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Summary

Trace metals are essential to all domains of life but toxic when found at high concentrations.
While the importance of iron in host-pathogen interactions is firmly established, contemporary
studies indicate that other trace metals, including manganese and zinc, are also critical to the
infectious process. In this study, we sought to identify and characterize the zinc uptake system(s)
of S. mutans, a keystone pathogen in dental caries and a causative agent of bacterial endocarditis.
Different than other pathogenic bacteria, including several streptococci, that encode multiple

zinc import systems, bioinformatic analysis indicated that the S. mutans core genome encodes a
single, highly conserved, zinc importer commonly known as AdcABC. Inactivation of the genes
coding for the metal-binding AdcA (AaacA) or both AdcC ATPase and AdcB permease (AadcCB)
severely impaired the ability of S. mutansto grow under zinc-depleted conditions. Intracellular
metal quantifications revealed that both mutants accumulated less zinc when grown in the presence
of a sub-inhibitory concentration of a zinc-specific chelator. Notably, the AadcCB strain displayed
a severe colonization defect in a rat oral infection model. Both Aadc strains were hypersensitive
to high concentrations of manganese, showed reduced peroxide tolerance, and formed less biofilm
in sucrose-containing media when cultivated in the presence of the lowest amount of zinc that
support their growth, but not when zinc was supplied in excess. Collectively, this study identifies
AdcABC as the only known high affinity zinc importer of S. mutans and provides preliminary
evidence that zinc is a growth-limiting factor within the dental biofilm.
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Introduction

The first-row a@-block elements iron, manganese and zinc are known to be essential to most
forms of life by serving structural, catalytic and regulatory functions to numerous biological
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processes. However, when in excess, these biometals are toxic such that their cellular flux
and allocation must be tightly regulated. This Goldilocks paradox creates an opportunity

for vertebrate hosts to deploy either metal sequestration or metal intoxication strategies

to combat microbial infection; an active process known as nutritional immunity (Kehl-Fie
& Skaar, 2010). Nutritional immunity strategies include mobilization of metal-chelating
proteins to infected tissues such as iron-sequestering transferrin and lactoferrin, and
neutrophil-secreted calprotectin which is responsible for restricting manganese, zinc and, in
certain environments, iron availability (Nakashige, Zhang, Krebs, & Nolan, 2015; Zackular,
Chazin, & Skaar, 2015). Paradoxically, the host can increase cytosolic zinc or mobilize
copper or zinc into the phagolysosome creating a toxic environment for intracellular bacteria
(Sheldon & Skaar, 2019). To overcome metal limitation during infection, bacteria rely on
the expression of surface-associated metal importers with some organisms also secreting
small metal-binding molecules (metallophores) that tightly bind trace metals that are then
reinternalized via specific transporters (Palmer & Skaar, 2016). Importantly, /7 vivo studies
have shown that metal import systems are critical to bacterial virulence (Fischer et al., 2016;
Garcia, Brumbaugh, & Mobley, 2011; Koh et al., 2015; Mastropasqua et al., 2017; Ong,
Berking, Walker, & McEwan, 2018).

While the central role of iron in host-pathogen interactions has been known for decades, the
importance of manganese and zinc homeostasis to bacterial pathogenesis is a relatively
newer development (Kehl-Fie & Skaar, 2010; Lonergan & Skaar, 2019). In bacteria,
manganese is the co-factor of enzymes involved in DNA replication, central metabolism
and critical to activation of oxidative stress responses of gram-positive bacteria (Juttukonda
& Skaar, 2015). Zinc is the second most abundant metal co-factor and is incorporated

into 5-6% of all bacterial proteins, including central metabolism enzymes, regulatory
proteins and metalloproteases (Lonergan & Skaar, 2019; Rahman & Karim, 2018). In
addition, zinc plays an additional role in host-pathogen interactions by stimulating innate
and adaptive immune cell function and, as indicated above, through mobilization within
phagosomes to intoxicate invading pathogens (Lonergan & Skaar, 2019; Sheldon & Skaar,
2019; Subramanian Vignesh & Deepe, 2016). Unlike iron and manganese, zinc does not
undergo redox-cycling, but can form tighter and stabler interactions with metal ligands. As
a result, zinc can occupy metal-binding residues of non-cognate metalloproteins inhibiting
or reducing their activities, a process known as protein mismetallation (Chandrangsu &
Helmann, 2016; Imlay, 2014).

