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Vitamin D Compounds Are Bactericidal against Streptococcus
mutans and Target the Bacitracin-Associated Efﬂux System
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ABSTRACT Vitamin D analogs were identiﬁed as compounds that induced lysis of
planktonic cultures of Streptococcus mutans in a high-throughput screen of FDAapproved drugs. Previous studies have demonstrated that certain derivatives of vitamin D possess lytic activity against other bacteria, though the mechanism has not
yet been established. Through the use of a combinatorial approach, the vitamin D
derivative doxercalciferol was shown to act synergistically with bacitracin, a polypeptide-type drug that is known to interfere with cell wall synthesis, suggesting that
doxercalciferol may act in a bacitracin-related pathway. Innate resistance to bacitracin is attributed to efﬂux by a conserved ABC-type transporter, which in S. mutans is
encoded by the mbrABCD operon. S. mutans possesses two characterized mechanisms of resistance to bacitracin, the ABC transporter, S. mutans bacitracin resistance
(Mbr) cassette, consisting of MbrABCD, and the rhamnose-glucose polysaccharide
(Rgp) system, RgpABCDEFGHI. Loss of function of the transporter in ⌬mbrA and
⌬mbrD mutants exacerbated the effect of the combination of doxercalciferol and
bacitracin. Despite conservation of a transporter homologous to mbrABCD, the combination of doxercalciferol and bacitracin appeared to be synergistic only in streptococcal species. We conclude that vitamin D derivatives possess lytic activity against
S. mutans and act through a mechanism dependent on the bacitracin resistance
mechanism of MbrABCD.
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S

treptococcus mutans is the primary etiological agent of dental caries, a disease that
affects individuals of all ages, especially those with limited health care accessibility
and poor socioeconomic circumstances (1, 2). S. mutans is an early colonizer of the
tooth surface that promotes binding of other oral microorganisms to form a bioﬁlm
known as dental plaque. As one of its primary virulence mechanisms, S. mutans is
acidogenic, resulting in an environmental pH below that at which tooth demineralization occurs (pH ⬃5.5) (3–8). The organism is also aciduric and therefore can survive the
low-pH environments that it creates, thereby outcompeting other oral organisms to
dominate the ecological niche (3–8).
According to the Centers for Disease Control and Prevention, overuse and incorrect
prescribing of antibiotics have led to a dangerous increase in acquired resistance in the
United States (9), often leaving clinicians with relatively few, often dangerous, treatment options. Efﬁcient high-throughput strategies for identiﬁcation of novel antibiotic
classes, as well as adjuvants that circumvent resistance mechanisms, in combination
with thorough characterization of compounds, are essential to successful clinical
outcomes. Adjuvants tend to have little to no antimicrobial capability but, in combination with speciﬁc drugs, can increase potency and block resistance.
Vitamin D is an essential nutrient and hormone that must be obtained either from
the diet or from dermal synthesis. It has essential roles in the absorption of calcium,
iron, magnesium, phosphate, and zinc—all of which contribute to the formation of hard
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tissues, such as enamel and dentin (10). The health beneﬁts of vitamin D are wide
ranging, and it has been shown to inﬂuence various metabolic systems in the body.
Serum vitamin D levels vary slightly depending on ethnicity, region, gender, season,
and age, with acceptable values reported to be in the 30- to 68-ng/ml range, whereas
deﬁciency was characterized as ⬍20 ng/ml (⬍50 nmol/liter) (11). Vitamin D has been
suggested to play a role in the etiology of many chronic diseases, so that deﬁciency is
correlated with a negative outcome, as in the cases of rheumatoid arthritis (12),
respiratory infections (13), asthma (11), cancer (14, 15), periodontitis (16), and gingivitis
(17).
The link between vitamin D levels and caries is multifactorial and includes genetic,
environmental, nutritional, and socioeconomic factors. There are detectable amounts of
vitamin D in saliva ranging from 105 to 1,000 pg/ml, depending on the individual, diet,
and time of day (18). One study found that increased serum vitamin D levels were
associated with lower occurrence of dental maladies, including caries and hypomineralization (19). In combination with calcium supplementation, vitamin D has been shown
to improve overall periodontal health relative to individuals with no supplementation,
in addition to reducing the severity of preexisting cases of periodontitis (20, 21). A
review has suggested that increasing serum levels to greater than 40 ng/ml would
greatly reduce caries (22), as low serum levels of 25-hydroxyvitamin D [25(OH)D] have
been associated with elevated caries (23). Children with severe ECC, a chronic disease
with tooth decay, have been found to have signiﬁcantly lower levels of vitamin D than
caries-free children (24). Moreover, studies have reported that prenatal vitamin D was
correlated with reduced occurrence of caries in infants and supported development of
healthy dentition (25, 26). Interestingly, the evidence linking improved oral health and
vitamin D has led to additional work investigating vitamin-coated dental implants to
promote surrounding bone mineralization and tissue growth (27, 28).
In addition to contributing to overall well-being, many reports examining the
relationship between vitamin D and infection focus on the direct, signiﬁcant immunomodulatory role of vitamin D (reviewed in reference 29). Vitamin D alters the innate
immune response (30), and in turn, immune cells differentially regulate vitamin
D-metabolizing enzymes during infection (31). One mechanism for this is stimulation by
vitamin D of the production of antimicrobial peptides, such as cathelicidin and human
␤-defensin 2, as well as stimulation of cell-speciﬁc receptors involved in pathogen
clearance (32–34).
Single nucleotide polymorphisms of the vitamin D receptor (VDR) gene have been
correlated with patients with and without dental caries (35). Other genetic evidence for
a connection between vitamin D and oral health includes work demonstrating that
vitamin D-associated rickets (also referred to as hypophosphatemic rickets) is resistant
to vitamin D supplementation. This condition is, in part, characterized by osteomalacia
(a defect in the mineralization of bones), caused by mutation of the vitamin D receptor
(36), resulting in severe dental caries (37, 38).
Vitamin D has been associated with bacterial-infection clearance and other disease
processes. For example, the link between tuberculosis and vitamin D levels has been
investigated since the 1940s and has continued to be the focus of numerous studies
(39–41) and reviews (42–44). Vitamin D levels have also been shown to affect the
frequency of Staphylococcus aureus infections (45, 46), as well as macrophage clearance
of Pseudomonas aeruginosa (47). Interestingly, cytomegalovirus (CMV) has been shown
to actively downregulate expression of the vitamin D receptor in host cells (48). A
vitamin D decomposition product was shown to have direct bactericidal activity against
Helicobacter pylori (49). In a monocyte model, vitamin D inhibited the growth and
virulence factor expression of Porphyromonas gingivalis (50). In S. aureus, both vitamin
D and E compounds have been shown to interact with antibiotic efﬂux (51).
Here, we report the identiﬁcation of vitamin D drug derivatives that exhibit direct
bactericidal activity against the cariogenic bacterium S. mutans through a mechanism
involving the bacitracin-associated efﬂux pump MbrA.
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FIG 1 Structures of vitamin D analogs that exhibited activity in the AK assay.

