
cognate metals. Each metal sensor, importer, exporter, storage
protein, and metallochaperone is specialized to manage the
cellular availability of their cognate metal ion, and is typically
inefficient in managing non-cognate metal ions. However, cross-
talks between different metal homeostasis systems can occur.
Perturbations to a metal homeostasis system, whether as a result
of exposure to an excess of the cognate metal ion, depletion of that
metal ion, or genetic manipulation of a component of that sys-
tem, can lead to the accumulation or depletion of a different metal
ion in the cell, and/or the transcriptional activation or repression

of another metal homeostasis system. In prokaryotes, cross-talks 
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2 | Metallomics 

Fig. 1 Cu, Zn, Mn, and Fe homeostasis systems in GAS. Only components that are directly relevant to this work are shown. The metallosensor 
responsible for regulating the transcriptional responses to each metal is shown, along with the direction of transcriptional regulation. Transporters 
responsible for the efflux of Cu or uptake of Zn, Mn, and Fe are also shown. 

 

c  

t  

c  

M  

M  

q  

Z  

t  

u
 

c  

B  

o  

F  

e  

d  

a  

t  

F  

a  

c  

e
 

s  

t  

s  

e  

i  

C  

s  

m
p  

h  

Z  

G  

l  

o  

a  

P  

s  

f  

t  

c  

p  

I  

t  

t  

i  

c  

A  

t  

r
 

w  

a  

a  

w  

l  

w  

t  

A

M
D
E  

d  

r  

d  

e  

t  

e  

P  

t

R
A  

o  

t  

b  

m  

i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/15/11/m

fad064/7320302 by guest on 20 D
ecem

ber 2023
An excess of a metal ion can bind adventitiously to non-
ognate metal homeostasis proteins and interfere directly with
he function of these proteins. In Streptococcus pneumoniae , an ex-
ess of Zn can bind adventitiously to the Mn-binding site of the
n uptake protein PsaA, preventing uptake of Mn via the PsaABC
n-importing ABC transporter, limiting cellular Mn, and subse-
uently inducing expression of Mn uptake genes. 8 , 9 An excess of
n is also thought to bind adventitiously to the Mn-sensing site of
he Mn sensor PsaR and promote inadvertent de-repression of Mn
ptake genes. 17 

Adventitious binding of a metal ion to non-cognate sites
an also indirectly influence cellular handling of another metal.
acillus subtilis responds to excess Cu by increasing expression
f Fe uptake genes. 1 , 5 In this organism, excess Cu mis-metalates
e-S clusters and thus inactivates Fe-S cluster-dependent
nzymes as well as Fe-S cluster assembly machineries. 5 The
isplaced Fe atoms should have increased cellular Fe availability
nd thus suppressed (rather than induced) expression of Fe up-
ake genes via the Fe sensor Fur. However, the loss of functional
e-S clusters transcriptionally induces expression of more cluster
ssembly machineries. 5 This generates a cellular Fe sink, lowers
ellular Fe availability, and thus induces (rather than suppresses)
xpression of Fe uptake genes. 
We previously identified a potential cross-talk between Cu

tress and Zn, Mn, and Fe homeostasis in the Gram-positive bac-
erium S. pyogenes (Group A Streptococcus, GAS). 18 Like other
treptococci, GAS employs a single system for Cu sensing and
fflux, controlled by the CopY Cu sensor 19 (Fig. 1 ). This organism
s not known to import, use, or store nutrient Cu. When cellular
u availability rises, CopY transcriptionally de-represses expres-
ion of the Cu-effluxing P 1B -type ATPase CopA, the Cu-binding
etallochaperone CopZ, and a putative membrane-associated 
rotein of unknown function named CopX. 18 , 19 Zn sensing and
omeostasis in GAS are composed of two systems, one each for
n uptake and Zn efflux, which are controlled by the AdcR and
czA Zn sensors, respectively. 20 , 21 Under conditions of low cellu-
ar Zn availability, AdcR transcriptionally de-represses expression
f the Zn-importing AdcAI/AdcAII-AdcBC ABC transporter (Fig. 1 ),
long with accessory proteins such as the poly-His triad protein
ht. Under conditions of high cellular Zn availability, GczA tran-
criptionally activates expression of the Zn-effluxing cation dif-
usion facilitator CzcD. The uptake of Mn and Fe in GAS is con-
rolled by the dual Mn/Fe sensor MtsR. 22 , 23 In response to low
ellular Mn availability, MtsR transcriptionally de-represses ex-
ression of the Mn-importing MtsABC ABC transporter (Fig. 1 ).
n response to low cellular Fe availability, this sensor transcrip-
ionally de-represses expression of a variety of Fe uptake sys-
ems, including the ferrichrome-importing FhuADBG and heme-
mporting SiaABC ABC transporters (Fig. 1 ). GAS also employs the
ation diffusion facilitator MntE to efflux Mn 24 and the P 1B -type
TPase PmtA to efflux Fe, 25 although neither transporter is known
o be directly regulated by a Mn- or Fe-sensing transcriptional
egulator. 
Our previous work found that Cu stress in GAS was associated
ith mis-repression of AdcR-regulated genes, namely adcAI and
dcAII , as well as MtsR-regulated genes, namely those in the fhu
nd sia operons. 18 Interestingly, transcription of the mts operon,
hich is also controlled by MtsR, remained unperturbed. Simi-

arly, there was no effect on the expression of czcD , mntE , or pmtA ,
hich are not controlled by AdcR or MtsR. Therefore, the goal of
his study is to describe the cross-talks between Cu stress and the
dcR and MtsR regulons in GAS in more detail. 

