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ABSTRACT Streptococcus agalactiae is not only part of the human intestinal and
urogenital microbiota but is also a leading cause of septicemia and meningitis in ne-
onates. Its ability to cause disease depends upon the acquisition of nutrients from
its environment, including the transition metal ion zinc. The primary zinc acquisition
system of the pathogen is the Adc/Lmb ABC permease, which is essential for viabil-
ity in zinc-restricted environments. Here, we show that in addition to the AdcCB
transporter and the three zinc-binding proteins, Lmb, AdcA, and AdcAll, S. agalactiae
zinc homeostasis also involves two streptococcal histidine triad (Sht) proteins. Sht
and Shtll are required for zinc uptake via the Lmb and AdcAll proteins with appar-
ent overlapping functionality and specificity. Both Sht-family proteins possess five-
histidine triad motifs with similar hierarchies of importance for Zn homeostasis. Inde-
pendent of its contribution to zinc homeostasis, Sht has previously been reported to
bind factor H leading to predictions of a contribution to complement evasion. Here,
we investigated Shtll to ascertain whether it had similar properties. Analysis of re-
combinant Sht and Shtll reveals that both proteins have similar affinities for factor H
binding. However, neither protein aided in resistance to complement in human
blood. These findings challenge prior inferences regarding the in vivo role of the Sht
proteins in resisting complement-mediated clearance.

IMPORTANCE This study examined the role of the two streptococcal histidine triad
(Sht) proteins of Streptococcus agalactiae in zinc homeostasis and complement resis-
tance. We showed that Sht and Shtll facilitate zinc homeostasis in conjunction with
the metal-binding proteins Lmb and AdcAll. Here, we show that the Sht-family pro-
teins are functionally redundant with overlapping roles in zinc uptake. Further, this
work reveals that although the Sht-family proteins bind to factor H in vitro this did
not influence survival in human blood.
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irst-row transition metals, such as manganese, iron, and zinc, are essential for the

viability of all organisms. Metal ions contribute to essential cellular processes,
serving as structural and/or catalytic cofactors in many key proteins (1). During infec-
tion, pathogenic bacteria acquire essential metal ions from the host environment. The
essentiality of metal ion acquisition by invading pathogens is exploited in the host via
metal sequestration mechanisms. These antimicrobial mechanisms, collectively referred
to as nutritional immunity, have been extensively studied in the context of iron (2).
Nevertheless, recent studies have revealed that the host also alters the abundance of
other essential metal ions, including manganese and zinc (3). To subvert host restriction
of zinc bioavailability, pathogenic bacteria use highly efficient zinc uptake pathways to
acquire this metal. The most prevalent zinc import pathways in prokaryotes are the ATP
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FIG 1 S. agalactiae zinc acquisition. (A) Schematic of the Adc/Lmb system. The Adc permease comprises the ABC transporter
AdcCB, three zinc-binding SBPs (Lmb, AdcA, and AdcAll), and the Sht and Shtll proteins. Cp, capsule; Cw, cell wall; Mb,
membrane; Ct, cytoplasm. (B) Growth phenotypes of wild-type S. agalactiae A909 (WT) and AadcA, AadcA Asht Ashtll, Almb
AadcAll Asht Ashtll, AadcA Almb AadcAll and AadcA Almb AadcAll Asht Ashtll mutant derivatives in zinc-restricted CDM. Growth
was monitored by ODg,, measurements every 60 min for 12 h. The data are presented as mean ODg,, measurements = the
standard deviations from three independent experiments.

binding cassette (ABC) transporters (4). It therefore follows that these metal ion
acquisition mechanisms are crucial virulence factors of pathogenic bacteria.

Streptococcus agalactiae (group B streptococcus [GBS]) is not only a human com-
mensal of the digestive and genital tracts but also an opportunistic pathogen that
causes invasive infections, including septicemia, pneumonia, and meningitis in human
neonates (5, 6). Zinc acquisition is essential to these processes since our prior studies
have established that zinc is required for fundamental processes, including S. agalactiae
growth and morphology (7). In S. agalactiae, zinc acquisition involves the AdcCB
transporter, which is comprised of the integral membrane protein, AdcB, and the
nucleotide binding domain, AdcC. The transporter functions in concert with three
membrane tethered solute-binding protein (SBPs) that have specificity for zinc (Fig. 1A).
These SBPs are AdcA, which has an unusual two-domain structure (8), and the canonical
cluster A-l proteins AdcAll and Lmb (7, 9). The presence of multiple zinc-specific SBPs
is an unusual feature largely unique to the streptococci, since most prokaryotes employ
only a single protein. This appears to have arisen due to the ancient acquisition of a
genetic element containing Lmb (or AdcAll) and a histidine triad (HT) protein in the
streptococcal genus (10). Subsequent gene duplication events have led to the emer-
gence of multiple copies of the histidine triad proteins and Lmb/AdcAll-type SBPs. To
date, 25 streptococcal species encode histidine triad proteins, with gene copy numbers
between one and four, and at least one Lmb/AdcAll-type SBP. The most extensively
characterized examples are the pneumococcal histidine triad (Pht) proteins from Strep-
tococcus pneumoniae, which encodes four copies (PhtA, PhtB, PhtD, and PhtE) and one
AdcAll protein. Here, the Pht proteins are shown to be cell wall-associated proteins that
contribute to zinc acquisition via AdcAll, albeit with overlapping functionality (8, 11, 12).
PhtD is the most highly conserved Pht family protein across pneumococcal strains and
contains five HT motifs, with each motif predicted to bind zinc (13-15). Recent studies
have shown that the HT1 motif, which is closest to the cell membrane, is the most
important for the contribution of PhtD to zinc acquisition (15). The mechanistic basis for
how the Pht proteins contribute to pneumococcal zinc acquisition remains contentious,
but the current consensus model proposes that Pht proteins bind the extracellular zinc
via their HT motifs, with the zinc then transferred to the AdcAll-type SBP for cytoplasmic
import via the AdcCB translocon (16). Whether the SBP recruits the metal ion from the
Pht proteins directly or indirectly remains to be established. Irrespective of how zinc is
acquired, the role of the Pht proteins in supporting AdcAll zinc import during in vitro
growth and pneumococcal infection has been demonstrated (8, 11, 15).
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To date, no histidine triad proteins have been characterized in S. agalactiae, al-
though two candidate genes were identified in our previous work (7). These strepto-
coccal histidine triad proteins, Sht and Shtll, share 52 and 49% identity with PhtD of S.
pneumoniae (in 375 and 387 overlapping residues, respectively). The sht gene is
contained within an operon that contains the Imb gene. This operon is present on a
mobile genetic element that is found in almost all human S. agalactiae isolates (96.8%)
but in only 26.7% of the animal isolates (7, 17). In contrast, Shtll is encoded in an operon
with adcAll, which is present in all sequenced S. agalactiae strains. Although their
contribution, if any, to zinc homeostasis remains to be determined, Sht has previously
been implicated in aiding resistance of S. agalactiae to the innate immune system by
facilitating factor H deposition, a regulator promoting inactivation of C3b (18). Despite
the similarity between Sht and Shtll (47% protein identity in 403 overlapping residues),
the role of Shtll in factor H binding remains to be determined.