A resident of dental plaque, Streptococcus mutans is a keystone pathogen in dental caries
due to its ability to modify the oral biofilm architecture and environment in a way that
facilitates the proliferation of acidogenic and aciduric bacteria at the expense of health-
associated bacteria (Bowen, Burne, Wu, & Koo, 2018; Lemos et al., 2019). In addition

to dental caries, S. mutans is a causative agent of infective endocarditis, a life-threatening
infection of the endocardium (Pant et al., 2015). Once established in the oral biofilm, S.
mutans metabolizes dietary carbohydrates, in particular sucrose, to produce an acidic biofilm
matrix that is conducive to the growth of other cariogenic organisms (Lemos et al., 2019).
Despite the importance of manganese and zinc to bacterial physiology, the mechanisms
utilized by oral bacteria to maintain manganese and zinc homeostasis and their significance
to polymicrobial and host-pathogen interactions in the oral cavity are poorly understood.
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Recently, we characterized the major manganese transporters of S. mutans and showed that
maintenance of manganese homeostasis is critical for the expression of major virulence
attributes of S. mutans, including the ability to tolerate acid and oxidative stresses and to
form biofilms in a sucrose-dependent manner (Kajfasz et al., 2020). In this study, we sought
to identify and characterize the zinc uptake system(s) of S. mutansand then determine the
significance of zinc acquisition to the pathophysiology of S. mutans.

AdcABC is the main transporter responsible for zinc uptake in S. mutans

In other streptococci, zinc acquisition is mediated by an ABC-type transporter known as
AdcABC whereby AdcA is the zinc-binding lipoprotein, AdcB a membrane permease and
AdcC a cytoplasmic ATPase (Bayle et al., 2011; Burcham et al., 2020; Loo, Mitrakul, Voss,
Hughes, & Ganeshkumar, 2003; Ong et al., 2018). The adcABC genes are regulated by
adcR, a metalloregulator from the MarR family, which is located immediately upstream

and, depending on the streptococcal species, co-transcribed with adcCBA or adcCB (Fig. 1)
(Reyes-Caballero et al., 2010). Through BLAST search analysis, we identified homologues
of the adcR, adcA, adcB and adcC genes in the core genome of S. mutans. Similar to S.
agalactiae and S. pyogenes, the gene coding for the zinc-binding AdcA lipoprotein is not
co-localized with adcR, adcB and adcC being located as a monocistronic transcriptional

unit elsewhere in the chromosome (Fig. 1). In addition, while the majority of streptococcal
genomes encode two copies of adcA, dubbed adcA and adcAll (Bayle et al., 2011; Bersch et
al., 2013; Brown et al., 2016; Burcham et al., 2020; Loisel et al., 2011; Loisel et al., 2008;
Moulin et al., 2016), the genome of S. mutans encodes a single adcA gene, which is similar
in size and more closely-related to the adcA gene genetically-linked to adeBC than to adcAll
(Fig. 1). In most cases, the streptococcal adcAllis genetically coupled to metal-binding
poly-histidine triad (p/?) genes, which encode proteins that are thought to scavenge zinc
outside the cell shuttling it to either AdcAll and, possibly, AdcA for internalization (Bersch
etal., 2013; Loisel et al., 2011; Loisel et al., 2008; Zheng et al., 2011). While most
streptococci encode at least one p/ht gene, bioinformatic analysis indicate that the core S.
mutans genome lacks phthomologs. Similar to other streptococcal AdcA, the S. mutans
AdcA has two zinc-binding domains that are characteristic of the genus: an N-terminal
tertiary scaffold consisting of 3 histidine and 1 glutamic acid residue (H71, H149, H212, and
E298) and a C-terminal ZinT domain consisting of three histidine residues (H461, H470 and
H472) (Fig. 2 and S1). In addition, there are three additional conserved histidine residues
(H71, H149 and H213) that aid in metal recruitment by AdcA (Cao et al., 2018).