ethods 

ata presentation 

xcept for growth curves, individual data points from indepen-
ent experiments are shown, with lines or shaded columns
epresenting the means, and error bars representing standard
eviations. Growth curves show the means of independent
xperiments, with shaded regions representing standard devia-
ions. The number of independent experiments ( N ) is stated in
ach figure legend. All quantitative data were plotted in Graph-
ad Prism. Unless otherwise stated, P -values were calculated by
wo-way ANOVA using Prism’s statistical package. 

eagents 
ll reagents were of analytical grade and obtained from Merck
r Melford Chemicals unless otherwise indicated. The sulfate, ni-
rate, and chloride salts of metal ions were used interchangeably
ecause numerous experiments in the laboratory did not find any
eaningful differences between them. All reagents were prepared

n deionized water. 
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Strains and culture conditions 
GAS M1T1 5448 strains ( Supplementary Table S1 ) were propagated
from frozen glycerol stocks onto solid Todd-Hewitt medium (Ox-
oid) containing 0.2 w/v % yeast extract (THY) without any antibi-
otics. Unless otherwise indicated, liquid cultures were prepared
in a chemically defined medium containing glucose as the car-
bon source (CDM-glucose 18 ). This medium routinely contained
< 200 nM of total Zn, Cu, or Fe, and < 20 nM of total Mn. Catalase
(50 μg/ml) was added to all solid and liquid media. 

Bacterial growth 

Growth was assessed at 37°C in flat-bottomed 96-well plates using
an automated microplate shaker and reader. Each well contained
200 μl of culture. Each plate was sealed with a gas permeable,
optically clear membrane (Diversified Biotech). OD 600 values were
measured every 20 min. The plates were shaken at 200 rpm for
1 min in the double orbital mode immediately before each read-
ing. OD 600 values were not corrected for path length (ca. 0.58 cm
for a 200 μl culture). 

Inductively coupled plasma–mass spectrometry 

analyses 
GAS was cultured in 40 ml of CDM-glucose. At the desired
time points, cultures were harvested (5000 ×g , 4°C, 10 min),
washed once with Tris-HCl buffer (50 mM, pH 8.0) containing
D -Sorbitol (1 M), MgCl 2 (10 mM), and EDTA (1 mM), and twice
with ice-cold phosphate-buffered saline (PBS). The pellet was re-
suspended in ice-cold PBS (1 ml). An aliquot was collected for
the measurement of total protein content. The remaining sus-
pension was re-centrifuged. The final pellet was dissolved in
conc. nitric acid (65 v/v %, 150 μl, 80°C, 1 h) and diluted to
3.5 ml with deionized water. Total metal levels in these samples
were determined by inductively coupled plasma–mass spectrom-
etry (ICP–MS) using 45 Sc, 69 Ga, and 209 Bi as internal standards
(1 ppb each). 

It is important to note that intact but unviable bacterial cells as
well as viable but unculturable cells were harvested together with
viable and culturable cells. All types of cells contributed to total
metal levels as measured by ICP–MS. For this reason, total metal
levels were normalized to total biomass as measured by cellular
protein content (and not to total viable colony forming units). 

Secreted lactate levels 
GAS was cultured in 96-well plates as described earlier for growth
analysis. After 24 h of growth, cultures were centrifuged (5000 ×g ,
4°C, 10 min) and concentrations of lactate in the supernatants
were determined using K-LATE kit (Megazyme). 

GapA activity 

Bacteria were cultured in 40 ml of CDM-glucose. After 8 h of
growth, bacteria were harvested (5000 ×g , 4°C, 10 min), washed
once with Tris-HCl buffer (50 mM, pH 8.0) containing D -Sorbitol
(1 M), MgCl 2 (10 mM), and EDTA (1 mM), and twice with ice-cold
PBS. Bacterial pellets were resuspended in a buffer containing
sodium phosphate (100 mM) and triethanolamine (80 mM) at pH
7.4, transferred to a tube containing Lysing Matrix B (MP Biomed-
icals), and lysed in a FastPrep 24 G instrument (MP Biomedicals,
10 m/s, 20 s, 2 cycles). Intact cells and cell debris were removed
by centrifugation (20 000 ×g , 1 min). Cell-free lysate supernatants
were kept on ice and used immediately. 
To determine GapA activity, the reaction mixture contained 
NAD 

+ (4 mM), DL- glyceraldehyde-3-phosphate (G3P, 0.3 mg/ml),
sodium phosphate (100 mM), DTT (1 mM), and triethanolamine 
(80 mM) at pH 7.4. Each reaction (100 μl) was initiated by addi-
tion of cell-free lysate supernatants (10 μl). Absorbance values at 
340 nm were monitored for up to 10 min at 37°C. Initial rates of
reaction were normalized to protein content in the cell-free lysate 
supernatants. Control reactions without any G3P were always per- 
formed in parallel. One unit of activity was defined as 1000 nmol
NAD 

+ oxidized min −1 mg protein −1 . 