Here, we examined the role of Sht and Shtll in S. agalactiae zinc acquisition via the
Adc/Lmb components of the Adc permease. Our results reveal that Sht and Shtll both
contribute to zinc uptake with the two proteins showing overlapping functionality and
specificity. We further show that Sht and Shtll are able to bind factor H in vitro, but this
functionality is not protective for survival in human blood. Collectively, these findings
provide further knowledge regarding the roles of streptococcal histidine triad proteins
in zinc acquisition and highlights that the capacity to bind factor H may not provide
physiologically significant protection from complement-mediated clearance.

RESULTS

Sht and Shtll contribute to Lmb- and AdcAll-mediated zinc homeostasis. We
hypothesized that the Sht and Shtll proteins contribute to S. agalactiae zinc homeo-
stasis. To address this, we generated isogenic S. agalactiae deletion mutants of sht, shtll,
or both sht and shtll, in isolation and in combination with the deletion of the zinc-
recruiting SBPs adcA, Imb, and adcAll. The phenotypic impact of these deletions was
assessed by growth assays in a zinc-restricted chemically defined medium (CDM) in
which a functional Adc permease was shown to be essential for bacterial viability (7).
Under these conditions, the three SBPs can be considered to be redundant suppliers of
zing, with the deletion of adcA, Imb, and adcAll recquired to abolish growth (7). We
observed that, in zinc-restricted CDM, the loss of one or both of the sht and shtll genes
had no phenotypic impact (see Fig. ST in the supplemental material). Similarly, the
AdcA-only strain (S. agalactiae Almb AadcAll Asht Ashtll), showed wild-type growth,
indicating that the two-domain SBP was necessary and sufficient for survival in zinc
restricted media (Fig. 1B). However, growth was strongly impaired in the AadcA Asht
Ashtll strain while the AadcA strain grew normally. These results suggest that the Sht
and Shtll proteins were necessary for zinc acquisition via the Lmb and/or AdcAll
proteins in the absence of AdcA. This growth deficiency was similar to that observed for
the AadcA Almb AadcAll mutant strain, which lacked all three SBPs or in the AadcA Almb
AadcAll Asht Ashtll mutant strain, which lacked all the cell surface components of the
zinc acquisition machinery (Fig. 1B).

These results are consistent with prior studies from S. pneumoniae, which revealed
distinct zinc acquisition mechanisms for pneumococcal AdcA and AdcAll (8, 16): one
wherein AdcA facilitates zinc acquisition independent of accessory protein partners and
a second in which AdcAll/Lmb are dependent upon one or both of the Sht-family
proteins to facilitate zinc recruitment.

To complement the growth analyses, whole-cell metal ion accumulation was ana-
lyzed for wild-type S. agalactiae and the derived mutant strains. Here, we observed that
zinc accumulation in the AdcA-only mutant strain (AImb AadcAll Asht Ashtll) was
significantly reduced by comparison with the wild-type and the AadcA mutant strain
(Fig. 2). This indicated that despite the lack of a growth phenotype, AdcA alone did not
facilitate accumulation of the zinc to the same extent as wild-type bacteria or strains
containing the Sht/Shtll and Lmb/AdcAll family of proteins. Further, as zinc accumula-
tion was not significantly different between the AdcA-only mutant strain (AImb Asht
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FIG 2 Zn2?* content of S. agalactiae grown in zinc-restricted conditions Whole-cell Zn2* accumulation of
WT and mutant strains determined by ICP-MS. The data represent the means = the standard deviations
from four biological replicates. The statistical significance of the differences in zinc concentrations
compared to WT was determined by an unpaired Student t test (ns, not significant; *, P < 0.05).

AadcAll Ashtll) and the strain containing AdcA and both Sht proteins (AImb AadcAll),
these data are consistent with the Sht proteins not contributing to AdcA-mediated zinc
homeostasis (Fig. 2). The impacts of these mutations were restricted to zinc, since
analysis of other first-row transition metal ions, i.e., manganese, cobalt, nickel and
copper, did not show significant altered metal ions abundances (Table S1).

Sht and Shtll both contribute to zinc homeostasis. Building on the above
findings, we sought to assess the relative contributions of the Sht and Shtll proteins to
zinc acquisition. This was addressed in the AadcA genetic background to remove the
contribution of AdcA, which does not interact with the Sht proteins. We first examined
the impact of deleting a single Sht-family gene. Phenotypic growth analyses comparing
S. agalactiae AadcA Asht and AadcA Ashtll mutant strains showed no significant
difference in growth rates (Fig. 3A). This indicates that either sht gene is sufficient for
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FIG 3 Efficiency of the Sht-family proteins in zinc acquisition. (A) Growth of S. agalactiae A909 mutant strains in
zinc-restricted CDM. The data are representative mean OD,,, measurements * the standard deviations from three
independent experiments. (B) Transcriptional profiling of sht (black bars) and shtll (gray bars) in S. agalactiae A909 strains
during growth in zinc-restricted CDM to mid-exponential phase (OD,, = 0.5 phase). Transcription of each gene was
normalized to recA. The results are presented as means = the standard deviations from three independent experiments.
The asterisks indicate P values obtained using an unpaired Student t test to compare the level of expression of sht or

shtll in the WT strain as a reference for each strain (nd, not detected; * P < 0.05; ** P < 0.01).
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FIG 4 Structural modeling of Lmb and AdcAll. (A) Representation of the crystal structure of Lmb (3HJT;
cyan) and the homology model of AdcAll (green). The bound Zn?* is shown as a gray sphere. The surface
electrostatic potentials of AdcAll (B) and Lmb (C) are shown in the same orientation as in panel A (right
panel). Positive and negative potentials are shown in blue and red, respectively, colored continuously
between —5 and 5 kT/e. The surface electrostatic potential was calculated using APBS (41).

growth with Lmb or AdcAll. Deletion of both sht genes abrogated bacterial growth,
indicating that Lmb and AdcAll are unable to acquire sufficient zinc in the absence of
these cell wall proteins (Fig. 3A). To complement this analysis, we examined the
transcriptional responses in the S. agalactiae AadcA Asht and AadcA Ashtll mutant
strains. Here, we observed that in the mutant strains, the remaining Sht-family gene
was significantly upregulated by ~3-fold (Fig. 3B). These findings indicate that a single
Sht-family gene is sufficient for viability and growth. Nevertheless, the increased
upregulation of the remaining Sht-family gene may show that an intracellular zinc
deprivation is experienced by the mutant strains.

