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ABSTRACT

The Lmb protein of Streptococcus agalactiae is described as an adhesin that binds laminin, a component of the human extracel-
lular matrix. In this study, we revealed a new role for this protein in zinc uptake. We also identified two Lmb homologs, AdcA
and AdcAIl, redundant binding proteins that combine with the AdcCB translocon to form a zinc-ABC transporter. Expression of
this transporter is controlled by the zinc concentration in the medium through the zinc-dependent regulator AdcR. Triple dele-
tion of Imb, adcA, and adcAll, or that of the adcCB genes, impaired growth and cell separation in a zinc-restricted environment.
Moreover, we found that this Adc zinc-ABC transporter promotes S. agalactiae growth and survival in some human biological
fluids, suggesting that it contributes to the infection process. These results indicated that zinc has biologically vital functions in
S. agalactiae and that, under the conditions tested, the Adc/Lmb transporter constitutes the main zinc acquisition system of the

bacterium.

IMPORTANCE

A zinc transporter, composed of three redundant binding proteins (Lmb, AdcA, and AdcAll), was characterized in Streptococcus
agalactiae. This system was shown to be essential for bacterial growth and morphology in zinc-restricted environments, includ-

ing human biological fluids.

treptococcus agalactiae (group B streptococcus [GBS]) is a

Gram-positive commensal bacterium of the human gastroin-
testinal and uro-genital tracts. GBS carriage is mostly asymptom-
atic in healthy adults, and this bacterium is detected in the vagina
of approximatively 30% of pregnant women. Maternal carriage is
the main source of transmission to neonates, in which S. agalactiae
can cause invasive infections (pneumonia, septicemia, and men-
ingitis), with an overall mortality rate of approximately 10% (1,
2). GBS is also an emergent pathogen among the elderly and in
adults with underlying diseases (1, 3).

The ability of GBS to colonize different niches and cause infec-
tion is multifactorial, and many virulence-associated proteins
have been identified (4, 5). Binding of GBS adhesins to compo-
nents of the extracellular matrix constitutes a crucial first step in
the process of infection (6-9). Among them, the Lmb protein has
been identified as a GBS receptor for laminin, a glycosylated mul-
tidomain protein found in all human tissues (10). The gene en-
coding Lmb islocated on a transposon with the scpB and sht genes,
which encode a C5a peptidase and a histidine triad protein, re-
spectively (11, 12). The Imb promoter region is a hot spot for the
integration of two mobile genetic elements. One of them is asso-
ciated with increased expression of Imb, resulting in increased
binding of strains harboring the transposon to laminin (13). It has
also been shown that Lmb may promote bacterial invasion in hu-
man brain microvascular endothelial cell lines (14).

Lmb is clustered by sequence homology as a metal-binding
receptor. Indeed, Lmb has strong homology with the zinc-binding
proteins AdcA and Lbp of other streptococcal species (15, 16). The
crystal structure of Lmb has also been resolved and revealed the
presence of a bound zinc in a metal-binding crevice (17, 18). Until
now, studies have only been focused on its function as an adhesin,
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despite evidence suggesting that Lmb may be involved in zinc
uptake.

Zinc (Zn**) is a trace element that is essential for most living
cells. It is a cofactor for a number of essential prokaryotic enzymes
and transcriptional regulators (19). In the human body, the zinc
concentration varies from 1.5 wM in cerebrospinal fluid to over
100 pM in lung tissue (20, 21). Pathogenic bacteria must adapt
zinc transport mechanisms to accommodate these differences to
both avoid toxicity and meet their requirements for this metal. An
important determinant of resistance against elevated levels of Zn
in Streptococcus pneumoniae is the CzcD-SczA system, which is
conserved among Streptococcus species (22). In contrast, during
starvation zinc acquisition in streptococci is mostly performed by
an ATP-binding cassette (ABC) transporter. It is composed of one
or several metal-binding proteins (AdcA, Lbp, or Lmb), an inte-
gral membrane component (AdcB), and an ATPase (AdcC) (21).
The streptococcal AdcR repressor, a MarR family regulatory pro-
tein, is involved in the regulation of zinc uptake genes (23). In the
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presence of adequate intracellular zinc concentrations, AdcR
binds to its target genes and inhibits their expression. AdcR re-
pression is relieved during zinc starvation, allowing bacteria to
efficiently adapt the expression of zinc acquisition systems to their
needs for this metal (24-27).

In several pathogenic streptococci, deletion of one or several
components of the Adc zinc-ABC transporter results in lower
growth under zinc-restricted conditions as well as decreased vir-
ulence, adhesion, and biofilm formation, underlining the impor-
tance of zinc metabolism during colonization and infection (16,
21, 28-30). Concerning S. agalactiae, the role of zinc is still poorly
documented, and no zinc transporter has yet been characterized.

In this study, we show that Lmb, together with the AdcA,
AdcAIl-binding proteins, and the AdcCB translocon, compose a
zinc transporter. The expression and the role of this transporter in
the bacterium’s physiology were examined.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The reference wild-type (WT)
GBS strain used in this study was strain A909, a sequence type 7 (ST7),
clonal complex 7 (CC7), serotype IA clinical isolate from a human case of
septicemia. The Escherichia coli and S. agalactiae strains used in this study
are listed in Table S1 in the supplemental material. E. coli strains were
routinely grown in Luria-Bertani (LB) medium (catalog number
1005317; MP, Solon, OH, USA) at 37°C with agitation (220 rpm) or on LB
agar plates (1.5% agar). S. agalactiae strains were routinely grown in
Todd-Hewitt (TH) broth (catalog number T1438; Sigma-Aldrich, St.
Louis, MO) at 37°C without agitation and on TH agar or brain heart
infusion agar (BHI agar; catalog number EAB140102; AES, Bruz, France).
When necessary, E. coli and S. agalactiae strains were grown with erythro-
mycin (150 pg/ml for E. coli and 10 wg/ml for S. agalactiae).

Growth of bacteria in chemically defined medium. S. agalactiae
strains were cultured in a liquid chemically defined medium (CDM; 8.3
g/liter Dulbecco’s modified Eagle medium base [catalog number D5030;
Sigma-Aldrich], 1 X BME vitamins, 74 .M adenine, 89.2 uM uracil, 65.7
M xanthine, 66.2 uM guanine, 1123.5 uM b,L-alanine, 757 uM L-aspar-
agine, 1,127 pM L-aspartic acid, 684.5 uM L-glutamine, 1,019.5 pM
L-glutamic acid, 868.6 uM L-proline, 734.9 uM L-tryptophan, 4,125.4 uM
L-cysteine, 12 uM lipoic acid, 1 pM pyruvate; pH 7.4). All CDM compo-
nents were from Sigma-Aldrich.

To obtain zinc-restricted CDM, 500 pM EDTA (catalog number
E5134; Sigma-Aldrich, St. Louis, MO), a chelating agent, was added to
remove residual traces of metal ions. Addition of EDTA had no discern-
ible effect on S. agalactiae growth compared to growth in CDM without
EDTA or growth in CDM with a mix of metals (17.4 puM ZnSO,, 10.5 uM
CoCl,, 0.4 pM CuSO,, 147.9 pM MnSO,).