SodA activity 

SodA activity was assessed qualitatively using a gel-based as- 
say. First, bacteria were cultured and pelleted as described earlier 
for measurements of GapA activity. Cell-free lysate supernatants 
were also prepared as earlier, but using Tris-HCl (50 mM, pH 8.0)
containing NaCl (150 mM). Protein content in the cell-free lysate 
supernatants was determined and 8 μg of proteins were resolved 
on 15% native polyacrylamide gels. The gels were incubated in 
buffer containing potassium phosphate (50 mM, pH 7.8), EDTA 

(1 mM), nitro blue tetrazolium chloride (0.25 mM), and riboflavin 
(0.05 mM), then exposed to light to detect SodA activity. Puri-
fied recombinant Fe-loaded and Mn-loaded SodA from S. pyogenes 
(metal-verified by ICP–MS; 0.25 μg each) were loaded in parallel as 
controls. Incubation of replica gels with InstantBlue Coomassie 
Protein Stain (Abcam) was performed to assess sample loading.
All gels were imaged using a ChemiDoc imaging system (Bio-Rad),
using the same settings for all gels compared within a single ex-
periment. 

Protein content 
Total protein content in all cell extracts was determined using the 
QuantiPro BCA Assay Kit (Sigma). 

RNA extraction 

Bacteria were cultured in 1.6 ml of CDM-glucose. At the desired
time points, cultures were centrifuged (4000 ×g , 4°C, 5 min). Bac-
terial pellets were resuspended immediately in 500 μl of RNAPro 
Solution (MP Biomedicals) and stored at −80°C until further use.
Bacteria were lysed in Lysing Matrix B and a FastPrep 24 G instru-
ment (10 m/s, 30 s, 2 cycles) and total RNA was extracted following
the manufacturer’s protocol (MP Biomedicals). RNA extracts were 
treated with RNase-Free DNase I enzyme (New England Biolabs).
Complete removal of gDNA was confirmed by PCR using gapA- 
check-F/R primers ( Supplementary Table S2 ). The gDNA-free RNA 

was purified using Monarch RNA Cleanup Kit (New England Bio- 
labs) and visualized on an agarose gel. 

qRT-PCR analyses 
cDNA was generated from 1 μg of RNA using the SuperScript 
IV First-Strand Synthesis System (Invitrogen). Quantitative re- 
verse transcriptase PCR (qRT-PCR) was performed in 20 μl reac- 
tions using Luna Universal RT-qPCR Master Mix (New England 
Biolabs), 5 ng of cDNA as template, and 0.4 μM of the appro-
priate primer pairs ( Supplementary Table S2 ). Each sample was 
analysed in technical duplicates. Amplicons were detected in a 
CFX Connect Real-Time PCR Instrument (Bio-Rad Laboratories). C q 
values were calculated using LinRegPCR after correcting for am- 
plicon efficiency. C q values of technical duplicates were typically 
within ± 0.25 of each other. holB , which encodes DNA polymerase 
III, was used as the reference gene. 

https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
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Fig. 2 Effects of Cu treatment on expression levels of (A) copZ , (B) adcAI , (C) siaA , and (D) mtsC . The GAS 5448 �copA mutant strain was cultured with or 
without added Cu (5 μM) for t = 4, 6, or 8 h ( N = 3). mRNA levels of each target gene in Cu-supplemented cultures ( + Cu) were determined by qRT-PCR 
and normalized to those in the corresponding unsupplemented samples (-Cu) that were cultured for the same time periods. Dotted horizontal lines 
represent the sensitivity limit of the assay (log 2 FC = ± 0.5). Data from individual replicates are shown. Lines indicate means. Expression levels of adcAI 
( P = 0.021) and mtsC ( P = 0.050) were time dependent but not those of siaA ( P = 0.87) or copZ ( P = 0.29). 
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esults 

u stress is associated with mis-regulation of 
dcR- and MtsR-controlled genes 
e previously showed that growth in a metal-limited, chemically
efined medium in the presence of supplemental Cu led to aber-
ant regulation of metal homeostasis in the GAS 5448 �copA mu-
ant strain. 18 Specifically, expression of genes under the control of
dcR and MtsR became downregulated, as determined by RNA-
eq of the entire transcriptome and qRT-PCR analyses of select
enes. These effects appeared after > 4 h of growth and correlated
ith depletion in intracellular glutathione. Our model was that
ecreasing glutathione levels during bacterial growth led to de-
reased intracellular capacity for Cu buffering increased Cu avail-
bility, and the appearance of multiple Cu stress phenotypes, 18 

uch as impaired bacterial growth, loss of bacterial viability, de-
reased production of lactate from fermentation, and the afore-
entioned mis-regulation of AdcR and MtsR-controlled genes. 
In this work, expression of AdcR- and MtsR-regulated genes in
copA cells was examined beyond 4 h of growth up to 8 h us-

ng qRT-PCR. As the control, expression of the Cu-inducible, CopY-
egulated gene copZ was assessed in parallel. Figure 2 A confirms
hat copZ was upregulated at all time points, consistent with the
xpected increase in intracellular Cu levels and availability in
hese Cu-treated cells. 
As reported previously, adcAI and adcAII were downregu-