To confirm that the abrogated growth phenotype of the S. agalactiae AadcA Asht
Ashtll strain was due to zinc starvation, we supplemented the growth medium with
increasing concentrations of metal ions. Here, we observed the recovery of growth with
zinc but not with other metal ions (Fig. S2A and B). We then exploited the compromised
zinc homeostasis of the AadcA Asht Ashtll strain to examine the relative efficiency of the
Sht-family proteins to this process. This was addressed by ectopic expression of sht or
shtll under the control of the constitutive promoter P, (19). Transcriptional analyses of
the Sht-family genes from pTCV-Pr..::sht or pTCVP::shtll in S. agalactiae AadcA Asht
Ashtll showed similar levels of expression (Fig. 3B). Phenotypic growth analyses of
mutant strains containing the ectopic expression constructs in CDM showed growth
comparable to the mutant AadcA strain (Fig. S3). This was in contrast to the parental
strain, S. agalactiae AadcA Asht Ashtll, that was compromised for growth in this
medium. Taken together, these findings indicate that a single Sht-family protein is
necessary and sufficient to facilitate growth in zinc-limited media in the absence of
AdcA. However, these findings also indicate that S. agalactiae experiences a greater
level of intracellular zinc stress when only a single Sht-family protein is present,
suggesting that two copies are optimally required.

Sht and Shtll have functionally redundant interactions with Lmb and AdcAll. A
homology model of S. agalactiae AdcAll was generated based on the structure of S.
pneumoniae AdcAll (Fig. 4). This allowed comparison of S. agalactiae Lmb (PDB 3HJT)
and AdcAll, and the identification of any features that could suggest a preferential
interaction with their respective Sht-family protein (i.e.,, Lmb-Sht versus AdcAll-Shtll).
Structural comparisons of AdcAll with Lmb indicated that the two proteins had similar
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FIG 5 Sht-family proteins aid in S. agalactiae zinc acquisition via either Lmb and/or AdcAll. (A) Growth of the Lmb-only strain (S. agalactiae AadcA
AadcAll Asht Ashtll) complemented with the pTCV-P,,, vector containing either sht or shtll. The strain AadcA AadcAll Asht Ashtll containing the
empty vector (®) was used as a negative control. (B) Growth of the AdcAll-only strain (S. agalactiae AadcA Almb Asht Ashtll) mutant (only AdcAll
remains as the substrate binding protein) complemented with the pTCV-P,,, vector containing either sht or shtll. The AadcA Almb Asht Ashtll
strain containing the empty vector (&) was used as a negative control. Growth was monitored by OD,,, measurements every 60 min for 12 h. The

data are representative mean ODg,, measurements from three independent experiments.

overall folds (Ca root mean square deviation, 0.6 A) with metal-binding sites buried ca.
10 to 15 A beneath the molecular surface of the protein and occluded from solvent in
the metal-bound state. Surface charge calculations revealed a negatively charged
region at the interdomain cleft proximal to the metal-binding site in both Lmb and the
model of AdcAll (Fig. 4). Collectively, these analyses did not reveal any apparent
structural distinctions between Lmb and AdcAll that would otherwise suggest a
structural basis for a preferential interaction with either Sht-family protein. To probe the
veracity of our insights, we constructed different combinations of S. agalactiae deletion
strains that expressed either Imb (AadcA AadcAll Asht Ashtll) or adcAll (AadcA Almb Asht
Ashtll) as the only cell surface component of the zinc homeostasis machinery. These
mutant strains were incapable of growth in zinc-restricted CDM (Fig. 5). We then
introduced the ectopic expression constructs for Sht (pTCV-P.:sht) or Shtll (pTCVP:
shtll) into the mutant strains. Irrespective of the combination of Sht-family protein with
Lmb or AdcAll, growth was restored in zinc-restricted CDM (Fig. 5). Taken together,
these data show that there is no significant preference of SBP for Sht-family proteins,
indicating that, in vitro, there is functional redundancy in this aspect of S. agalactiae zinc
homeostatic machinery.

Role of the five-histidine triad motifs of Sht and Shtll proteins in zinc acqui-
sition. Primary sequence comparisons of Sht-family proteins and PhtD revealed that
the S. agalactiae proteins also contain five HT motifs (Fig. 6). The N-terminal portion of
the proteins (residues 1 to 380) containing the three first HT motifs is the most
conserved. Here, we sought to examine the respective contributions of the HT motifs
to zinc acquisition. To address this, the three His residues (HXXHXH) of each HT motif
in Sht and Shtll were replaced by three Phe residues. These mutations were shown to
abrogate the zinc binding capacity of the HT motifs in S. pneumoniae PhtD while
preserving steric bulk to ensure conformational fidelity (15). The sht and shtll HT mutant
alleles (designated of shtAHT* or shtllAHT*, where “*” represents the HT motif desig-
nated in Fig. 6) were introduced into the AadcA Asht Ashtll strain via the pTCV-P,
vector. Phenotypic growth assays were then performed in zinc-limited CDM and
compared to the AadcA Asht Ashtll strain complemented with the respective parental
allele (Fig. 6). In zinc-limited CDM, growth was completely abolished for the AHT1 and
AHT2 Sht and Shtll strains. In contrast, growth was compromised for the AHT3 and
AHTS5 Sht and Sht strains, albeit to a lesser extent (Fig. 7). The AHT4 Sht and Shtll strains
were the least affected, with growth of the shtl/AHT4 strain indistinguishable from that
of the parental strain (Fig. 7). Interestingly, both Sht and Shtll had identical patterns of
behavior, despite significant sequence divergence with respect to HT4 and HT5.
Supplementation of the CDM with 1 uM zinc restored growth of all but the AHT1
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FIG 6 Comparison of amino acid sequences of the Sht and Shtll proteins of S. agalactiae and the PhtD protein of S. pneumoniae. The signal sequences are
highlighted in gray, and the identified histidine triad motifs (HT) are indicated by black boxes. The protein sequences were aligned using BioEdit software.

mutant strains. Further supplementation (10 wM zinc) restored growth of all strains (Fig.
7). Collectively, these data suggest a hierarchy of the importance with respect to the Sht
and Shtll HT motifs that follows the order of HT1 > HT2 > HT3 > HT5 > HTA4.

Sht and Shtll bind factor H in vitro. Sht was first described as a factor H binding
protein and a negative regulator of the alternative pathway of complement (18). Since
Sht and Shtll share 43% of protein identity, we investigated whether the Shtll protein
had the same ability to bind factor H. The factor H binding assay examined recombi-
nant S. agalactiae A909 Sht, Shtll, and CcpA and S. pneumoniae PspC. CcpA is a
cytoplasmic transcriptional regulator (i.e., negative control), whereas PspC is a pneu-
mococcal surface protein that has been shown to interact strongly with factor H (i.e.,
positive control) (20).
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FIG 7 Contribution of the Sht and Shtll HT sites to zinc acquisition. Growth of the S. agalactiae AadcA Asht Ashtll mutant with the pTCV-P,,, vector containing
either wild-type sht or a mutant derivative, in which a single HT motif was mutated (A), or wild-type shtll or a mutant derivative, in which a single HT motif
was mutated (B). The empty vector () was used as a negative control. Bacteria were grown in zinc-restricted CDM, 1 uM Zn2*, or 10 uM Zn2"*, as shown. Growth
was monitored based on ODg,, measurements every 60 min for 18 h. The data are representative mean OD,,, measurements from three independent
experiments.