RESULTS
A large-scale drug screen revealed that vitamin D analogs are active against S.
mutans. The adenylate kinase (AK) assay was used to screen a library of FDA-approved
drugs from Selleck Chemical (Houston, TX) for activity against S. mutans (52). Of the 853
drugs in the Selleck library, we found 126 drugs that signiﬁcantly induced lysis of
planktonic cells (2-fold above background). Surprisingly, one class of compounds that
showed activity against S. mutans comprised various derivatives of the fat-soluble
secosteroid vitamin D. Analysis of the structures and activities of these compounds
revealed that breakage of the steroid ring is required for detection of signiﬁcant
adenylate kinase release, as in the example of lithocholic acid, which did not exhibit
bactericidal activity. The three compounds in this class that exhibited the greatest lytic
activity against planktonic cells were alfacalcidol, doxercalciferol, and calcitriol (Fig. 1),
all possessing two hydroxyl groups on the methylene-cyclohexane ring, implying a
potential role for the structure in the activity of the compound. Vitamin D derivatives
that did not possess the two hydroxyl groups did not result in signiﬁcant lysis relative
to background.
All three compounds inhibited the growth of WT cells at an MIC of 16 g/ml. In
order to further characterize the activities of the vitamin D-like compounds, we tested
a range of concentrations using the AK assay. S. mutans planktonic cultures (optical
density at 600 nm [OD600], ⬃0.5) were exposed to the test drugs or ciproﬂoxacin
(positive control; MIC, 2 g/ml) ranging from 0.25⫻ to 4⫻ the MIC for 4 h, followed by
read-out with the AK assay. These conditions were chosen to mimic the parameters
established in our primary screen and to further validate those results. Treatment with
alfacalcidol, calcitriol, or doxercalciferol resulted in at least 2-fold-higher signal relative
to background (dimethyl sulfoxide [DMSO]) in the AK assay between 1⫻ and 2⫻ MIC
(16 to 32 g/ml), which is in the range of the concentrations used during the initial
drug screen (52). Similar to our initial screen, alfacalcidol and doxercalciferol exhibited
similar activities against planktonic cultures, whereas calcitriol signal was slightly above
the 2-fold-above-background cutoff (52). These results demonstrate that, in agreement
with our initial screen, the vitamin D analogs tested exhibited lytic activity against S.
mutans.
Vitamin D analogs have activity against bioﬁlms of S. mutans. S. mutans is found
in the oral cavity of humans as part of a multispecies bioﬁlm known as dental plaque.
Therefore, it was essential to test whether alfacalcidol, calcitriol, or doxercalciferol had
potential to prevent bioﬁlm formation. Despite having similar structures, as well as the
ability to lyse planktonic cells, the three vitamin D analogs exhibited the ability to
prevent S. mutans bioﬁlm formation. The minimum bioﬁlm inhibitory concentrations
(MBIC) of doxercalciferol and alfacalcidol were 64 g/ml (MBIC90) and 128 g/ml
(MBIC50), respectively, whereas, calcitriol did not inhibit bioﬁlm formation at any
concentration tested (Fig. 2B).
January 2018 Volume 62 Issue 1 e01675-17
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FIG 2 (A) Vitamin D analogs induce adenylate kinase release from S. mutans planktonic cells. S. mutans UA159
cultures were grown in TY medium plus 1% (wt/vol) glucose to exponential phase and used to inoculate fresh
medium containing ciproﬂoxacin (positive control), DMSO (negative control), alfacalcidol, calcitriol, or doxercalciferol at 16, 32, and 64 g/ml for 4 h. Cell lysis was detected using the AK assay as described in Materials
and Methods. The data are represented as relative luminescence units (RLU) normalized to background
(DMSO) and are representative of three replicate cultures performed in triplicate. *, P ⬍ 0.05; Student’s t test,
two tailed. (B) Bioﬁlm formation of S. mutans UA159 in the presence of vitamin D analogs. Cultures of S.
mutans UA159 were grown in TY medium plus 1% (wt/vol) sucrose to exponential phase and used to
inoculate fresh medium containing alfacalcidol, calcitriol, or doxercalciferol at concentrations from 0 to 128
g/ml. Bioﬁlm formation was quantitated by crystal violet staining as described in Materials and Methods. The
values were normalized to DMSO control (n ⫽ 3). *, P ⬍ 0.05; Student’s t test, two tailed. (C) AK assay of bioﬁlm
cultures exposed to vitamin D analogs. S. mutans UA159 cultures were seeded in 96-well plate format in TY
medium plus 1% (wt/vol) sucrose and grown for 24 h to establish bioﬁlms. The wells were washed with PBS,
followed by addition of ciproﬂoxacin (positive control), DMSO (negative control), alfacalcidol, calcitriol, or
doxercalciferol in fresh TYS at 16, 32, and 64 g/ml for 18 h. Cell lysis was detected using the AK assay as
described in Materials and Methods. The data are represented as RLU normalized to background (DMSO) and
are representative of three replicates performed in triplicate. The red horizontal line represents the 2-fold
cutoff used to classify active compounds (52). *, P ⬍ 0.05; Student’s t test, two tailed. The error bars indicate
standard deviations.