ated in Cu-treated �copA cells that were sampled at 4 h (Fig. 2 B,
upplementary Fig. S1A ). Both genes became further repressed at
 h and 8 h. Transcription of another AdcR-regulated gene, namely
dcC , remained relatively unperturbed ( Supplementary Fig. S1B ).
hese results are consistent with differential regulation of the
dc genes by AdcR 20 and with our previous report, which de-
ected no change in adcC or adcB expression in response to Cu
reatment. 18 Cu treatment led to downregulation of siaA and
huA in �copA cells that were sampled at 4 hand 6 h (Fig. 2 C and
upplementary Fig. S1C ). However, the effect of Cu treatment
n these genes became less clear in cells sampled at 8 h, due
o a high variability in the log 2 FC values. Consistent with our
revious study, 18 expression of a different MtsR-regulated gene,
amely mtsC , was not perturbed at 4 h (Fig. 2 D). However, mtsC did
ecome downregulated at 6 and 8 h. Overall, these observations
upport our previous conclusion that Cu stress is associated with
is-regulation of AdcR and MtsR-controlled genes. However, it

s important to note that the effect varies with different genes,
onsistent with the established action of both metallosensors in
ifferentially regulating their targets. 20 , 26 

u stress is not associated with changes in 

ellular Zn, Mn, or Fe 

iven their known roles in Zn, Mn, or Fe homeostasis, changes in
dcR- and MtsR-regulated genes may be associated with changes
n cellular Zn, Mn, or Fe levels. These genes may become repressed
i.e. the effect) in response to increases in cellular Zn, Mn, or Fe lev-
ls and/or availability (i.e. the cause). Conversely, since the protein
roducts of adcAI , adcAII , mtsC , fhuA , or siaA contribute to Zn, Mn,
r Fe (ferrichrome or heme) uptake, 27 –30 repression of these genes
i.e. the cause) may lower cellular Zn, Mn, or Fe levels and/or avail-
bility (i.e. the effect). 
In agreement with our previous work, 18 growth in the pres-

nce of supplemental Cu increased total cellular Cu levels but
id not affect total cellular Zn, Mn, or Fe levels in �copA cells
hat were sampled after 4 h of growth ( Supplementary Fig. S2 ).
n an earlier version of this study, we observed a marked de-
rease in cellular Zn in �copA cells that were sampled after 8 h of
rowth. 31 However, reanalysis of the data revealed that Zn levels
n the control cells (not treated with any metal) were abnormally
igh when compared with numerous other �copA cells from
ur laboratory that were prepared under identical conditions but
easured in separate ICP–MS runs. Therefore, we re-measured
ellular metal levels in our original �copA samples, along with
wo additional independent replicates. As reported in the earlier
ersion of our work, 31 there was an increase in cellular Cu levels
fter 8 h of growth in the presence of supplemental Cu (Fig. 3 A).
owever, there was no change in cellular Mn or Fe levels (Fig. 3 B,
). We noted a large variability in the Fe data, not unlike the vari-
bility in the expression patterns of siaA and fhuA (cf. Fig. 2 C
nd Supplementary Fig. S1C ). Potential sources for this variability
ere not identified. More crucially, contrary to our previous claim,
ur new results show that Cu treatment for 8 h did not perturb
ellular Zn levels in �copA cells (Fig. 3 D). 
As an additional assessment of cellular Mn levels, which were

ften near the detection limit of our assay, we measured the activ-
ty of the superoxide dismutase SodA in �copA cell-free extracts.
odA from S. pyogenes is active with either Mn or Fe in the cat-
lytic site, although enzyme activity with Mn is much higher. 32 

tudies with the Mn-deficient �mtsABC mutant strains of GAS

https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
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Fig. 3 Effects of Cu treatment on cellular levels of (A) Cu, (B) Mn, (C) Fe, and (D) Zn. The GAS 5448 �copA mutant strain was cultured with 
supplemental Cu (0, 1, or 5 μM) for t = 8 h ( N = 5). Total cellular levels of all metals were measured by ICP–MS and normalized to total protein content. 
Data from individual replicates are shown. Columns indicate means. Error bars represent SD. Cu treatment led to an increase in total cellular Cu 
( P < 0.0001) but not Mn ( P = 0.33), Fe ( P = 0.20), or Zn ( P = 0.68). 

Fig. 4 Effects of Cu treatment on SodA activity. The GAS 5448 �copA 

mutant strain was cultured with supplemental Cu (0, 1, 5, or 10 μM) with 
or without co-supplemental Mn (0 or 5 μM) for t = 8 h. SodA activity was 
evaluated using an in-gel assay and total protein was evaluated with 
Coomassie staining. A representative gel from N = 3 independent 
replicates is shown. The activity of purified SodA loaded with either Mn 
(SpSodA-Mn) or Fe (SpSodA-Fe) was measured in parallel as controls. 
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indicate that loss of cellular Mn is associated with decreased SodA
activity. 28 , 32 However, growth of the �copA mutant strain in the
presence of Cu for 8 h did not reduce SodA activity in these cells
(Fig. 4 ). This result supports our conclusion that Cu stress does
not perturb cellular Mn levels. 