Enzyme-linked immunosorbent assay (ELISA) analyses of inactivated serum contain-
ing factor H showed that both Sht and Shtll bound factor H and to a similar extent (Fig.
8). Notably, Sht-family protein binding of factor H was significantly more than that
observed for CcpA but weaker than PspC (Fig. 8). These data suggest that the Sht-family
proteins may also serve a protective role for evading complement-mediated killing
during in vivo infection.

Sht and Shtll do not provide resistance against complement in human blood.
It has been proposed that the capacity of Sht to recruit factor H decreases C3b
deposition on the surface of S. agalactiae, thereby contributing to evasion of bacterial
lysis mediated by the membrane attack complex (18). However, direct experimental
evidence remains lacking, and thus the relevance of the in vivo binding capacities of the
Sht-family proteins for factor H is unclear. We examined the survival of S. agalactiae
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FIG 8 Factor H binding by the Sht-family proteins. Factor H binding to the streptococcal proteins CcpA, Sht,
Shtll, and PspC was determined by ELISA. The data are representative mean OD,;, measurements * the
standard deviations from three independent experiments. The asterisks indicate P values obtained using an
unpaired Student t test to compare factor H binding by the Sht or Shtll proteins with the CcpA (negative
control). * P < 0.05; ** P<0.01.
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FIG 9 Expression and contribution of the Sht-family proteins in complement resistance. (A) Bacterial survival, determined as the percent
CFU per milliliter relative to input of WT (white) and Asht Ashtll (black) mutant strains after 3 h of incubation in whole blood or
heat-inactivated blood. The results represent means = the standard deviations of three independent experiments. (B and C) Transcription
of sht (B) and shtll (C) after 90 min of incubation in zinc-restricted CDM (black), CDM supplemented with 10 uM Zn2* (white), or
heat-inactivated serum (gray). Transcripts of each gene were normalized to recA with a reference value of 100 for sht and shtll transcripts
after bacterial growth in zinc-restricted CDM. The results are means * the standard deviations from three independent experiments. The
statistical significance of the differences was determined by a two-tailed unpaired Student t test comparing gene expression levels to the

zinc-restricted CDM control (* P < 0.05; ** P < 0.01; *** P < 0.005).

A909 and the Asht Ashtll mutant strain in whole human blood and heat-inactivated
blood. In whole blood, wild-type bacteria were nearly completely eliminated (~20%
survival) after 3 h. In contrast, survival of the wild-type strain was unimpeded in
heat-inactivated blood, highlighting the contribution of complement-mediated killing
(Fig. 9A). Further, loss of the Sht-family proteins did not affect the relative survival of the
bacteria in whole blood (Fig. 9A). The same experiment was performed in human serum
and provided the same results (Fig. S4). Taken together, these data indicate that the Sht
proteins provide no apparent protection against complement-mediated killing under
these conditions. Given the discrepancy in our observations by comparison to studies
of Sht-family orthologs (18), we analyzed transcription of sht and shtll in human serum
(Fig. 9B and C). Indeed, we have previously shown that the Imb-sht, adcAll-shtll, and
adcA encoding genes were fully repressed as soon as bacteria are cultured in medium
containing more than 10 uM zinc, for example, in TH medium containing 20 wM zinc
(7). In serum, we observed that the Sht-family genes were also significantly repressed
(Fig. 9B and C), most likely attributable to bioavailable zinc in the human serum (14 uM
in average [21]). Consequently, Sht and Shtll are unlikely to have been expressed at
significant levels under the experimental conditions investigated.

DISCUSSION

In this study, we examined the role of the Sht-family proteins in zinc acquisition and
complement resistance. We showed that Sht and Shtll facilitate zinc uptake via the Lmb
and AdcAll, with no discernible preference or dependency on either SBP. This highlights
two distinct routes of zinc acquisition in S. agalactiae mediated by either AdcA alone,
or via Lmb/AdcAll in concert with the Sht-family proteins. These modes of zinc
acquisition have previously been reported in S. pneumoniae and attributed to the
distinct structural features of AdcA and AdcAll (8, 16). In S. agalactiae the zinc-specific
SBPs all contain a common high-affinity metal-binding site, which is comprised of three
histidine residues and a glutamic acid in Lmb and predicted by sequence alignments
to be the same in AdcA and AdcAll (7, 22). However, AdcA also contains a short region
enriched for histidine residues (residues 129 to 139) and a C-terminal extension
(residues 319 to 502) that has homology to the periplasmic metal-binding protein ZinT.
These accessory regions potentially aid in zinc acquisition for S. agalactiae AdcA, as has
been proposed for orthologs in S. pneumoniae or S. pyogenes (7, 8, 16, 23). Further,
these accessory domains provide a plausible explanation for the apparent lack of
dependency of AdcA on Sht-family proteins to capture environmental zinc. The over-
lapping roles of these zinc acquisition systems in S. agalactiae raise the question of the
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reason for the basis for the conservation of multiple zinc import pathways. Recently, it
has been proposed that the Sht-family genes, which are frequently acquired as operons
that also contain Imb and adcAll genes, were acquired prior to the emergence of the
Streptococcus genus (10). As a consequence, maintenance or loss of Sht-family genes
are presumed to arise from the competing selective pressures associated with their
physiological function, such as zinc acquisition and evasion of host immune responses.
The absence of such determinants provides a plausible explanation for the loss of the
Sht-family proteins in nonpathogenic species, such as Streptococcus thermophilus, a
nonpathogenic bacterium widely used in starter cultures for cheese and yogurt pro-
duction and in oral streptococci. Notably, these bacteria encode only a single SBP,
AdcA, and no Sht-family proteins. In contrast, pathogenic streptococci, such as S.
pneumoniae, S. pyogenes, S. suis, and S. agalactiae, frequently encode one or more
Sht-family proteins (7, 14, 24, 25). Consistent with these inferences, it has been shown
in S. pneumoniae that, despite the overlapping functionality of AdcA and AdcAll in vitro,
both proteins were required for optimal in vivo infection (26).

Gene duplication events have led to emergence of streptococcal strains with
multiple copies of the Sht-family genes. In S. agalactiae, this has also led to the
presence of the two additional SBPs, Lmb and AdcAll, whose genes are in operons with
sht and shtll, respectively. Of the streptococci, S. pneumoniae contains the greatest
number of Sht-family genes with four orthologs. Examination of their role in pneumo-
coccal zinc homeostasis revealed that their roles were not completely redundant since
strains containing only a single pht gene did not grow as effectively as strains contain-
ing two or more copies (12). Here, we have shown that in contrast to S. pneumoniae, a
single sht gene was sufficient for growth under zinc-limiting conditions. Sht and Shtll
also share a strong sequence similarity (43% identity) in contrast to the divergent
sequences of the S. pneumoniae Pht proteins. Consistent with this observation, the
highly similar SBPs, Lmb and AdcAll (58% sequence identity), can interact with either
Sht-family protein to facilitate zinc homeostasis with equivalent levels of efficiency.