Bacterial growth experiments were performed in 96-well microtiter
plates (Greiner Bio-One; Cellstar) (300-pl culture volume). A bacterial
overnight culture grown in TH was used to inoculate a zinc-restricted
CDM culture (optical density at 600 nm [ODg], 0.005) grown for 8 h
that was then used to inoculate wells (OD,, 0.005) containing zinc-
restricted CDM with various ZnSO,, concentrations (from 0 to 100 uM).
Before each inoculation, cells were pelleted and washed in Milli-Q water.
Plates were incubated for 18 h at 37°C in an Eon thermo-regulated spec-
trophotometer plate reader (BioTek Instruments). The ODy, was mea-
sured every hour after double orbital shaking of the plate for 5 s.

Chromosomal and plasmidic DNA purification. Chromosomal
DNA of S. agalactiae cultured overnight without agitation in TH (37°C)
was purified as previously described (31). E. coli plasmids were purified
with a NucleoSpin plasmid kit (Macherey-Nagel) according to the man-
ufacturer’s instructions. The DNA concentration was measured with a
NanoDrop Lite spectrophotometer (Thermo Scientific). The ratio of ab-
sorbance at 260 nm and 280 nm was used to assess purity.
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DNA sequencing. PCR products purified with the NucleoSEQ kit
(Macherey-Nagel) were sequenced on both strands by using the BigDye
Terminator v3.1 cycle sequencing kit (Applied Biosystems) and the ABI
Prism 310 genetic analyzer.

PCR. Oligonucleotides (Eurogentec and Sigma-Aldrich) used in this
study are listed in Table 1. Analytical PCR used standard OneTaq poly-
merase (New England BioLabs [NEB]) and PCR for cloning or sequenc-
ing was carried out with Q5 high-fidelity DNA polymerase (NEB). The
resulting PCR fragments were purified with a NucleoSpin gel and PCR
cleanup kit (Macherey-Nagel), according to the manufacturer’s instruc-
tions.

RNA extraction. Total RNA was extracted from mid-exponential-
phase cells (ODg, of 0.5) growing in CDM. The bacteria were lysed me-
chanically with glass beads in a FastPrep-24 instrument, and total RNAs
were extracted with a phenol/TRIzol-based purification method previ-
ously described (32). The concentration and purity of RNA were assessed
with a NanoDrop Lite spectrophotometer (Thermo Scientific) and anal-
ysis of the A,¢,/A,g, ratio. A DNase (Turbo DNA-free DNase; Ambion)
treatment of the purified RNAs was then realized. Control PCR mixtures,
with 50 g of purified RNAs, were performed to check for DNA contam-
ination. (Primer pairs are detailed in Table 1.)

Reverse transcription and quantitative reverse transcriptase PCR.
For reverse transcription and quantitative reverse transcriptase PCR
(qQRT-PCR), the RNAs were reverse transcribed by using the iScript cDNA
synthesis kit (Bio-Rad, Hercules, CA) according to the manufacturer’s
instructions. Primers were selected with Primer3web software (http:
//bioinfo.ut.ee/primer3/) in order to design 100- to 200-bp amplicons
(Table 1 lists the primer sequences). QRT-PCRs were performed in a 20-p.l
reaction volume containing 40 ng of cDNA, 0.5 pl of gene-specific prim-
ers (10 uM), and 1X LightCycler 480 SYBR green I mix (Roche). PCR
amplification, detection, and analysis were performed with the Light-
Cycler 480 PCR detection system and LightCycler 480 software (Roche).
PCR conditions included an initial denaturation step at 95°C for 5 min,
followed by a 40-cycle amplification (95°C for 10 s, 60°C for 20s, and 72°C
for 20 s). The specificity of the amplified product and the absence of
primer dimer formation were verified by generating a melting curve (65°C
to 98°C, continuous increase). The crossing point (C,) was defined for
each sample. The expression levels of the tested genes were normalized
using the gyrB (primers OLMO021 and OLMO022) or recA (primers
OLM321 and OLM322) genes (“reference genes” in the first equation
below) of S. agalactiae as internal standards whose transcript levels did not
vary under our experimental conditions (see Table 1 for the primer se-
quences). The fold change in the transcript level was calculated using the
following equations: AC, = C C AAC, =

p(target gene) ~ “p(reference gene);
Acp(reference condition) ACp(test cnndition); ratio = ziAACP' Each assay was
performed in duplicate and repeated with at least three independent RNA
samples.

5'-RACE PCR. S. agalactiae strain A909 was grown in zinc-restricted
CDM at 37°C without agitation until the mid-exponential phase of
growth (ODy, 0.5). Total RNAs of growing cells were extracted as de-
scribed above, and the 5’ end of the Imb-sht operon mRNA was deter-
mined using a 5'/3’ rapid amplification of cDNA ends (RACE) PCR kit
(second generation; Roche Applied Science). Two Imb antisense specific
primers (OAH068 and OAHO069) were designed (Table 1) to produce
cDNAs. Control RT-PCRs, omitting reverse transcriptase, were per-
formed to check for DNA contamination of the RNA preparation with
appropriate primers (Table 1).

Construction of Imb, adcA, adcAlIl, adcCB, and adcR deletion mu-
tants. S. agalactiae A909AImb is a nonpolar mutant of strain A909 with a
deletion of the entire coding sequence of Imb (sak_1319) that was achieved
via allelic exchange. Upstream and downstream flanking regions of Imb
were amplified by PCR with primer pairs OAH024/OAHO025 and
OAH026/OAHO027, respectively. A recombination cassette, consisting of a
fusion between these two regions, was obtained by using splicing-by-
overlap extension PCR with primers OAH024 and OAH027 (Table 1). To

December 2016 Volume 198 Number 24

aouelH - VYNNI AQ 9T0Z ‘Sz JaquianoN uo /Biowse qly/:dny woiy papeojumoq


http://bioinfo.ut.ee/primer3/
http://bioinfo.ut.ee/primer3/
http://jb.asm.org
http://jb.asm.org/

TABLE 1 Oligonucleotides used in this study

The Adc/Lmb Zinc Transporter of S. agalactiae

TABLE 1 (Continued)

Primer use and

Primer use and

name Sequence? name Sequence”
Deletion of adcR OAHO034 GGTCTCGCCAGTTAATTTTACTCCTTTATCAA
OAHO003 TTAATCGAATTCGGAATCTTCAAATGGACTATG TGC
OAHO004 ATGATTACCCTTCTAGTTCTAAAACTGTCATATA OAHO35 GGTCTCGCTGGCCCATAACTGGTTAAATTATAA
TACCTC TTGAGG
OAHO005 TGACAGTTTTAGAACTAGAAGGGTAATCATGCGA OAHO022 GGTCTCGCCCCCCAGTTATTAACCAGTTAA
TAT OAHO023 GGTCTCGGGGGATTATAATTGAGGAGGTACTATG
OAHO006 ACATTGGGATCCCGCCATGGTAAAGATTGGTTCC
5'-RACE PCR
Deletion of adcCB OAHO068 GCACCTGATTGGATCATCCTCAC
OAHO074 ATGACAGAATTCGAACAAAAATTAGACCATTTAG OAHO069 GCTGGTTACAACTGACATGCCTTG
TGAG
OAHO015 TGCGAAGCAAGCCTACGCATGATTACCCTTCTAA ~ qRT-PCR
TTCTCT OAHO053 Imb TAGTAATGATAGCAGGGTGTGATAAGTC
OAHO016 AAGGGTAATCATGCGTAGGCTTGCTTCGCAAACG OAHO054 Imb AGATACTTCTTTTGTCATCGCATACATT
TTAA OAHO047 adcA TTGGGATTACAAAGCTAAATCTAAAAA
OAHO075 ATACTTGGATCCCAGATACAAATAATGTAGCTC OAHO048 adcA  ATCTTGATTGATTCTACGTCAGTCTTG