To evaluate the significance of zinc acquisition to the pathophysiology of S. mutans, we
used UA159 as the background strain for the generation of mutants lacking either adcA
(AadcA) or both adeC and adcB (AadcCB) genes and then tested their ability to grow under
zinc-replete or zinc-depleted conditions. Both AadcA and AadcCB strains showed minimal
growth in the chemically-defined FMC medium (Terleckyj, Willett, & Shockman, 1975)
(Fig. 3A), which does not contain a source of zinc in its original recipe (<1 uM zinc),
(Kajfasz et al., 2020). However, supplementation of the FMC medium with as little as 5
UM of ZnSQO4 restored growth of both adc mutants (Fig. 3B). Next, we tested the ability of
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parent and mutant strains to grow in brain heart infusion (BHI), a complex media containing
~10 uM zinc (Kajfasz et al., 2020) that is routinely used to cultivate S. mutansin our
laboratory. Based on the behavior of the mutant strains in zinc-supplemented FMC, it was
not surprising that both the AadcA and AadcCB strains grew well in BHI (Fig. 3C). Next,
we tested the ability of the AadcA and AadcCB strains to grow in BHI containing purified
human calprotectin or in BHI containing the zinc-specific chelator N,N,N’,N’-Tetrakis(2-
pyridylmethyl) ethylenediamine (TPEN) (Zhang et al., 2017). In agreement with the role of
calprotectin and TPEN in zinc-sequestration, growth of AadcA and AadcCB was inhibited
by calprotectin (Fig. 3D), or TPEN (Fig. 3E). Finally, the growth defect of the AadcCB
strain under all zinc-depleted conditions were restored in the genetically-complemented
AadcCBMP strain (Fig. 3).

While AdcAll and Pht-encoding genes are absent in S. mutans, a gene (smu2069) coding for
a hypothetical protein with 37% identity and 60% similarity to the £.coli ZupT, a member of
the zinc import ZIP family commonly found in gram-negative and in selected gram-positive
bacteria (Grass, Wong, Rosen, Smith, & Rensing, 2002; Zackular et al., 2020) was identified
through BLAST searches. To probe the possible role of Smu2069 in zinc uptake, we created
a strain bearing a smu2069 deletion in UA159 (Asmu2069) and in the AadcCB background
thereby generating a AadcCBAsmu2069triple mutant. Inactivation of smu2069, alone or

in combination with adcCB, did not affect zinc uptake as the Asmu2069 strain was fully
capable to grow in FMC without zinc supplementation and the triple mutant phenocopied
the AadcCB strain (Fig. S2).

Next, we used inductively coupled plasma mass spectrometry (ICP-MS) to determine the
intracellular concentration of selected metals (copper, iron, manganese and zinc) in the
parent UA159 and derivative strains grown to mid logarithmic phase in BHI or in BHI
containing 6 UM TPEN, a concentration permissible to the growth of the AadcCB and
AadcA strains (data not shown). As compared to UA159, both AadeCB and AadcA mutants
showed a relatively small, yet significant, reduction in intracellular zinc when grown in plain
BHI (Fig. 4A). However, the addition of TPEN to the growth media further increased this
difference with both AadcCB and AadcA strains showing ~3-fold reduction in intracellular
zinc when compared to the parent strain (Fig. 4B). The addition of 6 uM TPEN to the
growth media did not affect growth nor the intracellular zinc content of the parent strain
confirming that AdcABC is a major factor in maintenance of intracellular zinc homeostasis
under zinc-restricted conditions. Finally, intracellular copper and iron concentrations were
not markedly different in parent and mutant strains (data not shown), but there were
significant increases in intracellular manganese in AadeCB (~30% in BHI and ~20% in
BHI+TPEN) with the AadcA strain showing a similar trend in BHI+TPEN (Fig. 4C-D).
Collectively, these results strongly suggest that growth of S. mutansin zinc-restricted
environments is primarily mediated by AdcABC.

The AadcCB mutant is hypersensitive to high manganese concentrations

The ICP-MS quantifications indicate that zinc:manganese ratio is drastically different in
the Aadc strains when compared to the parent strain, particularly under TPEN-mediated
zinc restriction. While zinc:manganese ratios of UA159 and Aadlc strains grown in plain
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BHI was about 1:1 (1:0.7 for UA159 and ~1:1 for AadcA Aadt CB), there was ~3 times
more manganese than zinc (1:3 ratio) in the Aadlc strains when grown in BHI+TPEN

and a well-balanced 1:1 ratio for UA159. Interestingly, a notable increase in intracellular
manganese was also observed in a S. pneumoniae double AadcAAadcAll strain which,

as expected, has a major defect in zinc uptake (Bayle et al., 2011). While manganese is

an essential micronutrient to bacteria and lactic acid bacteria are notorious for having a

high demand for manganese (Archibald, 1986), recent studies revealed that strains of S.
pneumoniae, S. mutans and Enterococcus faecalis lacking the manganese exporter MntE
can be intoxicated by manganese. This intoxication is likely attributed to cellular enzyme
mismetallation, though more specific mechanisms such as disruption of the cell division
cycle or dysregulation of the peroxide responsive regulator PerR have been proposed (Lam,
Wong, Chong, & Kline, 2020; Martin, Lisher, Winkler, & Giedroc, 2017; O’Brien, Pastora,
Stoner, & Spatafora, 2020; Turner et al., 2015). Using a plate titration assay, we showed that
the AadcCB strain was hypersensitive to high concentrations of manganese (Fig. 5). This
hypersensitivity was fully rescued by addition of 20 pM ZnSQO,4 to the growth media directly
linking manganese toxicity to a disruption of zinc:manganese balance.