The Sht-family proteins contain five HT motifs, similar to the pneumococcal ortholog
PhtD. Although the Pht proteins have been refractory to high-resolution structure
determination of the full-length protein, truncated domains containing individual HT
motifs (HT1, HT2, and HT3) have been revealed (13, 16, 27). Structural analyses have
suggested that each of the HT motifs of PhtD adopt a similar fold, with an equivalent
capacity for Zn2* binding (13). Nonetheless, functional studies have shown that HT1
has the most critical role in zinc acquisition (15). Here, we examined the contribution
of the HT motifs to Zn2* acquisition by the Sht-family proteins. The HT1 motif was
essential during growth in Zn2*-limited conditions, while the other HT mutants showed
intermediate phenotypes. The HT4 motif was the only exception, with little to no
apparent phenotypic impact associated with its loss. Sequence alignments show
that motifs HT1 to -3 of Sht and Shtll align closely with the equivalent motifs in
PhtD (Fig. 6). These data suggest that the amino-terminal portions of the proteins
are structurally and functionally conserved between S. agalactiae and S. pneu-
moniae. However, further mutagenesis and structural analyses are required to
assess the strength of this inference.

Despite the original description of Sht as a complement resistance protein (18), the
role of Shtll in this process has remained unaddressed. Here, we showed that both of
the Sht-family proteins contribute to bind factor H in vitro, albeit to a lesser extent than
PspC. However, the Sht-family proteins were not protective in human blood, most likely
due to their lack of expression. Confounding results have also been reported for the S.
pneumoniae Pht proteins and their role in factor H recruitment (28, 29). However, the
bioavailability of zinc can alter significantly over the course of infection, with serum
levels decreasing as a component of the hypozincemic effect. Tissue abscesses caused
by Staphylococcus aureus infection have also been shown to be devoid of detectable
Zn2* (30). As such, the in vivo role of the Sht proteins and their contribution to both
zinc recruitment and resisting complement-mediated killing cannot be discounted and
warrant further investigation.
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The contribution of the Sht-family proteins to the virulence of S. agalactiae can be
linked to the necessity for efficacious Zn2* acquisition mechanisms during growth in
human amniotic and cerebrospinal fluids, which are tightly restricted for Zn2* abun-
dance (zinc concentrations of about 1.5and 2.3 uM, respectively) (31-33). These two
latter fluids are highly relevant for S. agalactiae, since it remains the main causative
agent of neonatal meningitidis arising from the vertical transmission through contam-
inated amniotic fluid (5). Intriguingly, human-pathogenic S. agalactiae contains an
additional Imb-sht operon, suggesting that the additional Zn2*-recruiting machinery
plays a role in the context of human colonization and/or infection. Further analysis of
the zinc acquisition pathways of S. agalactiae during in vivo infection will elucidate the
roles of the various components and their relative contribution to human disease.

MATERIALS AND METHODS

Bacterial strains and culture conditions. S. agalactiae (GBS) and E. coli strains used in this study are
listed in Table 1. E. coli XL1-Blue served as the host for recombinant plasmid pG+host17s, and E. coli
BL21(DE3) was used for the expression of recombinant protein from plasmid pET28a (Table 1). S.
agalactiae strains were cultured on 5% horse blood Trypticase soy agar plates (1.5% agar; bioMérieux) on
Todd-Hewitt broth (TH) agar (Sigma-Aldrich) or in liquid TH medium at 37°C without agitation. Com-
plemented mutant strains harboring pTCV-P., plasmid were maintained in medium containing 10 ug
ml—" of erythromycin (Ery). E. coli strains were cultured on Luria-Bertani (LB) agar plates or in liquid LB
medium at 37°C with agitation (200 rpm). E. coli strains harboring pG+host1™ or pTCV-P,,, plasmids
were maintained in medium containing 150 ug ml~—" of Ery. E. coli strains harboring pET28a plasmid were
maintained in medium containing 25 ug ml—" of kanamycin and 25 ug ml=" of chloramphenicol.

Construction of deletion mutants and complementation strains. Nonpolar deletion mutants
strains of A909 S. agalactiae with a single or combined deletions of the entire coding sequences of the
Imb, adcA, adcAll, sht, or shtll genes had been generated as previously described (7). PCR and DNA
sequencing were used to confirm that the desired mutations had been introduced. The primers used to
generate mutant strains are listed in Table 2. To complement the Asht Ashtll AadcA mutant strain, the
entire coding sequence of sht or shtll gene was amplified using Q5 high-fidelity DNA polymerase (New
England BioLabs) and cloned into the pTCV-P.,, vector using appropriate restriction sites as previously
described (7). The cloned sequences into the pTCV-P,, vectors were confirmed by PCR and DNA
sequencing. The oligonucleotides (Sigma-Aldrich) used for the complementation constructs are listed in
Table 2.

Construction of HT motifs variants. Site-tagged mutagenesis was performed to obtain the five HT*
motif variants of Sht and Shtll. The primers were designed with mutations to substitute phenylalanine
residues in place of each histidine residue of the relevant triad (Table 2). For each construction, two DNA
fragments were generated by PCR. The point mutations were obtained using oligonucleotides contain-
ing the designed mismatches and also carrying Bsal restriction sites, a type IIS restriction endonuclease,
which cleaves after its restriction site, generating DNA fragments with tetranucleotide cohesive ends
(Table 2). After digestion with Bsal (1 h, 37°C; New England BioLabs), the two fragments were purified
with a NucleoSpin PCR cleanup kit (Macherey-Nagel) and ligated using the sticky-end instant ligase (New
England BioLabs), seamlessly fusing the fragments together without adding any additional nucleotides.
The resulting fragments were reamplified by PCR using the external oligonucleotides OAH248 and
OAH284 for sht and OAH249 and OAH241 for shtll and cloned in the pTCV-P,, vector (Tables 1 and 2).

GBS culture in chemically defined medium. S. agalactiae strains (Table 1) were cultured in
zinc-restricted chemically defined medium (CDM) as previously described (7). Briefly, S. agalactiae was
grown in TH until it reached stationary phase and was then inoculated, at an optical density at 600 nm
(ODgy0) of 0.005, into zinc-restricted CDM supplemented with 0.2% (w/vol) glucose [p-(+)-glucose;
Sigma-Aldrich] and 500 uM EDTA and grown overnight. S. agalactiae was then inoculated at an ODg, of
0.005 into zinc-restricted CDM supplemented with 1% glucose (w/vol), 500 uM EDTA, and ZnSO,
concentrations as specified. S. agalactiae strains were then grown at 37°C for 12 h in microtiter plates
(Greiner Bio-One; Cellstar) with OD,, measurements recorded using an Eon spectrophotometer (BioTek).