Deletion of Imb
OAHO024
OAHO025

OAHO026
OAHO027

Deletion of adcAIl
OAHO040
OAHO062
OAHO063
OAHO043

Deletion of adcA
OAHO086
OAHO076
OAHO077

OAHO087

Complementation
of Imb
OAH115
OAH102

Complementation
of adcAIl
OAH119
OAH104

Complementation
of adcA
OAH120
OAHI121

Transcriptional
fusion
OAH122
OAHO009

CCC

AGGCTGGAATTCTGGAAGGCGCTACTGTTCC
CTCCTTTACTTCAACCCTTTTTTCATAGTACCTC
CTCAATT
TACTATGAAAAAAGGGTTGAAGTAAAGGAGATT
ATTAGTGAAG
GGCTTGGGATCCAGCTAGCTCACTTGGAGAC

AAAATCGAATTCCAACGTGTTAATCAAGCAAGTG
TAAGGTACCTCCGTATCCTTTTCATTAAACCTCC
TTAGGTACCTAGGTAGTTATATAAAGAAAGGACG
TACTAAGGATCCATCTCCCATGTCATCAATGAC

AATCGTGGTACCGCAGCTCTAGCAGATCCACAC

ATAAAGCTTGAAATTTCTTTCTCATTTTTTCTCC

ATGAAGCTTCATTAATATTTAAAAGATGATAT
CGG

CATCCAGGATCCCGTCCAGTTGTTTTCTTAGA
TAC

TAAATTAGATCTGGAGGTACTATGAAAAAA
TAATAACTGCAGTTACTTCAACTGTTGATAGAGC

AAAATAAGATCTGGAGGTTTAATGAAAAGG
TTATATCTGCAGCTATTGATTTAACGATTTG

GTTAAAAGATCTGGAGGAAAAATGAGAAAG
ATCTTTTCTAGATTAATGAGACATAAGGTC

TAGTTAGAATTCCTTTCTTCTTGGGATTAGTAGC
TTCGGATCCCCTCCTCAATTATAATTTAACCAGT
TATTAAC
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OAHO51 adcAIl
OAHO052 adcAIl
OLM321 recA
OLM322 recA

GCATAAAATCATAGGAAAGCATATCAA
GCTAAGTATGAGAATGCTGTATGTGAAG
CTGGTGGTCGTGCTTTGAAA
TATGCTCACCAGTCCCCTTG

OLMO021 gyrB GCTCACATCAGAACTTTACTTTTAACTC
OLMO022 gyrB TTTAATCTCACTTCCTACTTTGACACC

@ Added restriction site sequences are shown in bold.

carry out chromosomal gene inactivation, appropriate PCR fragments
(overlap extension) were cloned into the EcoRI/BamHI restriction sites of
the thermo-sensitive shuttle plasmid pG+host1 (see Table S1 in the sup-
plemental material).

The same cloning strategy was applied to obtain the AadcA
(sak_0685), the AadcAlIl (sak_1898), the AadcCB (sak_0218 and _0219),
and the AadcR (sak_0217) mutant strains, except that fusion between
upstream and downstream regions of adcAIl was obtained using the Pstl
restriction site. Upstream and downstream regions of adcA were amplified
by PCR with primer pairs OAH086/OAHO076 and OAH077/OAHO087, re-
spectively. Upstream and downstream regions of adcAIl were amplified by
PCR with primer pairs OAH040/OAH062 and OAH063/OAH043, re-
spectively. Upstream and downstream regions of adcR were amplified by
PCR with primer pairs OAH003/OAH004 and OAH005/OAHO006, re-
spectively. Upstream and downstream regions of adcCB were amplified by
PCR with primer pairs OAH074/OAHO015 and OAH16/OAHO75, respec-
tively.

The recombinant plasmids were electroporated in E. coli cells for am-
plification and then purified and electroporated in strain A909 (see Table
S1 in the supplemental material). Allelic exchange was performed as pre-
viously described (33). Deletions of genes were confirmed by PCR and
sequencing.

Generation of Imb, adcA, and adcAIl complementation constructs.
To complement the Almb mutant strain, the entire coding sequence of
Imb was amplified by PCR with primers OAH115 and OAH102. The PCR
fragment was cloned into the PstI/BgIII restriction sites of the pTCV-P,
plasmid, a derivative of the shuttle vector pTCV and carrying a constitu-
tively expressed Gram-positive promoter sequence (34) (see Table S1 in
the supplemental material). In the same way, the AadcA mutant strain was
complemented using primers OAH120 and OAH121 and cloned with the
Xbal/BgIII restriction sites. The AadcAIl mutant strain was comple-
mented using primers OAH119 and OAH104 and cloned with the BgIII/
Pstl restriction sites.

The recombined pTCV-P,, plasmids were electroporated in E. coli
cells for amplification and purified, and then gene sequences were con-
firmed before electroporation in the A909 strain.
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Construction of lacZ transcriptional fusions. Plasmid pTCV-lac,
which carries a promoterless lacZ gene (35), was used to construct tran-
scriptional lacZ reporter fusions (see Table S1 in the supplemental mate-
rial). The promoter region of Imb was amplified by PCR using primers
OAH122 and OAHO009, and the PCR fragment was cloned into the EcoRI/
BamHI restriction sites of the plasmid pTCV-lac (Table 1).

The sequence of the conserved 10-bp palindromic motif potentially
constituting the AdcR-binding site (AdcR box) was obtained from the
RegPrecise database maintained by the Lawrence Berkeley National Lab-
oratory (http://regprecise.lbl.gov/). Site-tagged mutagenesis was per-
formed to obtain the adcR box;* and adcR box,* coding sequences, in
which 3 nucleotides for adcR box,* and 4 nucleotides adcR box,* were
replaced so as to destroy the palindromic operator sequence without dis-
turbing RNA polymerase fixation. For each construction, two DNA frag-
ments were generated by PCR using primer pairs OAH122/OAHO034 and
OAHO035/0AHO009 for the adcR box,* mutation or OAH122/OAHO022 and
OAH023/OAHO009 for the adcR box,* mutation. The point mutations
were obtained using oligonucleotides containing 3 or 4 mismatches
(OAHO035 and OAHO023) and also carrying Bsal restriction sites; the type
1IS restriction endonuclease, which cleaves after its restriction site, gener-
ated DNA fragments with tetranucleotide cohesive ends (Table 1). Fol-
lowing digestion with Bsal (2 h at 50°C), the two fragments were purified
with a NucleoSpin PCR cleanup kit (Macherey-Nagel) and ligated using
the sticky-end instant ligase (NEB), seamlessly fusing the fragments to-
gether without adding any nucleotides. The resulting fragments were re-
amplified by PCR using the external oligonucleotides OAH122 and
OAHO009 (Table 1) and cloned in the pTCV-lac plasmid.

Electroporation. Electrocompetent E. coli and S. agalactiae cells were
produced as previously described (36, 37). Both bacterial species were
then transformed by electroporation using the Micropulser (Bio-Rad)
and the Ec2 conditions (2.5 kV) with 1 to 2 wg of appropriate plasmids,
respectively. Transformants were selected on LB agar (E. coli) or on 5%
horse blood trypcase soy (TSH) agar plates (bioMérieux) (S. agalactiae),
with the appropriate antibiotics.