The AadcCB strain showed an impaired ability to colonize the rat tooth surface

To determine the significance of zinc transport in oral infection by S. mutans, we utilized a
rat oral colonization model to test the capacity of the AadcCB strain to colonize the teeth of
rats fed a metal balanced diet (~1.25 nM ZnCO3) containing 12% sucrose to facilitate the
establishment of S. mutansin dental plaque. As compared to the parent strain, the AadcCB
strain was recovered in significantly fewer numbers (~2 logs) two weeks after the first day
of infection, with no colonies recovered in two of the eight infected animals (Fig. 6A).
Moreover, while S. mutans colonies accounted for 40 to 60% of the total flora recovered
from animals infected with the parent strain, less than 1% of the recovered flora of animals
infected with the AadcCB strain corresponded to S. mutans colonies (Fig. 6B). All in all,
this result indicates that zinc is a growth-limiting factor within the oral biofilm and that

the ability to scavenge environmental zinc via the AAcABC transporter is critical to the
cariogenic potential of S. mutans.

Expression of two virulence-related traits were impaired in the AadcA and AadcCB strains

The ability to cope with environmental stresses, particularly low pH and oxidative stress,
and to form robust biofilms in the presence of sucrose are key virulence traits of S. mutans
(Bowen et al., 2018; Lemos et al., 2019). To investigate whether the oral colonization defect
of the AadcCB strain could be linked to poor expression of one or more of these virulence
attributes, we first assessed the ability of AadcA and AadcCB to tolerate acid or H,0,
stresses using both growth curve and disc diffusion assays. While the two mutants grew as
well as the UA159 parent strain in media at low pH conditions (pH 6; data not shown),
both showed larger growth inhibition zones when exposed to H,O5 in a disc diffusion
assay (data not shown) and longer lag phase and slightly slower growth rates when grown
in FMC supplemented with 5 UM ZnSQy, the minimal amount of zinc needed to support
growth of the Aadc strains, in the presence of a sub-inhibitory concentration of H,O» (Fig.
7A). Notably, increasing the final concentration of ZnSO4 from 5 to 20 pM abolished the
increased H,0, sensitivity of both mutants (Fig. 7B). Next, we tested the ability of the
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mutants to form biofilm on saliva-coated microtiter plate wells using 1% sucrose as the
sugar source. After 24 hours of incubation, both AadcCB and AadcA showed a small but
significant defect in biofilm formation when grown in FMC containing 5 pM ZnSQO4 but
not 20 pM ZnSO4 (Fig. 7C). Collectively, these results serve to further support the oral
colonization defect of the AadcCB strain in the murine model.

Discussion

Despite the critical importance of metals to bacterial virulence, little is known about

the mechanisms of metal homeostasis in oral bacteria. In this report, we identified and
characterized a high-affinity zinc transporter of S. mutans. Inactivation of adcA or adcCB
rendered S. mutans unable to grow in the presence of zinc chelators, including calprotectin
which can bind zinc in the picomolar range and is produced by host immune cells, especially
neutrophils (Brophy, Hayden, & Nolan, 2012; Nakashige et al., 2015; Zackular et al.,
2015). Different than other streptococci, the genome of S. mutans lacks a second copy of
adcA or of polyhistidine triad (ph?) genes. More recently, zinc uptake machineries that
resemble siderophore-mediated iron uptake systems were identified in several bacteria
including Staphylococcus aureus and Pseudomonas aeruginosa (Ghssein et al., 2016;
Mastropasqua et al., 2017). This system is comprised of small molecules with high zinc
affinity (zincophores) that are synthesized in the cytoplasm, exported and reinternalized

as a zincophore-zinc complex by a dedicated import system (Grim et al., 2020). Despite
evidence that zincophore-mediated uptake systems are produced in a wide array of bacteria,
a zincophore biosynthetic gene cluster as well as zincophore export and import genes are
absent in streptococcal genomes (Morey & Kehl-Fie, 2020). Collectively, our phenotypic
characterizations and bioinformatic analysis indicate that the AdcABC transporter is the
only known high-affinity zinc import system of S. mutans.