Whole-cell metal ion accumulation analyses. Whole-cell metal ion accumulation was determined
by inductively coupled plasma-mass spectrometry (ICP-MS) essentially as previously described (34, 35).
Briefly, S. agalactiae strains were grown to mid-log phase (ODy,, of 0.4 to 0.5) into CDM plus 1% glucose
plus 500 uM EDTA. Cells were harvested by centrifugation, washed twice with PBS plus 5 mM EDTA, and
then washed twice with PBS prior to desiccation at 95°C for 18 h. Metal ions were released by treatment
with 0.5 ml of 35% HNO, at 95°C for 60 min. Samples were then diluted to a final concentration of 3.5%
HNO, and metal content determined on an Agilent 8900 QQQ ICP-MS. The data represent four biological
replicates, and the statistical difference was assessed using an unpaired Student t test (GraphPad Prism
7.0¢).

RNA extraction. For analysis of the sht and shtll expression in CDM and in serum, cells were grown
in zinc-restricted CDM until reaching an ODy,,, of 0.5 and resuspended either in zinc-restricted CDM, in
CDM supplemented with 100 uM zing, or in inactivated serum (90 min). Cells were harvested (10 ml), and
the pellets were frozen and stored at —80°C. For all other analyses, CDM-grown cells were harvested to
mid-exponential phase (ODg,, = 0.5). Bacteria were mechanically lysed by glass beads in a FastPrep-24
instrument, and total RNA was extracted using a phenol/TRIzol-based purification method as previously
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TABLE 1 Bacterial strains and plasmids used in this study

Source or
Strain or plasmid Genotype or description reference
Strains Strains
Escherichia coli
XL1-Blue endAT1 gyrA96 (Nal") thi-1 recAl relA1 lac gIinV44 hsdR17(r,- my ™) F' [zTn10 (Tet") proAB* Stratagene
laclaZAM15]
BL21 codon + (DE3)-RIL F- decm ompT hsdS(rg~ mg™) gal [malB*] K-12 (A%) Novagen
Streptococcus agalactiae
A909 (WT) Isolated from a septic human neonate in 1934 42
Almb AadcAll strain Isogenic Imb (sak_1319) and adcAll (sak_1898) deletion double mutant of A909 7
AadcA strain Isogenic adcA (sak_0685) deletion mutant of A909 7
AadcA Almb AadcAll strain Isogenic adcA, Imb, and adcAll deletion triple mutant of A909 7
Asht strain Isogenic sht (sak_1318) deletion mutant of A909 This study
Ashtll strain Isogenic shtll (sak_1897) deletion mutant of A909 This study
Asht Ashtll strain Isogenic sht and shtll deletion double mutant of A909 This study
AadcA Asht strain Isogenic adcA and sht deletion double mutant of A909 This study
AadcA Ashtll strain Isogenic adcA and shtll deletion double mutant of A909 This study
AadcA Asht Ashtll strain Isogenic adcA, sht, and shtll deletion triple mutant of A909 This study
AadcA Asht Ashtll/pTCV-Pr:sht strain sht (sak_1318) plasmid complementation of A909 AadcA Asht Ashtll This study
AadcA Asht Ashtll/pTCV-Prgisht AHTT strain sht containing a point mutation in the HT1 motif plasmid complementation of A909 This study
AadcA Asht Ashtll
AadcA Asht Ashtll/pTCV-Pr.::sht AHT2 strain sht containing a point mutation in the HT2 motif plasmid complementation of A909 This study
AadcA Asht Ashtll
AadcA Asht Ashtll/pTCV-Prgisht AHT3 strain sht containing a point mutation in the HT3 motif plasmid complementation of A909 This study
AadcA Asht Ashtll
AadcA Asht Ashtll/pTCV-Prg:isht AHT4 strain sht containing a point mutation in the HT4 motif plasmid complementation of A909 This study
AadcA Asht Ashtll
AadcA Asht Ashtll/pTCV-Prgisht AHTS strain sht containing a point mutation in the HT5 motif plasmid complementation of A909 This study
AadcA Asht Ashtll
AadcA Asht Ashtll/pTCV-Prg:shtll strain shtll (sak_1897) plasmid complementation of A909 AadcA Asht Ashtll This study
AadcA Asht Ashtll/pTCV-Pr:shtll AHT1 strain shtll containing a point mutation in the HT1 motif plasmid complementation of A909 This study
AadcA Asht Ashtll
AadcA Asht Ashtll/pTCV-Pr:shtll AHT2 strain shtll containing a point mutation in the HT2 motif plasmid complementation of A909 This study
AadcA Asht Ashtll
AadcA Asht Ashtll/pTCV-Pr:shtll AHT3 strain shtll containing a point mutation in the HT3 motif plasmid complementation of A909 This study
AadcA Asht Ashtll
AadcA Asht Ashtll/pTCV-Pr:shtll AHT4 strain shtll containing a point mutation in the HT4 motif plasmid complementation of A909 This study
AadcA Asht Ashtll
AadcA Asht Ashtll/pTCV-Pr:shtll AHTS strain shtll containing a point mutation in the HT5 motif plasmid complementation of A909 This study
AadcA Asht Ashtll
Almb Asht AadcAll Ashtll strain Isogenic Imb, sht, adcAll, and shtll deletion quadruple mutant of A909 This study
AadcA Almb Asht AadcAll Ashtll strain Isogenic adcA, Imb, sht, adcAll shtll deletion quintuple mutant of A909 This study
AadcA AadcAll Ashtll Asht strain Isogenic adcA, adcAll, shtll, and sht deletion quadruple mutant of A909 This study
AadcA AadcAll Ashtll Asht/pTCV-P.:sht strain - sht plasmid complementation of A909 AadcA AadcAll Ashtil Asht This study
AadcA AadcAll Ashtll Asht/pTCV-Pr:shtll strain - shtll plasmid complementation of A909 AadcA AadcAll Ashtll Asht This study
AadcA Almb Asht Ashtll strain Isogenic adcA, Imb, sht, and shtll deletion quadruple mutant of A909 This study
AadcA Almb Asht Ashtll/pTCV-Prg:isht strain sht plasmid complementation of A909 AadcA Almb Asht Ashtll This study
AadcA Almb Asht Ashtll/pTCV-Pr.:shtll strain shtll plasmid complementation of A909 AadcA Almb Asht Ashtll This study
Plasmids
pG+host1™ Replication-thermosensitive shuttle (TS) plasmid; Ery" 43
PTCV-Pre, Mob™ (IncP); oriR pACYC184; oriR pAM_1; complementation vector, promoter P, 19
PTCV-Pr isht sht complementation vector, promoter P, This study
PTCV-Pr :shtAHT1 sht containing a point mutation in the HT1 motif complementation vector, promoter P,  This study
PTCV-Pr ishtAHT2 sht containing a point mutation in the HT2 motif complementation vector, promoter Pr.,  This study
PTCV-Pr :ishtAHT3 sht containing a point mutation in the HT3 motif complementation vector, promoter P,  This study
PTCV-Pr ishtAHTA sht containing a point mutation in the HT4 motif complementation vector, promoter Pr.,  This study
PTCV-Pr :shtAHTS sht containing a point mutation in the HT5 motif complementation vector, promoter P,  This study
PTCV-Pr cishtll shtll complementation vector, promoter P, This study
PTCV-Pro:shtlIAHT1 shtll containing a point mutation in the HT1 motif complementation vector, promoter Py, This study
PTCV-Pr ishtllAHT2 shtll containing a point mutation in the HT2 motif complementation vector, promoter Py, This study
PTCV-Pr :shtlIAHT3 shtll containing a point mutation in the HT3 motif complementation vector, promoter Py, This study
PTCV-Pr c:shtliAHT4 shtll containing a point mutation in the HT4 motif complementation vector, promoter Py, This study
PTCV-Pr c:shtlIAHTS shtll containing a point mutation in the HT5 motif complementation vector, promoter P;.. This study
PET28a Vector for expression of His-tagged proteins; Kan" EMD
Biosciences
pET28a:sht pET28a containing the sht gene of S. agalactiae A909 in the EcoRl/Sall sites This study
pET28a:shtll pET28a containing the shtll gene of S. agalactiae A909 in the EcoRl/Sall sites This study
pET28a:pspC pET28a containing a part of the pspC gene of S. pneumoniae D39 in the EcoRl/Sall sites This study
PET28a::ccpA pET28a containing the ccpA gene of S. agalactiae A909 in the EcoRl/Sall sites This study
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TABLE 2 Oligonucleotides used in this study