B-Galactosidase assays. For B-galactosidase assays, bacteria were
grown in CDM and harvested (10-ml samples) during the mid-exponen-
tial phase of growth (ODy, 0.5). Cells were resuspended in 500 pl of Z
buffer (38) and lysed mechanically with glass beads in a FastPrep-24
instrument, and cell debris were eliminated by centrifugation (5 min;
8,000 X g). Supernatant was incubated with 0.5 U/ml DNase I (NEB)
at 37°C for 30 min and used for assays. Assays were performed as previ-
ously described, and 3-galactosidase specific activities were expressed in
arbitrary units per milligram of protein (38). Protein concentrations were
determined using the Bio-Rad protein assay (Bio-Rad, Hercules, CA). All
experiments were carried out in triplicate.

Cell size and quantification of chain length. Bacteria were grown in
CDM containing 1 or 10 pM zinc. At mid-exponential phase, bacteria
were deposited onto glass slides and examined under bright-field condi-
tions at X 1,000 magnification with the Nikon Eclipse 80i optical micro-
scope. Image acquisition and processing were performed using the NIS-
Elements D software. Cell sizes (in micrometers squared) of 100 bacteria
from three different pictures of three independent experiments were mea-
sured. To determine the bacteria chain length, 100 chains of three differ-
ent pictures of three independent experiments were counted. Chain
length values were calculated as percentages of all counted chains.

Competition assays in human biological fluids. To easily discrimi-
nate the wild-type and mutant strains in mixed cultures, we used the
pTCV-lac vector, which carries a promoterless lacZ gene, or the pTCV-
lac-P, vector, with a lacZ gene under the control of the strong and con-
stitutively active promoter Pg; (34) (see Table S1 in the supplemental
material). When plated on TH agar containing erythromycin (10 pg/ml)
and 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal; 60 g/
ml), cells carrying the pTCV-lac-Pc,, vector appeared as blue colonies,
while cells carrying pTCV-lac remained white.

Each strain was transformed with pTCV-lac and pTCV-lac-P; plas-
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mids. Mixed cultures were inoculated alternately with a combination of
the wild-type strain carrying a pTCV-lac and a mutant strain carrying
pTCV-lac-P,, or a combination of the wild-type strain carrying pTCV-
lac-P,y and a mutant strain carrying pTCV-lac, to ensure that plasmids
had no deleterious effect on bacterial growth. All strains were grown dur-
ing 8 h in TH with erythromycin at 10 pg/ml and then in zinc-restricted
CDM with erythromycin t 10 wg/ml overnight, and mixed cultures were
inoculated with approximatively 5 X 10> CFU/ml of each strain in human
biological fluids supplemented with erythromycin at 10 pg/ml. Bacterial
growth was monitored during 48 h, and wild-type and mutant strains
were discriminated by plating culture dilutions on TH agar containing
erythromycin (10 pg/ml) and X-Gal (60 pg/ml). For each competition
experiment between the WT and a mutant strain, both combinations
(WT pTCV-lac/ApTCV-lac-Pg, or WT pTCV-lac-P,/ApTCV-lac) were
tested. Each experiment was repeated at least three times.

Human plasma was obtained from healthy donors of the Etablisse-
ment Frangais du Sang (EFS Centre Atlantique, France). It was decomple-
mented by heating at 56°C during 30 min. Amniotic fluid and cerebrospi-
nal fluid (CSF) were collected in the Bretonneau University Hospital
(Tours, France) from, respectively, 2 and 3 donors who were not taking
medications that would influence the analysis, such as antimicrobial
agents.

Macrophage survival assays. For macrophage survival assays, bacte-
ria were grown in zinc-restricted CDM overnight. Cultures were washed
in PBS and adjusted to the desired inoculum in RPMI 1640 medium
(Gibco), and CFU counts were verified by plating serial dilutions on TH
plates. Macrophage RAW 264.7 cells, grown to confluence in RPMI-10%
fetal calf serum (Gibco), were counted and incubated with bacteria (mul-
tiplicity of infection [MOI], ~10) in RPMI 1640 at 37°C with 5% CO, for
1 h to allow bacterial phagocytosis. Cells were then incubated in RPMI-
10% fetal calf serum—gentamicin (500 pg/ml)-streptomycin (100 g/
ml)—penicillin (100 U/ml) in order to kill extracellular bacteria during 2 h,
which represented the time zero (T,)) of the assay. At the indicated times (6
and 24 h after T,), infected macrophages were washed once with RPMI
and then lysed by incubation in 1 ml of ice-cold Milli-Q water for 30 min.
CFU counts were determined by plating serial dilutions on TH plates.
Assays were performed in duplicate and were repeated three times.

Statistical analyses. Data are presented as the mean * standard error
of the mean. Statistical analyses were performed using the unpaired Stu-
dent t test. A probability value of less than 0.05 was considered statistically
significant.

RESULTS
Two homologs of the Lmb protein are present in Streptococcus
agalactiae. Imb is located on a 16-kb composite transposon con-
taining the scpB, Imb, and sht genes (11, 12). We performed
BLASTN searches on available genomic DNA sequences of S. aga-
lactiae (n = 271) and identified the presence of the mb-containing
transposon in 96.8% of the 187 human isolates and only 26.7% of
the 84 animal isolates (mainly fish and cattle), in agreement with
previous observations for 30 human and 38 bovine strains (11).
We performed BLASTP searches on the S. agalactiae A909 ge-
nome and identified two putative homologs of Lmb (SAK_1319).
We named them AdcA (SAK_0685) and AdcAIl (SAK_1898),
based on sequence and functional homology with S. prneumoniae
proteins. The Lmb and AdcAII proteins are very similar, sharing
58% identity. The Imb and adcAIl genes exhibit the same tran-
scriptional organization, as they are each cotranscribed with a
gene encoding the histidine triad proteins Sht (SAK_1318) and
Shtll (SAK_1897), respectively (Fig. 1). The AdcA protein shares
only 34% identity with Lmb, and its corresponding gene is mono-
cistronic (Fig. 1). In contrast to Imb, which is more specific to
human isolates, the adcA and adcAIl genes are highly conserved

December 2016 Volume 198 Number 24

aouelH - VYNNI AQ 9T0Z ‘Sz JaquianoN uo /Biowse qly/:dny woiy papeojumoq


http://regprecise.lbl.gov/
http://jb.asm.org
http://jb.asm.org/

adcR adcC adcB

9' _K Dl sak_0218, >| sak_0219 >?

Imb sht
9' _K |sak_131£>| sak_1318 >T
'@
m — adcAll shtll
9| _|;> Isak_189é>| sak_1897 >?
adcA

o, [aa[ oY

FIG 1 Transcriptional organization of the Imb, adcA, adcAll, and adcRCB
genes and a model of Zn-dependent regulation by AdcR in Streptococcus aga-
lactiae. In the presence of Zn*>", AdcR can bind to the AdcR-binding motifs
(TTAACNNGTTAA) located in the promoter regions of the lmb-sht, adcAIl-
shtll, and adcRCB operons and the adcA gene, causing repression of their
expression. On the left of each sequence diagram is the promoter; the symbol
on the right is the transcriptional terminator; black boxes are AdcR-binding
boxes; the small circle with the dash inside it, prior to the sequence itself,
indicates repression.

(at least 98% identity) in all of the 271 available S. agalactiae ge-
nomes.