As the second most abundant trace metal in the human body, zinc is also present in oral
fluids and tissues, including the tooth enamel surface, dental plaque and saliva. Independent
reports have shown that zinc is detected in the low micromolar range in human saliva and at
much higher concentrations in dental plaque, with some studies detecting millimolar levels
of zinc in plaque samples (Lynch, 2011). However, the bioavailability of zinc in saliva or

in dental plague is unknown. Our /n vivo study indicates that zinc is not readily available

in dental plaque as the ability of the AadcCB strain to colonize the teeth of rats fed a
zinc-balanced cariogenic diet was severely compromised (Fig. 6). Mammalian hosts utilize
a number of mechanisms to restrict zinc access for invading microbes, from zinc tissue/cell
reallocation, mediated by two families of zinc transporters, to zinc sequestration/chelation
mechanisms via production of calprotectin (Zackular et al., 2015). While calprotectin can
be present in oral fluids and tissues, particularly during inflammatory processes such as
periodontitis, oral cancer and oropharyngeal candidiasis (Holmstrom et al., 2019; Sweet,
Denbury, & Challacombe, 2001), there is no evidence of increases in salivary calprotectin
levels in dental caries. Moreover, recent studies indicated that mildly acidic conditions
compromise the ability of calprotectin to chelate manganese but not zinc (Rosen & Nolan,
2020). In addition, salivary glands synthesize metallothioneins, a family of low molecular
weight cysteine-rich proteins that scavenge free radicals and can also chelate zinc and
copper in tissues (Rahman & Karim, 2018). While the capacity of human metallothionein

Mol Oral Microbiol. Author manuscript; available in PMC 2022 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ganguly et al.

Page 7

to restrict bacterial growth through metal sequestration is unclear, salivary metallothionein
levels have been shown to increase after dental pulp injury in rats (Izumi, Eida, Matsumoto,
& Inoue, 2007). To obtain preliminary insight into the host-derived zinc sequestration
mechanisms in the oral cavity, we took advantage of the availability of saliva samples from
caries-free and caries active subjects that had been previously collected for an ongoing
clinical study (IRB201600851), and used ELISAs to measure the levels of calprotectin and
metallothionein in these samples. While calprotectin was below detection levels in most
samples, there was measurable quantities of metallothionein in the saliva samples from both
subject groups (Fig. S3). However, the differences in the levels of metallothionein between
the two groups were not significant suggesting that metallothionein levels do not increase
in response to caries. Given the very low levels of calprotectin that we found in saliva

and recent observations that the manganese-binding affinity of calprotectin is compromised
at low pH (Rosen & Nolan, 2020), we speculate that zinc restriction in the oral cavity is
primarily mediated by metallothioneins.

In addition to the host-driven mechanisms of metal sequestration, bacteria in polymicrobial
biofilms such as dental plaque must also compete with the other oral residents for nutrients.
Interestingly, a recent study showed that transcription of the S. mutans adcA and adcB
genes was induced (about 6- and 3-fold, respectively) when S. mutans was co-cultured

with Streptococcus A12, a health-associated peroxigenic oral streptococcus (Kaspar, Lee,
Richard, Walker, & Burne, 2020). It should be noted that, in principle, peroxigenic
streptococci are better equipped to scavenge zinc than S. mutans due to the concerted effort
of AdcAll and Pht proteins in addition to the AdcABC system. Another important aspect

to consider when it comes to zinc availability is the effect of pH on trace metal solubility.
At acidic pH values (pH<6), most free zinc found in saliva is in the aquated Zn2* form, but
free zinc availability sharply decreases if the environmental pH increases above 6 (Rahman,
Hossain, Pin, & Yahya, 2019). Thus, it is conceivable that as the plaque pH lowers as a
result of bacterial metabolism, zinc availability to S. mutans might increase due to increased
solubilization and concomitant reduction of acid-sensitive competitors. In addition, it is
conceivable that net H,O, production in dental plaque due to the presence of peroxigenic
oral bacteria will stimulate metallothionein synthesis by salivary glands thereby limiting

the availability of free zinc in the oral cavity. Studies to determine how host-pathogen and
microbe-microbe interactions influence the ability of S. mutansto maintain zinc homeostasis
in dental plaque will soon be underway.