Co-supplementation with Zn or Mn, but not Fe, 
partially alleviates Cu stress 
To further examine the relationship between Cu stress and Zn,
Mn, or Fe homeostasis, the �copA mutant strain was cultured in
the presence of Cu and co-supplemental Zn, Mn, or Fe. Figure 5
shows that co-supplemental Zn or Mn, but not Fe, partially res-
cued growth of the �copA mutant strain in the presence of Cu.
Since Cu stress in GAS is associated with decreased production
of lactate, 18 we also examined whether co-supplemental Zn, Mn,
or Fe restored production of this fermentation end-product. Fig-
ure 6 shows that co-supplemental Zn or Mn, but not Fe, partially
increased total lactate levels secreted by Cu-treated �copA cells. 

The absence of a detectable effect by co-supplemental Fe, com-
bined with the lack of a clear relationship between Cu treatment
and total Fe metal levels or the expression of siaA and fhuA ,
suggests that Cu stress in the �copA mutant strain is not Fe-
dependent, at least under our experimental conditions. For the
purposes of this work, the relationship between Cu stress and Fe
homeostasis was not investigated further. By contrast, our data
clearly hint at a link between Cu stress and Zn or Mn homeosta-
sis, which was explored in more details henceforth. 

Co-supplementation with Zn or Mn does not 
suppress cellular Cu levels and availability 

The simplest model that could explain the protective effects of Zn
or Mn during Cu stress was that each metal suppressed cellular 
Cu levels and/or availability. To test this model, we first measured 
total cellular Cu levels in �copA cells that were grown in the pres-
ence of Cu and co-supplemental Zn or Mn. The results indicated
that neither co-supplemental Zn nor Mn reduced total cellular Cu 
levels in �copA cells (Fig. 7 A). To measure cellular Cu availability,
we assessed expression of the Cu-inducible copZ gene. We have es- 
tablished previously that deletion of the copA gene does not affect 
Cu-dependent expression of copZ , 18 which is immediately down- 
stream from copA . As shown in Fig. 7 B, co-supplemental Zn or Mn
did not perturb Cu-dependent de-repression of copZ and, there- 
fore, Cu availability. 

It can be argued that the high affinity of CopY to Cu, 16 as would
be expected for a metal-sensing transcriptional regulator, would 
render it highly sensitive to changes within the low, homeostatic 
range of cellular Cu availabilities but insensitive to changes within 
the high, toxic range. Our previous work shows that high cellu- 
lar Cu availability within the toxic range led to a reduction in the
activity of the ATP-generating, GAPDH enzyme, GapA. 18 GapA is 
likely mis-metalated by the excess cytoplasmic Cu ions, which 
may bind to the side chains of the catalytic Cys and a nearby
His. 33 Thus, GapA activity was used here as a reporter of intracel-
lular Cu availability at the toxic range. Figure 8 confirms that GapA
activity remained low in �copA cells that were co-supplemented 
with Zn or Mn. This observation supports our conclusion that co- 
supplemental Zn or Mn does not influence Cu availability. 

MtsABC or AdcAI/AdcBC does not promote 

uptake of Cu into GAS 

Our results differ from those reported previously in Staphylococ- 
cus aureus . In S. aureus , MntABC, a Mn-importing ABC transporter,
is thought to promote uptake of Cu into the cytoplasm. 34 Expres- 
sion of mntABC in S. aureus is controlled transcriptionally by the 
Mn-sensing de-repressor MntR. 35 Thus, a decrease in MntABC lev- 
els (and activity), either by deletion of the mntA gene or by Mn-
dependent transcriptional repression of the mntABC operon, leads 
to a reduction in cellular Cu levels. 34 

If the MtsABC transporter in GAS and, by extension, the 
AdcAI/II-AdcBC transporter take up Cu into the GAS cytoplasm,
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Fig. 5 Effects of co-supplemental (A) Zn, (B) Mn, or (C) Fe on bacterial growth. The GAS 5448 �copA mutant strain was cultured with added Cu (0, 1, or 
5 μM) with or without added Zn, Mn, or Fe (0, 0.5, or 5 μM) for t = 8 h ( N = 3). Symbols represent means. Shaded regions represent SD. Co-supplemental 
Zn improved growth ( P = 0.0006, < 0.0001, and < 0.0001, respectively, for 0, 1, and 5 μM Cu). Mn also improved growth ( P = 0.44, 0.73, and < 0.0001, 
respectively, for 0, 1, and 5 μM Cu) but to a lesser extent than did Zn. By contrast, Fe had no effect ( P = 1.0, 0.97, and 0.55, respectively, for 0, 1, and 5 
μM Cu). 
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hen co-supplemental Mn or Zn would alleviate Cu stress by re-
ressing the transcription of mtsA , adcAI , or adcAII and suppress-
ng Cu uptake via their protein products. Similarly, mis-repression
f mtsA , adcAI , or adcAII genes by excess Cu potentially suppresses
urther Cu uptake via these transporters and self-limits the toxi-
ity of this metal. 
We already showed that co-supplemental Zn or Mn did not