The AdcA/Lmb family proteins are conserved among most
streptococci and share a high degree of homology with zinc-bind-
ing proteins, in particular the AdcA and AdcAlIl proteins of S.
pneumoniae (Table 2), whose role in zinc transport has been ex-
tensively studied (16, 39, 40). Following sequence alignment, we
observed that the residues forming the Zn>" ion-containing bind-
ing site of Lmb (His66, His142, His206, and Glu281) are con-
served in the AdcA and AdcAlIl proteins (18) (Fig. 2). Analysis of
the structure-based alignment between the proteins also revealed
that AdcA possesses a histidine-rich loop and an extended C-ter-
minal region exhibiting homology with the Escherichia coli ZinT
protein and containing three conserved histidine residues that
could potentially form a supplementary Zn-binding site (Fig. 2).
The histidine-rich loop and ZinT domain of the S. pneumoniae
AdcA homolog have been suggested to aid in recruiting Zn>* (40).
The structural differences between S. agalactiae AdcA and Lmb/
AdcAIl proteins are similar to those observed between S. pneu-
moniae AdcA and AdcAll proteins and correspond to distinct zinc
acquisition mechanisms (40, 41).

Regulation of the Imb-sht, adcA, and adcAII-shtlI gene oper-
ons is Zn** dependent. Zinc-binding proteins in other bacteria
are upregulated under zinc limitation (26). We therefore exam-
ined Imb-sht expression in the presence of various concentrations
of extracellular zinc, using a transcriptional lacZ fusion approach.
We grew the S. agalactiae A909 strain in a metal-restricted CDM
containing no zinc in its formulation and named here zinc-re-
stricted CDM. This medium was supplemented with up to 100
UM Zn>". S. agalactiae A909 grew equally under all conditions
(see Fig. S1 in the supplemental materal). We measured lmmb-sht
promoter activity during mid-exponential growth, as there were
no significant growth phase-dependent differences under all
tested conditions (data not shown). In contrast, 3-galactosidase
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activity was significantly and gradually repressed in the presence
of 0.5 to 100 uM Zn*" (P < 0.01) (Fig. 3A); Imb-sht promoter
activity was totally repressed in the presence of 10 WM added Zn**
(approximately 20-fold less activity than in zinc-restricted
CDM).It was also fully repressed in rich medium (Todd-Hewitt or
brain heart infusion), in which the Zn** concentration is approx-
imately 20 wM (data not shown). The repression of Imb expres-
sion by zinc appeared to be specific to this metal, as supplemen-
tation with various concentrations of Mn>", Cu**, Ni**, Fe**, or
Co** did not changed Imb-sht promoter activity (Fig. 3A).

Using qRT-PCR, we confirmed the strong repression of lmb in
the presence of 10 M extracellular Zn>", as well as that of the
adcA and adcAll genes, suggesting that these genes are coregulated
(Fig. 3B). The Imb gene also appeared to be the most highly ex-
pressed gene relative to adcA and adcAIl when bacteria were
grown in zinc-restricted CDM, but the difference was significant
only with adcA (about 4-fold more highly expressed; P < 0.05)
(Fig. 3B).

Zn** repression of the Imb-sht, adcA, and adcAII-shtII gene
operons is mediated by AdcR. We have shown that the expression
of the Imb, adcA, and adcAlI genes is zinc dependent. Zn?"-de-
pendent regulation is mediated in S. pneumoniae and S. pyogenes
by the AdcR regulator (26, 27, 42). S. pneumoniae AdcR has a
unique effector in zing, and its crystal structure revealed the pres-
ence of two metal-binding sites (43). A putative AdcR protein
(SAK_0217; 53% identity with its pneumococcal homolog) con-
taining the conserved metal-binding residues, is also present in S.
agalactiae (see Fig. S2 in the supplemental material). The AdcR-
encoding gene is present in all S. agalactiae sequenced genomes
within an adcRCB operon (Fig. 1). We obtained a mutant of the
adcR gene (AadcR) in S. agalactiae A909 and measured the effect
of this mutation on Imb-sht promoter activity in a 3-galactosidase
assay. In the absence of AdcR, Imb-sht promoter activity was no
longer repressed by zinc (Fig. 4A). The same results were con-
firmed for Imb and observed for the adcA and adcAll genes by
qRT-PCR (Fig. 4B).

Our results indicate that the expression of the three putative
zinc-binding proteins is controlled by AdcR. We thus analyzed
their promoter regions to identify AdcR operator sites (TTAACN
NGTTAA) (23, 42). One conserved 10-bp palindromic motif was
present in the promoter region of the adcAIl-shtll and adcRCB
operons, and two overlapping copies were also present upstream
from the Imb-sht and adcA genes (Fig. 1). We performed RACE-
PCR to identify the transcription start site of the Imb-sht operon.
We found it to be preceded by appropriately spaced —10 and —35
promoter regions, which are included in the first putative AdcR-
binding motif (AdcR box) (Fig. 5). We introduced point muta-
tions, designed to destruct the palindromic operator sequence

TABLE 2 Identity between the Lmb, AdcA, and AdcAII proteins of
Streptococcus agalactiae and the AdcA and AdcAll proteins of
Streptococcus pneumoniae

% identity with S. pneumoniae

protein
S. agalactiae protein AdcA AdcAIl
Lmb 35 67
AdcA 62 37
AdcAIl 37 61
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FIG 2 Amino acid sequence alignment of Lmb, AdcA, and AdcAlIl proteins of Streptococcus agalactiae. Identical residues are highlighted in gray. Potential
zinc-binding residues are boxed in black. The His-rich loop of AdcA, which has been suggested to aid in recruiting Zn>", is boxed by the black dotted lines. The
Zin-T domain of AdcA, which may contain a supplementary zinc-binding site, is underlined. Sequence alignment was performed using the BioEdit program.

without disturbing RNA polymerase fixation, by PCR-mediated
site-tagged mutagenesis, into each or both putative AdcR boxes.
Mutation of either AdcR box led to weaker repression of Imb-sht
promoter activity by zinc, indicating that both boxes are necessary
for optimal AdcR fixation (Fig. 5). When both boxes were mu-
tated, Imb-sht promoter activity was completely derepressed in the
presence of zing, as observed in the AadcR strain (Fig. 5). Alto-
gether, these results strongly suggest that Zn”>*-dependent repres-
sion of the Imb-sht promoter is mediated by the AdcR regulator,
which binds to the TTAACNNGTTAA target sequence in the
presence of zinc.

We used this sequence to identify potential AdcR-regulated
genes in S. agalactiae by using the search pattern function of the
SagaList software (http://genolist.pasteur.fr/SagaList). In addition
to genes encoding the Adc/Lmb system, we found a perfect AdcR
box in the promoter region (400 bp upstream from the start
codon) of 7 supplementary genes or operons (Table 3), in partic-
ular, upstream of the adh gene (sak_0087), encoding a potential
zinc-containing alcohol dehydrogenase, which has already been
identified to be a direct binding target of AdcR in S. pneumoniae
(26, 42).