Journal of Bacteriology

Function and primer

Sequence (5'-3')@

Primers used for deletion of sht
OAH 107
OAH 108
OAH 109
OAH 110

Primers used for deletion of shtll
OAH 123
OAH 124
OAH 125
OAH 126

Primers used for deletion of Imb
OAH 24
OAH 25
OAH 26
OAH 27

Primers used for deletion of adcAll
OAH 40
OAH 62
OAH 63
OAH 43

Primers used for deletion of adcA
OAH 86
OAH 76
OAH 77
OAH 87

Primers used for complementation of sht
OAH 248
OAH 284

Primers used for HT site-directed mutagenesis of sht
OAH235 HT1
OAH236 HT1
OAH250 HT2
OAH251 HT2
OAH254 HT3
OAH255 HT3
OAH258 HT4
OAH259 HT4
OAH262 HT5
OAH263 HT5

Primers used for complementation of shtll
OAH 249
OAH 241

Primers used for HT site-directed mutagenesis of shtll
OAH237 HT1
OAH238 HT1
OAH252 HT2
OAH253 HT2
OAH256 HT3
OAH257 HT3
OAH260 HT4
OAH261 HT4
OAH264 HT5
OAH265 HT5

TTTGTTGGTACCCCATTCACATACCTTAGAAGC
ATATGTCCATGGCACTAATAATCTCCTTTACTTC
CAACAACCATGGCCTTAACCAAAAGAAGATCTC
ATGTCTCCCGGGGGAACACCTGCAGATAATGCCTG

ACTCTAGAATTCCTGTAATTGAAGCTTCAAAAG
TTTACGGGTACCCCTCGCTCCTTTCTTTATATA
CTAGCAGGTACCAAATAATAAAAGAGTTGAGTA
TCAACACCCGGGCTTATCCTTGTAGGAGGAGAA

AGGCTGGAATTCTGGAAGGCGCTACTGTTCC
CTCCTTTACTTCAACCCTTTTTTCATAGTACCTCCTCAATT
TACTATGAAAAAAGGGTTGAAGTAAAGGAGATTATTAGTGAAG
GGCTTGGGATCCAGCTAGCTCACTTGGAGAC

AAAATCGAATTCCAACGTGTTAATCAAGCAAGTG
TAAGGTACCTCCGTATCCTTTTCATTAAACCTCC
TTAGGTACCTAGGTAGTTATATAAAGAAAGGACG
TACTAAGGATCCATCTCCCATGTCATCAATGAC

AATCGTGGTACCGCAGCTCTAGCAGATCCACAC
ATAAAGCTTGAAATTTCTTTCTCATTTTTTCTCC
ATGAAGCTTCATTAATATTTAAAAGATGATATCGG
CATCCAGGATCCCGTCCAGTTGTTTTCTTAGATAC

AGATCTGGAGGTACTGTGAAGAAAACATATGGT
TTTCTGCAGAAAAACTTTGAGCAATTTGCTCAAAG AAGGGTT
TATTTGTTGAAGTGTCTTGAT

TGGTCTCGAAAATAAAAGTCACCGAATGAGGTCACATAGCC
TGGTCTCGTTTTTTTTACAATGGGAAAGTTCCTTATGATGCG
TGGTCTCGGGAATATAAAAATAGAAATTACCAAAAGG
TGGTCTCGTTCCTAAAAAGGATTTGTCTCCAAGTG
TGGTCTCGGGGATAATAAAATAAAAATCTCCAAAAGGC
TGGTCTCGTCCCAAGAAGTCAGTTATCACCTC
TGGTCTCGTAGAAGAAAAAATCTCCGAATTTAGCTGTA
TGGTCTCGTCTATATAGGATTTGGAGAACTTGAAC
TGGTCTCGCGGAACGACAAAGATAAAATCAATAAATGGGATAAC
TGGTCTCGTCCGTATTCATGGTTGACGCGCGATCAG

GGATCCGGAGGTACTATGAATCGTAAAAAAACAGTT
TTTGCATGCAAAAACTTTGAGCAATTTGCTCAAAG ATTTCACT
TCTGCTAGTGTTTTAATATC

TGGTCTCGAAAGTAAAAGTCTCCAAAAGAAGTTACATAACC
TGGTCTCGCTTTTATTACAATGGGAAAGTGCCATATGATGCC
TGGTCTCGGGATATAAAAGAAAAAATCGCCAAATGG
TGGTCTCGATCCCGAAAGCTGATTTATCTCCATCA
TGGTCTCGAGAAGAAAAAATTACCGAACGGAATAGAAAC
TGGTCTCGTTCTTTATTCACTATAAGGATATGTCTCC
TGGTCTCGGGTACCCAAAACTCAAATGTCATAAATGGAATG
TGGTCTCGTACCAAAGAAAGATTTATCAGAGTCGG
TGGTCTCGCCACATAAAAGTAAAAATCTTTAAAAGGAATTAC
TGGTCTCGTCCGTATTCATGGTTGACGCGCGATCAGAT
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TABLE 2 (Continued)