While this study focused on the bacterial zinc acquisition mechanisms, it should be noted
that, similar to other trace metals, excess zinc is poisonous to microbes. In addition to being
essential to most forms of life, zinc is also recognized for having antimicrobial properties
and to stimulate immune cell function such that zinc-containing products have been used in
wound healing, as an adjuvant for the treatment of the common cold, and as antimicrobials.
In the context of oral health, zinc has been incorporated into mouthwash and toothpaste
formulations to assist in the control of calculus formation, gingivitis and halitosis, while the
role of zinc as an anticaries agent is controversial (Barnes, Richter, Bastin, Lambert, & Xu,
2008; Bates & Navia, 1979; Giertsen, 2004; Harrap, Best, & Saxton, 1984; Li et al., 2015).
A few studies have probed the consequences of high zinc concentrations to the physiology
of oral streptococci, with /n vitro studies showing that high zinc concentrations inhibit their
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metabolism (He, Pearce, & Sissons, 2002; Phan, Buckner, Sheng, Baldeck, & Marquis,
2004). Because the incorporation of zinc into routinely used oral health care products is
predicted to disturb dental plague ecology, future studies to determine the importance of
environmental zinc in the caries process should also explore zinc excess conditions. From
a translational standpoint, approaches to restrict the access of oral bacteria to zinc or,
conversely, intoxicate them with zinc may prove effective in the control of dental caries.

Experimental procedures

Bacterial strains growth conditions

The S. mutans strains used in this study are listed in Table 1. Strains were routinely grown
in brain heart infusion (BHI) medium at 37°C in a 5% CO, incubator. When appropriate,
spectinomycin (1 mg mi~1), kanamycin (1 mg mI=1) or erythromycin (10 pg mi~1) was
added to the growth media. In addition, the chemically defined FMC medium (Terleckyj

et al., 1975) was used to determine the minimal amounts of zinc that support growth of

the mutant strains. Growth curves under different stress conditions and using media (BHI

or FMC) with different amounts of zinc were obtained using an automated growth reader
set to 37°C (Bioscreen C; Oy Growth Curves Ab, Ltd.) as described previously (Kajfasz et
al., 2010). Briefly, overnight cultures grown in BHI were diluted 1:50 in to the appropriate
medium in the wells of a microtiter plate with an overlay of sterile mineral oil added to each
well to minimize oxidative stress. Growth in the presence of calprotectin requires the use

of CP medium. To promote growth of S. mutansin the CP medium, BHI was prepared in
CP Buffer such that the final concentration of the buffer components were: 12 mM Tris [pH
7.5], 60 mM NacCl, 1.8 mM CaCl,, 3 mM B-mercaptoethanol. To determine the sensitivity of
the different strains to manganese, cultures were grown in BHI to an ODggg of 0.5, serially
diluted and 10 pl of each dilution spotted onto BHI agar supplemented with 250 uM MnSOg4
with or without additional zinc (20 UM ZnSQy,). Plates were incubated for 24 hours at 37°C
in a 5% CO» incubator before they were photographed.

Construction of mutant strains

Deletion strains lacking the adcA, adcCB or smu2069 genes were obtained using a PCR
ligation mutagenesis approach (Lau, Sung, Lee, Morrison, & Cvitkovitch, 2002). Briefly,
PCR fragments flanking the region to be deleted were ligated to a nonpolar kanamycin
(adcA and adcCB) or spectinomycin (smu2069) resistance cassette and the ligation mixture
used to transform S. mutans UA159 according to an established protocol (Lau et al., 2002).
Mutant strains were selected on BHI agar supplemented with the appropriate antibiotic and
confirmed by PCR analysis and DNA sequencing. To generate complemented strains, the
full length adcRCB operon was amplified by PCR and cloned into the integration vector
pBGE (Zeng & Burne, 2009) to yield plasmid pBGE-adcRCB. The plasmid was propagated
in E. coli DH10B and used to transform the S. mutans AadcCB strain for integration at the
gtfA locus. All primers used in this study are listed in Table 1.

ICP-MS analysis

The bacterial intracellular metal content was determined using Inductively Coupled Plasma
Mass Spectrometry (ICP-MS). Briefly, cultures were grown in BHI or BHI containing 6
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UM TPEN to an ODgqq of 0.4, harvested by centrifugation at 4°C for 15 min at 4,000

rpm, washed in phosphate-buffered saline (PBS) supplemented with 0.2 mM EDTA to
chelate extracellular divalent cations followed by a wash in PBS alone. The cell pellets were
resuspended in HNO3 and metal composition was quantified using an Agilent 7900 ICP
mass spectrometer. Metal concentrations were then normalized to total protein content as
determined by the bicinchoninic acid (BCA) assay (Pierce).