Lmb, AdcA, and AdcAIl are involved in zinc acquisition. We
constructed mutant strains containing single and combined dele-
tions of each gene encoding a putative zinc-binding protein in S.
agalactiae A909 to evaluate the relative contributions of Lmb,
AdcA, and AdcAIl in zinc transport. Bacteria in which the Imb,
adcA, and adcAII genes were fully expressed were grown in zinc-
restricted CDM (Fig. 3B). The growth of all single and double
mutant strains was similar to that of the wild-type strain (see Fig.
S3 in the supplemental material). In contrast, we observed almost
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no growth for the triple mutant of the binding proteins (Almb
AadcA AadcAll) (Fig. 6A). We cloned the Imb, adcA, and adcAIl
genes downstream of the constitutive promoter P, (34) to gen-
erate complementing vectors (see Table S1 in the supplemental
material). We introduced each construction in the Almb AadcA
AadcAlI triple mutant strain, and complemented bacteria were
grown in zinc-restricted CDM. Recombinant plasmids expressing
any of the three proteins fully restored the growth of the Almb
AadcA AadcAll triple mutant, suggesting that the three proteins
are redundant as zinc suppliers (see Fig. S4 in the supplemental
material).

We then added increasing concentrations of Zn>", from 0.5 to
100 uM, to the medium. We observed no difference in growth for
the wild-type strain (see Fig. S1 in the supplemental material), but
the growth of the Almb AadcA AadcAIl mutant strain was gradu-
ally restored by Zn®" addition, reaching a maximum restored
growth rate from a concentration of 10 wM (Fig. 6A). The addi-
tion of 10 or 100 uM Mn**, Cu®*, Ni**, Fe**, Mg**, or Co** had
no impact on growth (see Fig. S5 in the supplemental material),
suggesting that the detrimental effect observed in the triple mu-
tant is specifically due to zinc deprivation.

Lmb, AdcA, and AdcAII use the same AdcCB translocon.
Lmb, AdcA, and AdcAll belong to the metal binding receptor class
of proteins that classically associate with an AdcCB tanslocon,
consisting of a permease, called AdcB (SAK_0219), and an
ATPase, AdcC (SAK_0218), to form an ABC transporter. In all
sequenced S. agalactiae strains, genes encoding a putative AdcCB
translocon are present within an adcRCB operon which lacks a
substrate-binding protein-encoding gene (Fig. 1). We constructed
the mutant strain of the translocon AadcCB to test whether Lmb,
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FIG 3 Regulation of the Streptococcus agalactiae Imb, adcA, and adcAll genes is Zn dependent. (A) Imb-sht operon promoter activity was measured in
Zn-restricted CDM supplemented with various amounts of added metals (0 to 100 uM). A909 cells were grown until the mid-exponential phase of growth
(ODggg» 0.5), and B-galactosidase assays were performed as described in Materials and Methods. The reference value (100%) is the lmb-sht promoter activity of
cells grown in zinc-restricted CDM (0 pM Zn”* added; white bar), and activities were calculated based on this reference. The values shown are mean results +
standard deviations. The asterisks indicate P values obtained using unpaired Student’s ¢ test, comparing promoter activity of willd-type (WT) cells grown in
zinc-restricted CDM and cells grown in CDM with the various added Zn>" concentrations. **, P < 0.01; ***, P < 0.001. (B) Imb, adcA, and adcAII expression
levels were measured in zinc-restricted CDM containing 0 (white bars) or 10 .M added Zn** (black bars). qRT-PCR was performed on RNA extracts of S.
agalactiae A909 grown until the mid-exponential phase. The amount of transcripts of each gene was normalized against recA transcript levels. The reference value
(100%) is the level of Imb transcripts after growth in zinc-restricted CDM (0 uM added Zn>"). Gene expression is presented as the fold change. Results are
presented as the means = standard deviations of three independent experiments. The asterisks indicate P values obtained using an unpaired Student ¢ test to

compare gene expression of cells grown in zinc-restricted CDM versus cells grown with 10 uM added Zn**. *, P < 0.05; **, P < 0.01.

AdcA, and AdcAIl all use the AdcCB proteins to import zinc. The
AadcCB mutant was unable to grow in zinc-restricted CDM, but
its growth was gradually restored by the addition of Zn** (Fig.
6B). The growth of the Almb AadcA AadcAll triple mutant and
that of the AadcCB mutant were similar for all tested Zn>* con-
centrations. This was also the case for the mutant strain of the
entire putative transporter AadcCB Almb AadcA AadcAll (data
not shown). Altogether, these results strongly suggest that the
three binding proteins use the same translocon to transport zinc.

The absence of the Adc/Lmb zinc transporter affects cell
morphology. In bacteria, several proteins involved in cell divi-
sion, cell wall synthesis, and remodeling, including peptidoglycan
deacetylases and metalloproteases, use zinc as a cofactor (21, 44).
We examined whether the absence of the Lmb/AdcA/AdcAll zinc-
binding proteins or the AdcCB translocon affected cell morphol-
ogy and/or chain formation. We cultured S. agalactiae strains in
zinc-restricted CDM with 1 or 10 wM added zinc, examined them
by optical microscopy, and calculated the size of individual bacte-
ria and the number of cells per chain for each strain. We observed
no significant difference between the individual cell size for any
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strain (data not shown). However, under low zinc concentrations
(1 uM Zn**), the Almb AadcA AadcAIl and AadcCB mutant
strains formed aggregates (clumps) or were mostly in the form
of single cells, whereas the wild-type strain formed chains of
mostly 2 to 4 cells per chain (Fig. 7). In the presence of 10 uM
added zinc in the medium, the Almb AadcA AadcAIl and
AadcCB strains regained the capacity to form chains with a size
distribution comparable to that of the wild-type strain, indi-
cating that the observed abnormal cell morphology was due to
zinc deficiency (Fig. 7).

The Adc/Lmb zinc transporter does not promote bacterial
survival in murine macrophages. Phagocytic cells sequester iron
to improve the clearance of pathogens, including bacteria (45).
Other transition metals, specifically manganese and zinc, are also
actively sequestered by the host during infection in order to hinder
bacterial growth (46), and a Mn>"/Fe*" transporter has been
shown to play a role in GBS intracellular survival in macrophages
(47). We compared the survival of the S. agalactiae wild-type
strain and its isogenic Almb AadcA AadcAIl mutant strain in the
widely used murine macrophage cell line RAW 264.7. This phago-
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FIG 4 AdcR is required for Zn-dependent repression of the lmb, adcA, and
adcAlI genes. (A) WT A909 (white bars) or its isogenic AadcR mutant (black
bars) were grown either in zinc-restricted CDM or in medium supplemented
with 10 M Zn*" until reaching the mid-exponential phase (ODyq, 0.5).
{3-Galactosidase assays were performed as described in Materials and Meth-
ods. The reference value (100) is the Imb-sht promoter activity of WT cells
grown in zinc-restricted CDM, and the results are presented as the fold change
compared to this reference. The values shown are the means * standard devi-
ations of three independent assays. (B) WT A909 (white bars) or its isogenic
AadcR mutant (black bars) strains were grown in zinc-restricted CDM supple-
mented with 10 M Zn>" until reaching the mid-exponential phase (ODq,,
0.5). The amount of transcript of each gene was normalized against recA tran-
script levels. The reference value (1) is the level of Imb transcript of the wild-
type strain. Gene expression is presented as the fold change. Results are pre-
sented as means = standard deviations of three independent experiments. The
asterisks indicate P values obtained using an unpaired Student ¢ test to com-
pare promoter activity (A) or gene expression (B) of the WT strain and that of
its isogenic AadcR mutant. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

cytic cell line efficiently killed S. agalactiae with both strains, dis-
playing similar survival kinetics (Fig. 8). This result indicates that
the Adc/Lmb zinc transporter has no significant role in bacterial
survival in macrophages.