Function and primer Sequence (5'-3')?
Primers used for recombinant protein expression
OAH 173 Sht CATATTGAATTCTACCAACTTGGTAAGCATCATATGGGT
OAH 174 Sht ATCTTCGTCGACTTA AGGGTTTATTTGTTGAAGTGT
OAH 175 Shtll TACCAAGAATTCAGCTATAATGCCCAAAAATCAGAC
OAH 176 Shtll TCA ACTGTCGACTTATTTCACTTCTGCTAG
OLM 186 CcpA AAAATCGGATCCATACAGATGATACGATTACGATTTA
OLM 181 CcpA ACTCTAGAATTCATTATTTGTTGTGCACGTTTAAC
OAH 287 PspC CTTGTTGGATCCAGTGTGCTTCATGCGACA
OAH 288 PspC AGCTTGGTCGACATCTGTTTTTTCTGCTTTTGGTTG
Primers used for qRT-PCR
OAH223 sht TATCCATGTCGTTCCGTATTCATGGTT
OAH192 sht CTTAGACCATACATCCGGACG
OAH224 shtll TGCACCCAGAAAAACGTCCTAAAGTTG
OAH194 shtll GGTGCAGGACTTGGTTTATCT
OLM321 recA CTGGTGGTCGTGCTTTGAAA
OLM322 recA TATGCTCACCAGTCCCCTTG

aAdded restriction site sequences are indicated in boldface. Nucleotides targeting histidine residues for mutation to phenylalanine to generate HT variants are
underlined.

described (36). The concentration and purity of RNA were assessed with a NanoDrop Lite spectropho-
tomer (Thermo Fisher Scientific) with subsequent treatment using DNase (Turbo DNA-free DNase;
Ambion). The absence of DNA contamination was confirmed by PCR using 50 ng of the purified RNA.

Reverse transcription and qRT-PCR. RNA was reverse transcribed by using an iScript cDNA
synthesis kit (Bio-Rad), according to the manufacturer’s instructions. Primers (Table 2) were selected with
Primer3web software (http://bioinfo.ut.ee/primer3/) in order to design 100- to 200-bp amplicons. Quan-
titative reverse-transcriptase PCRs (qQRT-PCRs) were performed in a 20-ul reaction volume containing
40 ng of cDNA, 1 ul of gene-specific primers (10 uM), and 10 ul of LightCycler 480 SYBR Green | mix
(Roche). PCR amplification, detection, and analysis were performed with a LightCycler 480 PCR detection
system and LightCycler 480 software (Roche). PCR conditions included an initial denaturation step at
95°C for 2 min, followed by a 45-cycle amplification (95°C for 5's and 60°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 to 95°C). The crossing point (C,) was defined for each sample. The expression levels of the
tested genes were normalized using the recA (primers OLM321 and OLM322) gene of S. agalactiae as an
internal standard whose transcript level did not vary under our experimental conditions. Each assay was
performed in duplicate and repeated with at least three independent RNA samples.

Purification of recombinant Sht, Shtll, CcpA, and PspC proteins. S. agalactiae A909 DNA was used
to amplify the sht, shtll, and ccpA genes by PCR, and the S. pneumoniae D39 DNA was used to amplify
the pspC genes with the Q5 high-fidelity DNA polymerase (New England BioLabs) using the OAH173-174,
OAH175-176, OLM186-181, and OAH287-288 primers, respectively (Table 2). For Sht and Shtll, the primers
were designed to remove the predicted sequence signal of each proteins (residues 1 to 23 for Sht and
residues 1 to 27 for Shtll). For PspC, only the adhesive fraction of the protein was expressed (residues 33
to 445) (20). PCR amplifications were cloned into pET28a(+) vector (EMD Biosciences) in E. coli BL21
codon + (DE3)-RIL (Novagen) for high-level expression and addition of an amino-terminal 6 XHis tag. The
derived expression constructs are listed in Table 1. Protein expression was conducted in E. coli BL21(DE3).
Here, the expression construct-containing strains were grown in LB broth to an OD, of 0.5 at 37°C, with
shaking at 200 rpm in an orbital shaking incubator. Protein expression was induced by addition of IPTG
(isopropyl-B-p-thiogalactopyranoside), and the cells were then grown for a further 5 h at 37°C at 200 rpm.
Postinduction, the cells were pelleted at 10,000 X g, and the supernatant was decanted. The cells were
then resuspended in 1 ml of lysis buffer (20 mM Tris [pH 8.0], 300 mM NaCl, 10% [wt/vol] glycerol) and
lysed mechanically with glass beads in a FastPrep-24 instrument. Recombinant proteins were then
purified by immobilized metal affinity chromatography (His-Select nickel affinity gel; Sigma-Aldrich) and
eluted under native conditions according to the manufacturer’s instructions. Eluates were analyzed by
SDS-PAGE and Coomassie blue staining to assess protein purity, as described by Laemmli (37).

Homology modeling. The homology model of AdcAll was constructed using the SwissModel
webserver (38), using S. pneumoniae AdcAll (PDB 3CX3) as a template. The resulting model of AdcAll was
energy minimized in SwissPDBViewer (39) using the inbuilt 43B1 vacuum force field (40). Surface
electrostatic potentials for the Lmb and AdcAll structures were calculated using APBS (41).

Factor H binding assays. A 96-well microtiter plate (Sarstedt) was coated with 1 ug of the purified
recombinant proteins (PspC, Sht, Shtll, or CcpA) overnight at 4°C. The wells were washed with 200 ul of
PBS and then blocked with 200 ul of PBS containing 5% of skim milk (w/vol) for 1 h at room temperature.
Human serum, provided by healthy donors of the Etablissement Francais du Sang (EFS Centre Atlantique,
France), was inactivated by treatment at 56°C for 30 min and used as a source of factor H. Then, 200 ul
of inactivated serum was added to the wells for 2 h, followed by incubation at 37°C. The wells were then
washed with PBS and incubated with 200 ul of a mouse antibody against factor H (1:2,000 [vol/vol];
Sigma-Aldrich) in PBS for 1 h at 37°C. After the wells were washed, 100 ul of peroxidase-conjugated
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anti-mouse 1gG (1:2,000 [vol/vol]; Sigma-Aldrich) in 0.05 M carbonate-bicarbonate buffer (pH 9.6) was
added, and the plate was incubated for 1 h at room temperature. After a final wash, 200 ul of Sigma Fast
OPD substrate (Sigma-Aldrich) was added, and the absorbance at 450 nm was read using an Eon
spectrophotometer (BioTek). The readings were background corrected by subtracting the absorbance of
wells coated with bovine serum albumin. All assays were repeated three times in duplicate.

Complement resistance assays. Human whole blood or serum was provided by healthy donors of

the Etablissement Francais du Sang who were not taking medication. Blood and serum were then used
directly or heat inactivated by treatment at 56°C for 30 min. Bacterial strains, both wild-type (WT) and
mutant strains, were grown for 8h in TH broth and then inoculated at an OD,,, of 0.005 into
zinc-restricted CDM and grown for a further 12 h. The cells were harvested by centrifugation at
12,000 X g, washed, and resuspended in PBS. Bacteria were then inoculated into 1 ml of blood or
heat-inactivated blood at a concentration of 106 CFU ml~". The samples were gently mixed by rotation
at 37°C for 3 h. Bacterial counts were performed after resuspension in blood (T,) or after incubation (T5)
by dilution plating on TH agar. The survival rate represents the ratio between the number of cells at T,
and T,. The data represent the means of three independent experiments.

Statistical analyses. The data represent means = the standard errors of the mean. Statistical

analyses were performed using a two-tailed unpaired Student t test. A probability value of <0.05 was
considered statistically significant.
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