uppress Cu levels or availability in �copA cells (Fig. 7 ). Un-
er these experimental conditions, co-supplemental Zn (5 μM)
as confirmed to increase cellular Zn levels and repress expres-
ion of adcAI independently of Cu ( Supplementary Figs. S3A and
4A ). Interestingly, co-supplemental Mn (5 μM) did not repress
he expression of mtsC independently of Cu ( Supplementary Fig.
4B ), even though cellular Mn levels increased more than tenfold
 Supplementary Fig. S3B ). Higher amounts of Mn were not exam-
ned because they were inhibitory to the �copA mutant strain,
ven in the absence of Cu. Thus, the mtsC gene remained active
n our experiments. Altogether, these data did not sufficiently ad-
ress the potential role of the Adc and Mts ABC transporters in
romoting the uptake of Cu in GAS. 
We next examined deletion mutant strains of GAS lack-
ng the relevant ABC transporters ( Supplementary Table S1 ).
ince there is overlap in the function of AdcAI and AdcAII, 36 , 37 

he �adcAI/II mutant strain lacking both proteins 37 was used,
long with the �adcBC mutant strain lacking the AdcBC trans-
embrane domains. 37 The �mtsABC mutant strain lacking

he entire MtsABC transporter 32 was also assessed. According
o the S. aureus model, these different GAS mutant strains
ould take up less Cu and thus become more resistant to
u stress when compared with the wild type. Contrary to this
ypothesis, none of the mutant strains displayed a Cu-resistant
henotype (Fig. 9 ). In fact, the �mtsABC mutant strain was re-
roducibly less resistant to the inhibitory effects of Cu than was
he wild-type strain. Complementation of this mutant in cis with a
unctional copy of the mtsABC operon restored the wild-type phe-
otype ( Supplementary Fig. S5 ). 
The presence of a functional CopA efflux pump in all the

nockout mutant strains used in Fig.9 might mask the in-
ibitory effects of Cu on bacterial growth. Unfortunately, despite
creening thousands of transformants, the double mutant strains

https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
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Fig. 6 Effects of co-supplemental (A) Zn, (B) Mn, or (C) Fe on lactate levels. The GAS 5448 �copA mutant strain was cultured with added Cu (0, 1, or 
5 μM) with or without added Zn, Mn, or Fe (0, 0.5, or 5 μM) for t = 24 h ( N = 3). Amounts of secreted lactate were measured in the spent culture media. 
Data from individual independent replicates are shown. Lines indicate means. Cu treatment led to a decrease in lactate levels ( P < 0.0001). This effect 
was rescued by Zn or Mn ( P < 0.0001 or P = 0.0007, respectively) but not Fe ( P = 0.46). 

Fig. 7 Effects of co-supplemental Zn or Mn on cellular levels of (A) total Cu and (B) available Cu. (A) The GAS 5448 �copA mutant strain was cultured 
with added Cu (0, 1, or 5 μM) with or without Zn or Mn (0, 0.5, or 5 μM) for t = 8 h ( N = 5). Total cellular levels of Cu were measured by ICP–MS and 
normalized to total cellular protein content. Data from individual replicates are shown. Columns indicate means. Error bars represent SD. Cu 
treatment led to an increase in cellular Cu levels ( P < 0.0001). Co-supplemental Zn or Mn had no effect on cellular Cu levels ( P = 0.92, 0.07, 0.99, or 
0.35, respectively, for 0.5 μM Zn, 5 μM Zn, 0.5 μM Mn, and 5 μM Mn). Note that Fig. 3 A shows the same data for Cu levels without co-supplemental Zn 
or Mn. (B) The GAS 5448 �copA mutant strain was cultured with added Cu (0–5000 nM) with or without added Zn or Mn (5 μM each) for t = 8 h ( N = 3). 
Levels of copZ mRNA in these samples were determined by qRT-PCR and normalized to expression of holB as the control. The normalized expression 
levels of copZ in Cu-treated samples were then compared to those in untreated controls and plotted as log 2 FC values. Individual replicates are shown. 
Lines represent means. Neither co-supplemental Zn nor Mn affected Cu-dependent copZ expression ( P = 0.70 and 0.53, respectively). 

Fig. 8 Effects of co-supplemental (A) Zn or (B) Mn on GapA activity. The 
GAS 5448 �copA mutant strain was cultured with added Cu (0–3 μM) 
with or without added Zn or Mn (5 μM each) for t = 8 h ( N = 3). GapA 
activities were determined in cell-free extracts. Data from individual 
replicates are shown. Lines indicate means. Neither Zn nor Mn 
influenced the effect of Cu on GapA activity ( P = 0.12 and 0.88, 
respectively). 
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�copA �adcA / II , �copA �adcBC , and �copA �mtsABC were not ob-
tained. 

In the absence of the desired double mutants, we examined
whether loss of the transporters in each single mutant strain re-
duced cellular Cu levels and/or availability. To minimize interfer-
ence either from Cu efflux by the Cu-inducible CopA pump or 
from potential aberrant Cu-dependent and -independent changes 
in the transcription of multiple metal homeostasis genes, the mu- 
tant strains were cultured for 8 h in the absence of Cu and subse-
quently exposed to Cu for 30 min. If an ABC transporter takes up
Cu as hypothesized, then we would observe a decrease in cellular 
Cu levels and/or a time-dependent delay in de-repression of copA 

in the relevant knockout mutant strain when compared with the 
wild type. As shown in Fig. 10 A, there was no difference between
cellular Cu levels in the wild-type and any mutant strain. Simi- 
larly, there was no difference between the expression patterns of 
the copA gene in the different strains (Fig. 10 B). Therefore, there is
currently no experimental evidence to support the uptake of Cu 
via the MtsABC or AdcAI/II-AdcBC transporter in GAS. 