The Adc/Lmb zinc transporter supports growth and survival
of Streptococcus agalactiae in two human biological fluids. Dur-
ing infection, S. agalactiae has to cross or colonize several human
anatomic sites that have variable zinc concentrations: approxi-
mately 1.5 uM in the amniotic fluid, more than 14 uM in plasma,
and 2.3 wM in CSF (21, 48, 49). We thus examined the effect of the
Adc/Lmb transporter on the ability of the bacteria to develop and
survive in these human biological fluids. We performed a compe-
tition assay between the Almb AadcA AadcAIl or AadcCB mutant
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strains and their wild-type parent by inoculating human biologi-
cal fluids (amniotic fluid, plasma, or CSF) with equal amounts and
monitoring the proportion of each strain. Both mutant strains
were clearly outcompeted by the wild-type strain in CSF and am-
niotic fluid. Indeed, the decrease of the mutant strains began dur-
ing the growth phase and was accentuated during the persistence
stage, until they constituted less than 10% of the global S. agalac-
tiae population after 48 h (Fig. 9). In contrast, the wild-type/mu-
tant strain ratio remained relatively unchanged after growth in
plasma, suggesting that the Adc/Lmb zinc transporter is dispens-
able in this biological fluid (Fig. 9).

The Imb gene appears to be specific to human isolates. We thus
performed a competition assay between the wild-type and simple
Almb mutant strain in human cerebrospinal and amniotic fluids.
There was no significant difference in their growth (see Fig. S6 in
the supplemental material), indicating that the Lmb and AdcA/
AdcAII proteins were also redundant in these human biological
fluids.

DISCUSSION

In this study, we identified the Lmb/AdcA/AdcAIl lipoproteins
and the AdcCB translocon as components of a zinc transporter in
Streptococcus agalactiae. We showed that expression of the Imb,
adcA, and adcAll genes is controlled by the zinc concentration of
the medium through the zinc-dependent regulator AdcR. Bacteria
were unable to grow in zinc-restricted chemically defined medium
in the absence of the Adc/Lmb transporter. To our knowledge, this
is the first time that this metal has been shown to be essential for
optimal growth of S. agalactiae. Zinc is a cofactor for a number of
prokaryotic enzymes. In bacteria, there are several important en-
zymes that are zinc-containing proteins, including alcohol dehy-
drogenase, peptidoglycan deacetylase, metalloprotease, and ribo-
somal proteins (21, 44). Homologs of these proteins are present in
S. agalactiae and are also likely to require zinc for their proper
activity. Thus, a severe zinc restriction could impair the structure
and function of essential proteins, explaining the growth delay
observed for the Adc/Lmb zinc transporter mutant strains and the
abnormal cell division. Indeed, the Almb AadcA AadcAll and
AadcCB mutant strains only formed aggregates or very short
chains under zinc-restricted conditions. The origin of this defect is
still unknown and may be related to mismetallation or undermet-
allation of a key enzyme(s) involved in cell division. For example,
the 1,D-carboxypeptidase DacB of Streptococcus pneumoniae,
which is essential for peptidoglycan turnover and crucial to pre-
serve cell shape, contains a mononuclear Zn** catalytic center
(50). A homolog of this enzyme is present in S. agalactiae, and an
alteration of its activity may explain part of the division phenotype
and of the observed growth deficiency.

Bacteria without the Adc/Lmb transporter grew similarly to
the wild-type strain when 10 wM zinc was added to the medium,
suggesting the presence of one or several secondary zinc trans-
porters with lower affinity. A good candidate may be the MtsA
manganese transporter, whose encoding gene is present in the S.
agalactiae genome and which has been shown to bind zinc with
low affinity in S. pneumoniae (51, 52).

We showed that the growth and survival of the Almb AadcA
AadcAll and AadcCB mutant strains in human cerebrospinal and
amniotic fluids were clearly impaired. These biological fluids rep-
resent potential infection sites. In contrast, we observed no signif-
icant role of the zinc transporter in human plasma. The variable
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FIG 5 Both putative AdcR boxes within the Imb-sht operon promoter are required for full Zn-dependent promoter repression Transcriptional lacZ fusions with
the Imb-sht promoter region carrying point mutations that destroyed an inverted repeat of the first putative AdcR-box (box,*), or point mutations that destroyed
an inverted repeat of the second putative AdcR-box (box,*), or combined mutations (box,_,*), were constructed. lacZ fusions containing the native Imb-sht
promoter region and its derivatives were introduced into the WT strain. The native Imb-sht promoter region was also introduced in a AadcR mutant strain.
-Galactosidase assays were performed as described in Materials and Methods. The relative activity of the promoters was measured in zinc-restricted CDM
containing 0 (white bars) or 10 uM added Zn** (black bars). The reference value (100) is the Imb-sht promoter activity of WT cells grown in zinc-restricted CDM,
and the results are presented as the fold change against this reference. The values shown are the means * standard deviations of three independent assays. The
positions are numbered with respect to the start codon, and the transcription initiation site (with small right arrow) is labeled +1. Less relevant nucleotides are
replaced with an N. Nucleotides in bold represent the two putative AdcR-binding sites, and underlined nucleotides indicate the introduced point mutations. The
asterisks indicate P values obtained using an unpaired Student ¢ test to compared promoter activity of the WT strain grown in zinc-restricted CDM and the other

tested strains and conditions. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

importance of the Adc/Lmb transporter, depending on the human
biological fluid, could be easily correlated with the zinc content.
Indeed, the zinc concentration in plasma varies between 12 and 16
M, which is much higher than that usually observed in amniotic
and cerebrospinal fluids (approximately 1.5 and 2.3 wM, respec-
tively). Thus, the Adc/Lmb zinc transporter may be dispensable in
plasma because zinc concentrations are high enough to allow im-
port by secondary transporters. Moreover, recent studies pointed
out that vertebrates can sequester zinc upon bacterial infection, in
particular by the action of the human calprotectin released from
neutrophils (46). This strategy has been shown to efficiently in-
hibit microbial growth inside abscessed tissues and contributes to
host defense by rendering bacterial pathogens more sensitive to
host immune effectors (53, 54). Thus, in vivo, available zinc con-
centrations in a defined host compartment could vary during in-
fection. Under these conditions, the presence of a high-affinity
zinc uptake system such as the Adc/Lmb transporter of S. agalac-

tiae could be essential for the bacteria, and this opens interesting
perspectives for future studies.

Our results support the concept that the Adc/Lmb zinc trans-
porter is composed of three binding proteins, Lmb, AdcA, and
AdcAT]J, that all use the same AdcCB translocon. This multiplicity
of substrate-binding proteins is common among ABC transport-
ers. In the three pathogenic streptococci, S. pneumoniae, S. pyo-
genes, and S. gordonii, the Adc system is composed of one AdcCB
translocon and two zinc-binding proteins, the genes of which are
found either within an adcRCBA operon or independently of the
adc cluster (21). In S. pneumoniae, either AdcA or AdcAll is suf-
ficient for zinc acquisition during growth in vitro and for systemic
virulence in vivo, but both are necessary for optimal nasopharynx
colonization (40). A recent study, again in S. pneumoniae, showed
that the absence of AdcAIl but not AdcA negatively affected early
colonization of the nasopharynx (55). These results suggest that
during infection, S. pneumoniae encounters environments with

TABLE 3 Identification of potential AdcR regulon members based on in silico Streptococcus agalactiae A909 genome scanning