Biofilm assay

The ability of the S. mutans strains to form biofilms on saliva-coated wells of polystyrene
microtiter plates was assessed as described elsewhere (Kajfasz et al., 2020). The wells were
first coated with 100 pl of sterile clarified and pooled human saliva (IRB# 201600877) for
30 min at room temperature. Strains were grown in BHI to an ODgqg of 0.5 and diluted
1:100 in FMC containing 1% sucrose (FMC-S) and supplemented with 5 or 20 UM ZnSQy,
and 200 pl of each bacterial suspension added to the saliva-coated wells. After incubation
at 37°C in a 5% CO, incubator for 24 hours, wells were washed twice with sterile water

to remove planktonic and loosely bound bacteria, and adherent (biofilm) cells stained with
0.1% crystal violet for 15 min. The bound dye was eluted in a 33% acetic acid solution, and
the total biofilm estimated by measuring the absorbance of the dissolved dye at 575 nm.

Rat tooth colonization assay

The ability of the mutant strains to colonize the teeth of rats was evaluated using an
established model of dental caries (Miller et al., 2015) with some modifications. Briefly,
specific pathogen-free Sprague-Dawley rat pups were purchased with their dams from
Envigo Laboratories and screened for the presence of mutans streptococci by plating on
mitis salivarius (MS) agar upon arrival. Prior to infection, pups and dams received 0.8 mg
ml~1 sulfamethoxazole and 0.16 mg mlI~1 trimethoprim in the drinking water for 3 days to
suppress endogenous flora and facilitate infection. Pups aged 15 days and dams were taken
off antibiotics on day 4, randomly placed into experimental groups, and infected for four
consecutive days by means of cotton swab saturated with actively growing S. mutans UA159
or AadcCB cultures. During the days of infection, animals were fed a 12% sucrose powdered
diet (ENVIGO diet, catalog # TD.190707) and 5% (wt/vol) sterile sucrose-water ad libitum,
and the 12% sucrose diet with sterile water in the days after infection. The experiment
proceeded for 10 additional days, at the end of which the animals were euthanized by CO,
asphyxiation, and the lower jaws surgically removed for microbiological assessment. Jaw
sonicates were subjected to 10-fold serial dilution in PBS and plated on MS agar, BHI

agar (supplemented with kanamycin for the AadcCB strain), and 5% sheeps’ blood agar

to determine S. mutans counts. When grown on MS agar, S. mutans colonies are easily
distinguished from non-S. mutans flora, particularly when viewed at 4x magnification. On
MS agar, S. mutans form dark blue peaked colonies with an irregular margin that are
difficult to remove from agar with a toothpick. The number of S. mutans recovered from the
animals was expressed as CFU ml-1 of jaw sonicate. The S. mutans colonies counted on MS
agar were divided by the total colonies counted on blood agar to determine the percent of

S. mutans colonies recovered. This study was reviewed and approved by the University of
Florida Institutional Animal Care and Use Committee (protocol # 201810421).
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Statistical analysis

Data were analyzed using GraphPad Prism 9.0 software unless otherwise stated. Differences
in intracellular metal content and biofilm formation were determined via ordinary one-way
ANOVA. The rat colonization study was subjected to the Mann-Whitney U test. In all cases,
pvalues < 0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Genetic organization of the adcABC genes and other known zinc import systems in selected

gram-positive bacteria.
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Figure2.

Alignment of AdcA of S. mutanswith AdcA and AdcAll proteins of S. agalactiae. Dark
and light grey shades represent identical and similar residues, respectively. Orange shaded
residues are the N-terminal histidine rich metal-binding motif, yellow boxed residues depict
the C-terminal ZinT domain while the glutamic acid and additional histidine residues that
aid in metal recruitment are indicated in blue shades.
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Figure 3.
AdcABC mediates the growth of S. mutans under zinc-depleted conditions. Growth curves

of UA159, AadcA, AadcCB or AadcCB*°™P in (A) FMC, (B) FMC supplemented with 5 uM
ZnS0Qy, (C) BHI, (D) CP/BHI medium containing 200 pug mi~1 of human calprotectin, and
(E) BHI containing 10 uM TPEN. Curves shown represent average and standard deviation of
at least five independent biological replicates.

Mol Oral Microbiol. Author manuscript; available in PMC 2022 June 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ganguly et al.