Discussion 

Zn and Mn homeostasis in GAS are perturbed 

during Cu stress 
This study strengthens our previous observation that growth 
in the presence of excess Cu leads to mis-regulation of AdcR-
and MtsR-dependent metal homeostasis in GAS, 18 although these 
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Fig. 9 Effects of supplemental Cu on growth of ABC transporter knockout mutant strains. GAS 5448 wild-type and mutant strains were cultured with 
added Cu (0, 50, 100, or 200 μM) for t = 10 h ( N = 3). Symbols represent the means. Shaded regions represent SD. The different mutations did not affect 
bacterial growth in the absence of Cu ( P = 0.88, 0.19, and 0.69, respectively, for �adcAI/II , �adcBC , and �mtsABC ). Cu did not affect growth of the 
�adcAI/II ( P = 0.37, 0.52, and 1.0, respectively, for 50, 100, and 200 μM Cu) or �adcBC ( P = 0.61, 0.99, and 0.68, respectively, for 50, 100, and 200 μM Cu) 
mutant strain differently from the WT. However, Cu inhibited growth of the �mtsABC more strongly when compared with the WT ( P = 0.0009, < 0.0001, 
and < 0.0001, respectively, for 50, 100, and 200 μM Cu). 

Fig. 10 Effects of ABC transporter deletions on cellular levels of (A) total Cu and (B) available Cu. GAS 5448 wild-type and mutant strains were cultured 
for t = 8 h ( N = 3). (A) Each culture was exposed to 5 μM Cu for 30 min. Total cellular Cu levels were measured by ICP–MS and normalized to total 
cellular protein content. Data from individual replicates are shown. Columns indicate means. Error bars represent SD. The different mutations did not 
influence cellular Cu levels ( P = 0.36, 0.09, and 0.25, respectively, for �adcAI/II , �adcBC , and �mtsABC ). (B) Each culture was exposed to 500 nM Cu and 
sampled at 10 min intervals for 30 min. Levels of copA mRNA in each sample was determined by qRT-PCR and normalized to expression of holB as the 
control. The normalized expression levels of copA in Cu-treated samples were then compared to those in untreated controls and plotted as log 2 FC 
values. Individual replicates are shown. Lines represent the means. The absence of the different ABC transporters did not affect the time-dependent 
expression of copA ( P = 1.0, 0.92, and 0.84, respectively, for �adcAI/II , �adcABC , and �mtsABC ). 
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ffects are not associated with detectable changes in cellular Zn
r Mn levels. Furthermore, co-supplemental Zn or Mn partially
lleviates Cu stress, although neither metal appears to influence
ellular Cu levels or availability. 
To explain these observations, we refer to our previous model, 18 

n which the excess cellular Cu binds to the allosteric metal-
inding site in AdcR or MtsR, leading to incorrect sensing of met-
ls and mis-repression of target genes. The protective effect of
o-supplemental Zn or Mn is not inconsistent with this model.
lthough neither Zn nor Mn interfered with accumulation of
ellular Cu (Fig. 7 ), each did increase cellular Zn or Mn levels
 Supplementary Fig. S3 ) and, at least in the case of Zn, availabil-
ty ( Supplementary Fig. S4 ). The additional Zn or Mn may bind
irectly to their cognate metallosensors, remodel homeostasis of
hat metal in the cell, and override potential mis-signaling by Cu.
An equally plausible model is that the excess cellular Cu out-

ompetes Zn or Mn from their binding sites in Zn- and Mn-
ependent proteins. Although total cellular levels of Zn or Mn
ay not change, the unintended dissociation of Zn or Mn from ex-

sting binding sites would increase their cellular availability. The
atter would again enhance subsequent binding of Zn to AdcR or
n to MtsR and correctly promote transcriptional repression of
dcAI , adcAII , and mtsC . In this case, co-supplemental Zn or Mn
ay promote re-metalation of the mis-metalated Zn or Mn-
ependent proteins. Or, co-supplemental Zn or Mn may meta-
ate other Zn- or Mn-dependent proteins that do not become mis-
etalated by Cu but that allow cells to bypass Cu stress. For exam-
le, bacterial growth was restored by co-supplemental Zn or Mn
Fig. 5 ), even though the cellular activity of a target of Cu stress,
amely GapA, remained low (Fig. 8 ). There is currently insufficient
iochemical data to distinguish between the different models pro-
osed here. 