Position(s)” Gene ID and/or name Function(s) Pattern sequenceb

—126 sak_0087; adh Alcohol dehydrogenase TTAAAGATTAACCAGTTAAGAATA

—28 sak_0217; adcR Repressor, zinc metabolism TATAATTTACTGGTTAACAAAA

—96 sak_0252 Binding protein, peptide/nickel ABC transporter TCTAATTAACCAGTTAAGTAAT

—28and —39 sak_0685; adcA Binding protein, zinc ABC transporter AAATATTAACCGGTAAATAACGGGTTAAATAAA
—50 sak_0693 Similar to surface proteins (LPXTG motif) AAAACTTAACCGGTTAATTATT

—42 sak_1023 Similar to histidine triad protein, putative internalin TATAATTAACTAGTTAACTAAA

—32and —43 sak_1319; Imb Binding protein, zinc ABC transporter TAAAATTAACTGGTTAATAACTGGTTAAATTAT
—52 sak_1468 Similar to flavoprotein, involved in K™ transport TATTGTTAACTGGTTAAGTATT

-39 sak_1469 Similar to ammonium transporter AATACTTAACCAGTTAACAATA

—340 sak_1542 Binding protein, peptide/nickel ABC transporter TATACTTAACTGGTTAAGTATA

—38 sak_1898; adcAll Binding protein, zinc ABC transporter AAATGTTAACTGGTTAAGTATT

“ Nucleotide numbering is from the start codon of the gene to the end of the putative AdcR binding site.

¥ Nucleotides in bold indicate the putative AdcR binding site.
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FIG 6 The Lmb, AdcA, and AdcAll proteins are involved in zinc acquisition in
association with the AdcCB translocon. A909 WT (gray) and Almb AadcA
AadcAIl mutant (black) strains (A) or WT (gray) and AadcCB (black) mutant
strains (B) were grown in zinc-restricted CDM with various amounts of added
Zn** (from 0 to 10 wuM). The growth was monitored by assessing the ODy, at
1-h intervals during 18 h. Data are representative mean OD,,, measurements
from three independent experiments.

various zinc concentrations and that, in specific niches and con-
ditions, the bacteria benefit from having two distinct zinc-binding
proteins. The particularity of the S. agalactiae Adc/Lmb trans-
porter is the presence of an additional binding protein, Lmb,
which is almost specific to human isolates. In S. agalactiae, Lmb,

~
o

Survival rate (%)
x

100
- m i
0 6 24

Time (Hours)

FIG 8 Intracellular survival of Streptococcus agalactiae in RAW 264.7 macro-
phages. RAW 264.7 cells were infected with A909 WT (black bars) or Almb
AadcA AadcAll (white bars) strains at an MOI of 10, and phagocytosis was
allowed to proceed for 1 h. Antibiotics were then added, and the cells were
incubated for a period of 2 h to kill the extracellular bacteria. This initial
antibiotic treatment, which represents time zero of the experiment, was ex-
tended for different times up to 24 h, and the cells were lysed to quantify the
intracellular survival rates of the bacteria. Results are presented as the means +
standard deviations of three independent experiments performed in triplicate
for each strain.

AdcA, and AdcAIl are redundant for zinc acquisition in chemi-
cally defined medium, which is consistent with what was observed
in S. pneumoniae (40). In human biological fluids, bacterial
growth was not affected by the loss of the Lmb protein alone,
whereas the Almb AadcA AadcAll mutant strain was clearly out-
competed by the wild-type strain in cerebrospinal and amniotic
fluids. Thus, the three S. agalactiae zinc-binding proteins were
redundant under the conditions we tested. However, we cannot
exclude that, in specific environments or when in competition
with other bacteria, Lmb, AdcA, and AdcAll could be comple-
mentary, and possessing three copies of these zinc-binding pro-
teins could give an advantage to S. agalactiae. In vivo experiments
would be useful to answer these questions.
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FIG 7 The Adc/Lmb zinc transporter affects cell morphology. Bacterial chain length of the A909 wild-type, Almb AadcA AadcAIl, and AadcCB mutant strains
was observed after growth in zinc-restricted CDM with 1 pM (top) or 10 uM (bottom) added zinc. Visualization of chain length was performed at a
magnification of X1,000. Cells were collected during the mid-exponential phase. Images were captured from three separate experiments, and at least 100 chains
were counted from each set, for a total of 300 or more chains counted for each strain. Chain length values were distributed between arbitrarily set numerical
categories and calculated as percentages of all counted chains. Results are presented as the means = standard deviations for three independent counts. The
asterisks indicate P values obtained using an unpaired Student ¢ test to compare chain-length counts of the WT strain and the Almb AadcA AadcAIl and AadcCB

mutant strains. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 9 The Adc/Lmb zinc transporter is beneficial for Streptococcus agalactiae
survival in two human biological fluids. A909 WT and Almb AadcA AadcAIl
mutant strains (A) or WT and AadcCB mutant strains (B) were inoculated in
equivalent numbers into human cerebrospinal fluid (diamonds and black
bars), amniotic fluid (squares and dark gray bars), or plasma (triangles and
light gray bars). Cocultures were incubated at 37°C for 48 h without agitation,
the CFU were counted, and the growth curves were traced. The proportion of
each strain was monitored by plating diluted cultures on TH agar containing
erythromycin (10 pg/ml) and X-Gal (60 pg/ml) (see Materials and Methods).
Results are presented as the means = standard deviations for three indepen-
dent cocultures. The asterisks indicate P values obtained using an unpaired
Student ¢ test to compare the proportion of the strain at TO and its proportion
at the indicated times. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Another explanation for the multiplicity of these proteins may
be that they have a secondary function beyond their involvement
in zinc transport. Indeed, Lmb is a laminin-binding adhesin (10,
18). We expected to observe a difference between the binding of
wild-type and Almb AadcA AadcAIl mutant strains to laminin
because of the strong homology between Lmb and AdcAIl (73%
similarity) and because we determined conditions (zinc-restricted
CDM) in which these proteins were optimally expressed. We per-
formed binding assays with immobilized human laminin, fibrin-
ogen, or collagen and did not observe any significant difference
between the wild-type strain, Almb, or Almb AadcA AadcAIl mu-
tant strains after bacterial growth in zinc-restricted CDM or TH
broth (data not shown). There was also no effect on bacterial
adhesion to A549 human alveolar basal epithelial cells (data not
shown). These results do not agree with previous observations
(10, 18). An explanation may be that we did not use the same S.
agalactiae genetic background that was used in previous studies
and that, despite strong conservation of the Lmb sequence, the
ability to bind laminin may be strain dependent. It may be infor-
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mative to test purified recombinant Lmb, AdcA, and AdcAll pro-
teins for their binding ability, as previously done for the Lmb
protein of S. agalactiae or Lbp of S. pyogenes (15, 18, 56). However,
a recent study on Lmb homologs of S. pneumoniae also failed to
show any binding to laminin (55).

Both the S. agalactiae Imb and adcAIl genes are encoded within
an operon containing the sht and shtII genes. These genes encode
polyhistidine triad proteins, and S. agalactiae Sht has been shown
to promote complement degradation by binding to factor H (12).
In S. pneumoniae, the Shthomologs, called phtproteins, aid in zinc
delivery to the ABC transporter substrate-binding protein AdcAIl
(40, 41) and play a role in pneumococcal adhesion to the respira-
tory epithelium (57). The involvement of S. agalactiae Sht proteins
in zinc transport, their interaction with the Adc¢/Lmb system com-
ponents, and their putative redundancy are now under study and
should provide new insights to better understand mechanisms of
zinc acquisition in S. agalactiae.
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