A

ppb/mg of protein

ppb/mg of protein

Zinc (BHI)
400-
e e T * T
=S
200+ AlR
1004
0 * 0 - v
N, 0
RN v,bé" v'aé &
60
v’b
Manganese (BHI)
400-
*
300+
_I_ v T
200+ A _¢_
100+
0 T 0 v Q.
S (¢ s &
N A 0
0?’ v’béo V@ 000
oéo
>
Figure 4.

ppb/mg of protein

ppb/mg of protein

Page 17

Zinc (BHI+TPEN)

400,
3001 p—o—o #
*
2001 *
100+ |$—‘ ﬁ
0 . . .
9

N 0
SIS Y
60
V’b
Manganese (BHI+TPEN)
400-
*
300 ﬁ— I
¥v
200- o
100 . Py .
& ¢ & @
N & 0!
N\ fb& w 00%
v"’é

ICP-MS quantifications of intracellular zinc and manganese in the UA159, AadcA, AadcCB
or AadcCB°™P strains. The bar graphs indicate zinc or manganese levels in cells grown

in BHI (A and C) or BHI containing 6 uM TPEN (B and D). Data represent averages

and standard deviations of three independent biological replicates. One-way ANOVA was
used to compare the metal content of mutants and UA159 (*) and between AadcCB and
AadcCB™™MP (#). A pvalue <0.05 was considered significant.
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Figure5.
The AadeCB mutant strain is hypersensitive to manganese. Mid-log grown cultures of

UA159, AadcCB or AadcCB°™P were serially diluted and spotted on BHI agar containing
different concentrations of manganese or zinc as indicated in the figure labels.

Mol Oral Microbiol. Author manuscript; available in PMC 2022 June 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Ganguly et al.

A

CFU/mL

Page 19

107 ° *kk | o
106- 2%, 2 1004

—-f-o0-- c .

[ Y b~
10°- ° E 80-
10%- v 60 e
103+ § 404 o___
S | o0
102_ ................................................................. LOD [ 20- d
10° T T o T
UA159 AadcCB UA159

Figure 6.
Colonization of S. mutans UA159 or AadcCB on the teeth of rats. (A) Total S. mutans

colonies recovered from rat jaws by plating on MS agar, and (B) percentage of S. mutans
colonies among total recovered flora plated on blood agar plates. The limit of detection
for CFU is 102. (*) Indicates statistical significance (o= 0.0003 (A) and 0.0002 (B) by
Mann-Whitney test).
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Figure7.

Expression of virulence-related attributes in the UA159, AadcA and AadcCB strains. (A)
Growth in in the presence of a sub-inhibitory concentration of HyO5 (0.75 mM) in FMC
supplemented with 5 pM (A) or 20 pM ZnSOy4 (B). Curves shown represent average and
standard deviation of at least five independent biological replicates. (C) 24-h biofilms
formed on the surface of saliva-coated microtiter plate wells from cells grown in FMC
supplemented with 1% sucrose in presence of varying amount of Zn. (*) Indicates statistical
significance when compared to UA159 strain (p < 0.05, one-way ANOVA).

Mol Oral Microbiol. Author manuscript; available in PMC 2022 June 09.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Ganguly et al.

Table 1.

Bacterial strains and primers used in the study

S. mutans strains Relevant characteristics Source
UA159 Wild-type ATCC
AadcA adcA::Kan This study

AadcCB adeCB::Kan This study
AadcCBeomp adcCB::Kan, adcCB+ in pBGE This study
Asmu2069 smu2069::Spec This study
NadcCBAsmu2069 adcCB::Kan; smu2069.:Spec This study
Primers Application

adcAdel5arm1
adcAdelarm1BamHI
adcAdelarm2 BamH]I
adcAdel3arm2
adcCBdel5arm1
adcCBdelarm1BamHlI
adcCBdelarm2 BamHI
adcCBdel3arm2
adcCBcompXbal5’
adcCBcompBsrG3’
smu2069del5arm1
smu2069delarm1Sphl
smu2069delarm2Sphl
smu2069del3arm2

Sequencea
GCA AGA TTA CGG TAG AAG ACA
TGA CTA ACA GAA GGG ATC CCG ATA ATA AA
CCA GCT AAG GAT CCA GGC CGA
CCC CAA AAC CCT TCATCC
ACA AGA ATA GCG ACT GGA AA
GGA TTG ATG GGG ATC CTG GTG AAA
GAT AAG ACC GGG ATC CAACAG TAATG
CCCATGTCATTACTGTCCC
GCTCTAGACTTTGAAATCTTACCTTATCGTTGC
CGCTGTACACTGTCTTTTCCCCAGCCTC
GGTTCTCCCTTACGGTCACGC
CCAGCAAGCATGCGAGCAGTAAGTATAAAGGCA

GGAGTTGCATGCATTTCTGGTATGCTTATCATGGCTG

GCTGCAATTCCGAGGTTCTTCC

adcA deletion
adcA deletion
adcA deletion
adcA deletion
adcCB deletion
adcCB deletion
adacCB deletion
adcCB deletion
AadcCB comp.
AadcCB comp.
smu2069 deletion
smu2069 deletion
smu2069 deletion
smu2069 deletion

a o .
Restriction sites are underlined.
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