The AK assay also serves as a rapid and sensitive method to detect compounds with
activity against preformed bioﬁlms. Unlike the results from the AK assay using planktonic cultures, only calcitriol and doxercalciferol were able to induce lysis of preformed
bioﬁlms, suggesting that these similarly structured drugs have different activities under
January 2018 Volume 62 Issue 1 e01675-17
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different conditions (compare Fig. 2A and C). Addition of alfacalcidol did not result in
signiﬁcant signal relative to the DMSO control, indicating that it does not possess
activity against preformed bioﬁlms. Addition of calcitriol resulted in a 40-fold increase
in signal relative to the DMSO control, making it the most active compound tested
under these conditions (Fig. 2C). These results demonstrate that analogs of vitamin D
are able to prevent S. mutans bioﬁlm formation, as well as having activity against
preformed bioﬁlms.
Doxercalciferol exhibits synergistic activity in combination with bacitracin.
Recently, 1,25(OH)2D3 (vitamin D) was shown to inhibit the growth of the oral pathogen
P. gingivalis with a MIC between 3.2 and 6.25 g/ml (50). In addition to its effect on
growth, the vitamin D derivative was shown to potentially interact with a cell walltargeting antibiotic. In order to dissect the mechanism of growth inhibition by vitamin
D on S. mutans, we used a combinatorial approach to assay a 2-fold dilution series of
drugs known to target the bacterial cell membrane. As alfacalcidol, doxercalciferol, and
calcitriol possessed different activities in initial characterization of the vitamin D derivatives, we proceeded with doxercalciferol, as it had the most consistent activity in our
secondary assays. Twofold dilution series of the antibiotics bacitracin, chloramphenicol
(control), ciproﬂoxacin (control), penicillin, streptomycin, and vancomycin were all
tested in the presence or absence of doxercalciferol (16 g/ml) (Fig. 3). The growth of
S. mutans in the presence of bacitracin was unaltered relative to the no-drug control,
which was expected, as bacitracin resistance in S. mutans has been characterized (53).
However, in the presence of doxercalciferol, bacitracin inhibited the growth of S.
mutans at concentrations well below that of bacitracin alone (⬎256 g/ml). The MICs
of chloramphenicol and ciproﬂoxacin were not altered in the presence of doxercalciferol, suggesting that the combinatorial effect of vitamin D and bacitracin is not
a generic phenomenon. Further, the absence of synergy with other tested cell
membrane-targeting drugs suggests that the target for vitamin D-mediated growth
inhibition might be analogous to pathways of bacitracin resistance.
The ABC transporter MBR has a role in the interaction between doxercalciferol
and bacitracin. There are two proposed mechanisms for the innate resistance to
bacitracin in S. mutans, including rhamnose-glucose polysaccharide (RGP)-associated
formation within the cell and the S. mutans-associated bacitracin resistance (MBR) efﬂux
pump (53, 54). In order to distinguish between these mechanisms, we tested the
combination of bacitracin and doxercalciferol in S. mutans strains carrying deletions in
rgpF (SMU.830) and mbrA (SMU.1006), which encode key subunits associated with each
mechanism. We predicted a mutant in the target would be more sensitive to the
combination of bacitracin and doxercalciferol than the parent strain, MX804, which is
an erythromycin-resistant (Ermr) knock-in strain similar to S. mutans UA159 (Table 1) (7).
The erythromycin-selectable marker had no detectable effect on susceptibility to
bacitracin or doxercalciferol (data not shown).
Using a checkerboard approach of serial dilution of bacitracin along the x axis and
doxercalciferol along the y axis, we measured the fractional inhibitory concentration
(FIC). In the presence of bacitracin alone, the MIC for the parent strain, MX804, was
⬎128 g/ml, conﬁrming that S. mutans exhibits innate resistance to bacitracin (Table
2). Loss of components of the MBR transporter in the ΔmbrA or ΔmbrD strain resulted
in a signiﬁcant reduction in the bacitracin MIC to 2 g/ml and 8 g/ml, respectively,
indicating a loss of bacitracin resistance. Similarly, the ΔrgpF strain exhibited a reduction in the MIC of bacitracin, conﬁrming its previously documented role in resistance
(53). Strains MX804, ΔmbrA, and ΔrgpF each exhibited an MIC of 16 g/ml for doxercalciferol, while that for the ΔmbrD strain was 8 g/ml. The presence of doxercalciferol
signiﬁcantly reduced the amount of bacitracin that inhibited growth of the MX804 (FICI,
0.125), ΔmbrA (FICI, 0.25), and ΔmbrD (FICI, 0.5) strains, indicating a synergistic interaction, according to standard deﬁnitions (55). In contrast, the FICI for the combination
of bacitracin and doxercalciferol in the ΔrgpF strain was 1.125, indicating no interaction.
In order to establish if doxercalciferol was acting as a general efﬂux pump inhibitor
or was speciﬁc to bacitracin-associated efﬂux, we tested the combination of doxercalaac.asm.org 5
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FIG 3 Effects of doxercalciferol on the MICs of cell wall-targeting antibiotics. Cultures of S. mutans UA159 were grown in TY medium plus
1% (wt/vol) glucose to exponential phase and used to inoculate fresh medium containing 2-fold serial dilutions of the test drugs
(bacitracin, chloramphenicol, penicillin, vancomycin, and streptomycin) in the presence or absence of doxercalciferol (16 g/ml). The error
bars represent the standard deviations of the results of three independent experiments.