ross-talks between Cu and Zn homeostasis in 

he bacterial world 

ross-talks between Cu stress and Zn homeostasis have been re-
orted in other bacteria, although the molecular details seem to
iffer. In S. pneumoniae , excess supplemental Zn aggravates (rather
han alleviates) Cu stress in a �copA mutant strain 38 and in a
czcD mutant strain lacking the primary Zn efflux transporter. 39 

ere, excess Zn in the cytoplasm is thought to bind to the al-
osteric sensing site of the Cu sensor CopY, stabilize the repressor
orm of this sensor, and thus suppress transcriptional sensing of
u. 16 Based on the patterns of copZ expression in Fig. 9 , there is
o evidence that Zn perturbs transcriptional Cu sensing in GAS,
t least under the experimental conditions employed here, which
ontain low, noninhibitory amounts of supplemental Zn. 
As another example, Cu treatment in Salmonella leads to upreg-

lation (and not downregulation) of Zn uptake genes under the

https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
https://academic.oup.com/mtomcs/article-lookup/doi/10.1093/mtomcs/mfad064#supplementary-data
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control of the Zn sensor Zur. 4 Whether Cu treatment perturbs Zn
levels in this organism has not been reported. In Acinetobacterbau-
manii , supplemental Cu does not perturb Zn levels in wild-type or
�copA mutant strains. 40 However, supplemental Zn does lead to a
decrease in cellular Cu levels in the wild-type strain. 41 The molec-
ular mechanism is unclear, but several putative metal transporter
genes are differentially regulated in response to Zn, potentially
leading to increased efflux or decreased uptake of Cu from the cy-
toplasm. This scenario resembles that reported in Escherichia coli .
Supplemental Zn alleviates Cu stress and decreases cellular Cu
levels in the E. coli wild-type and �cueO mutant strains. 42 , 43 In this
case, supplemental Zn promotes mis-activation of the cusCFBA
operon encoding an RND-family Cu efflux transporter, and thus
a lowering of cellular Cu. 43 As stated earlier, our work found no
evidence that low levels of supplemental Zn perturb transcription
of Cu homeostasis genes in GAS. 

Similar to our findings, growth of Cu-treated �copA mu-
tant strains of S. pneumoniae is improved by co-supplementation
with Mn. 38 The excess Cu in this organism is thought to in-
hibit the Mn-dependent ribonucleotidereductase NrdF. Therefore,
co-supplementation with Mn would presumably restore NrdF
activity. 38 Cu may similarly inhibit NrdF in GAS. However, loss of
NrdF activity is likely only a minor component of Cu stress in
GAS, since co-supplementation with Mn is less protective than co-
supplementation with Zn (cf. Fig. 6 ). In contrast with our findings,
exposure to Cu leads to upregulation of the mtsABC operon in a
wild-type strain of Streptococcus agalactiae and an increase in cellu-
lar Mn levels in a �copA mutant strain. 44 The mechanism behind
this observation is yet to be determined. 

The apparent differences in the nature and outcome of the
earlier-mentioned cross-talks may reflect inherent differences in
the biochemistry of the different metal homeostasis systems in
the different organisms. Equally, they may reflect differences in
experimental design and setup (e.g. growth media, growth stage,
concentrations of metals, and/or exposure times to metals), lead-
ing to different degrees of Cu stress and/or protection by other
metals. For instance, our present study detected a link between
Cu and mtsC only when the �copA mutant strain of S. pyogenes
was cultured beyond 4 h of growth. This time-dependent mis-
repression of gene expression is likely associated with the time-
dependent depletion of intracellular glutathione and, therefore,
time-dependent increase in intracellular Cu availability. 

Do ABC transporters promote Cu uptake into 

GAS? 
Our work further suggests that neither the Zn-importing AdcAI/II-
AdcBC transporter nor the Mn-importing MtsABC transporter pro-
motes uptake of Cu into GAS. To take up a metal ion, the ex-
tra cytoplasmic solute binding protein (SBP) domain captures its
cognate metal ion and subsequently releases this metal to the
metal-binding site in the permease domain. In turn, the perme-
ase internalizes the metal ion into the cytoplasm and this action
is powered by ATP hydrolysis by the nucleotide-binding domain.
Unpublished studies in our laboratory suggest that AdcAI, the
Zn-binding SBP from GAS, binds Cu(II) more tightly than it binds
Zn(II). Although the AdcAII SBP from GAS has not been biochem-
ically characterized, the homologue from S. pneumoniae has also
been reported to bind Cu(II). 45 Likewise, the Mn-binding MtsA SBP
from GAS binds Cu(II), 46 as does PsaA, the MtsA homologue from
S. pneumoniae . 47 

Our data suggest that the bound Cu(II) in any of the earlier-
mentioned SBPs is not transferred to the metal-coordinating site
in the partner permease and subsequently internalized into the 
cytoplasm. There is evidence that an SBP does not load the per-
mease with non-cognate metal ions, a result of incompatible co- 
ordination chemistry between the partners. For example, extra- 
cellular Zn competitively inhibits Mn uptake via PsaABC in S.
pneumonia . 8 , 9 , 47 The permeases PsaB (which imports Mn) and AdcB 
(which imports Zn) in this organism possess the same, conserved 
metal coordination site, 48 suggesting that PsaB should be com- 
petent to receive Zn from PsaA. However, while PsaC efficiently 
releases the bound Mn to PsaB, it does not release bound Zn. 47 

Whether Zn can access the metal-binding site in PsaB directly,
without the PsaA SBP, is unknown. Similarly, whether excess ex- 
tracellular Cu can bind directly to the metal-binding site in the Zn-
importing permease AdcB or the Mn-importing permease MtsC 

and become subsequently internalized into the cytoplasm is un- 
known. Our data do not support this hypothesis, but direct bio- 
chemical evidence, for instance via metal transport assays of pu- 
rified transporters, remains to be obtained. 

Supplementary material 
Supplementary data are available at Metallomics online. 
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