ciferol and bacitracin in a deletion strain lacking a subunit of a well-characterized efﬂux
pump encoded by pmrA. The pmrA transporter has previously been described in
Streptococcus pneumoniae and is associated with efﬂux of ﬂuoroquinolone class antibiotics (56). Addition of doxercalciferol to the ΔpmrA strain in the presence of bacitracin
or ciproﬂoxacin (as a control) resulted in a susceptibility pattern similar to that of
MX804 (Table 2). The lack of synergy between doxercalciferol and bacitracin suggests
that doxercalciferol is not a general efﬂux pump inhibitor and may act directly with the
MBR efﬂux pump.
Kinetics of doxercalciferol activity in combination with bacitracin. Results from
the AK assay demonstrated the bactericidal activity of doxercalciferol, and other
vitamin D analogs, against S. mutans (Fig. 1), and fractional inhibition studies elucidated
an interaction between bacitracin and doxercalciferol (Fig. 3B). In order to further
characterize the efﬁcacy of the combination of bacitracin and doxercalciferol, we
examined the killing kinetics via a time-kill assay. The MX804, ⌬mbrA, and mbrA⫹ strains
were grown to mid-log phase and seeded into fresh TYG medium (see Materials and
Methods) with and without bacitracin (32 g/ml) or doxercalciferol (16 g/ml). The cells
were enumerated at 0, 2, 4, 24, and 48 h after inoculation, as described in Materials and
Methods.
January 2018 Volume 62 Issue 1 e01675-17
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TABLE 1 Strains used in this study

aStrain

Description
Genomic type strain (72)
Ermr (7)
mbrA deletion strain (7)
mbrD deletion strain (7)
mbrA complement strain (this study)
rgpF deletion strain (7)
pmrA deletion strain (7)
University of Rochestera
University of Rochester
University of Rochester
University of Rochester
University of Rochester
University of Rochester
University of Rochester
University of Rochester
University of Rochester
University of Rochester
University of Rochester
University of Rochester
University of Rochester

Downloaded from http://aac.asm.org/ on November 29, 2020 by guest

Strain
Streptococcus mutans UA159
Streptococcus mutans MX804
Streptococcus mutans ⌬mbrA
Streptococcus mutans ⌬mbrD
Streptococcus mutans mbrA⫹
Streptococcus mutans ⌬rgpF
Streptococcus mutans ⌬pmrA
Bacillus subtilis
Enterobacter aerogenes
Enterococcus faecalis
Escherichia coli
Klebisella pneumoniae
Lactococcus lactis
Mycobacterium smegmatis
Pseudomonas aeruginosa
Staphylococcus aureus
Streptococcus gordonii
Streptococcus oralis
Streptococcus salivarius
Streptococcus sanguinis

was obtained from the University of Rochester microbiology laboratory stock collection.

Addition of doxercalciferol to cultures of the MX804, ⌬mbrA, or mbrA⫹ strain
resulted in a 3-log-order decrease in survival after 4 h of exposure (Fig. 4A). This ﬁnding
is in agreement with the results from the AK assay, as signiﬁcant levels of signal were
detected after the 4-h incubation period with drug for that assay (Fig. 2A). Although the
initial effect of doxercalciferol appears to be bactericidal, cell counts of all strains were
recovered between 4 and 24 h. Bacitracin alone did not alter the survival of MX804
cultures, in contrast to the ⌬mbrA strain, whose survival decreased by 2 log orders
within 48 h after inoculation (Fig. 4B), conﬁrming the previously described role of the
MBR efﬂux system in bacitracin resistance (53, 57). The viability of the mbrA⫹ complement strain was intermediate to MX804 and ⌬mbrA, indicating that addition of mbrA
back into the genome partially restored function with respect to bacitracin resistance.
The combination of doxercalciferol and bacitracin resulted in a signiﬁcant decrease
in survival of strain MX804 at 2, 4, and 48 h (Fig. 4C). Interestingly, the CFU at 24 h in
the MX804 cultures appeared elevated compared to the earlier time points. However,
as shown in Fig. 5C, there was no statistically signiﬁcant increase relative to the no-drug
control. The ⌬mbrA strain displayed a similar reduction in viability after 2 and 4 h of
exposure to both drugs; however, unlike MX804, it did not recover at 24 h and was
nonviable by 48 h. Complementation of the ⌬mbrA strain resulted in partial restoration
of resistance, observed at 24 and 48 h in the mbrA⫹ strain. These results are consistent

TABLE 2 Fractional inhibitory concentrations of doxercalciferol plus bacitracin in
planktonic cultures of S. mutansa
MIC of drug (g/ml)
Alone
Strain
MX804
ΔmbrA
ΔmbrD
ΔpmrA
ΔrgpF
mbrA⫹

Doxercalciferol
16
16
8
4
16
32

In combination
Bacitracin
⬎128
2
4
⬎128
4
8

Doxercalciferol
4
2
2
4
2
4

Bacitracin
4
0.25
1
32
4
2

FIC (g/ml)
⬃0.125
0.25
0.5
⬃1.125
1.125
0.375

aCultures

were grown in TY medium plus 1% (wt/vol) glucose to exponential phase and used to inoculate
fresh medium in a 96-well plate. The fractional inhibitory concentrations for doxercalciferol plus bacitracin
were determined as detailed in Materials and Methods. For bacitracin MICs outside the tested range
(i.e., ⬎128 g/ml), a value of 256 g/ml was used to calculate the FIC.

January 2018 Volume 62 Issue 1 e01675-17
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with an interaction between bacitracin and doxercalciferol and suggest that the MBR
transporter is involved in this mechanism.
All of the strains tested (MX804, ⌬mbrA, and mbrA⫹) had similar growth rates and
similar reductions in viability between 24 and 48 h (Fig. 4D). In order to determine that
doxercalciferol and bacitracin, alone or in combination, were responsible for the
decrease in the cell count, we normalized the time-kill data to a no-drug control at each
time point to allow assessment of the relative effects of both drugs at individual time
points.
After 2 h treatment, addition of bacitracin only did not alter the number of CFU
recovered from MX804 cultures, but both the ⌬mbrA and mbrA⫹ strains showed a slight
decrease (0.53 and 0.33 log order, respectively) relative to no drug (Fig. 5A, compare the
bars with horizontal lines). While there was no signiﬁcant decrease in viability in
cultures to which doxercalciferol was added (Fig. 5A, bars with vertical lines), the
combination of bacitracin and doxercalciferol resulted in a greater decrease in recovery
of the MX804 (1 log order), ⌬mbrA (1 log order), and mbrA⫹ (0.44 log order) strains
relative to no drug (Fig. 5A, compare bars with crosshatching).
All the strains showed a reduction in cell viability of approximately 2.5 log orders
after exposure to doxercalciferol alone relative to the no-drug control (Fig. 4B), conﬁrming the results observed with the AK assay (Fig. 2A). Addition of bacitracin resulted
in a slight, but signiﬁcant, reduction in survival of all strains at 4 h. The combination of
bacitracin and doxercalciferol exhibited the greatest reduction in survival of the ⌬mbrA
strain (3.3 log orders) compared to either compound alone (cf. Fig. 4C to A and B).
January 2018 Volume 62 Issue 1 e01675-17
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FIG 4 Kinetics of doxercalciferol and bacitracin interaction in MX804 (red), ⌬mbrA (blue), and mbrA⫹ (green) strains. Cultures of S. mutans MX804, ΔmbrA,
and mbrA⫹ were grown in TY medium plus 1% (wt/vol) glucose to exponential phase, and 105 CFU was used to inoculate fresh medium. The cultures
were serially diluted and plated on BHI agar medium. Drugs were then added to the cultures as follows: doxercalciferol (16 g/ml) (A), bacitracin (32
g/ml) (B), a combination of doxercalciferol (16 g/ml) and bacitracin (32 g/ml) (C), or no-drug control (D). Aliquots were removed at 2, 4, 24, and 48
h following addition of drug and plated for enumeration. Percent survival was calculated by enumeration of CFU per milliliter at each time point. The
data are averages of at least 3 independent replicates and are normalized to CFU per milliliter at time zero for each strain. *, P ⬍ 0.05; Student’s t test,
two tailed. The error bars indicate standard deviations.
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Cultures of S. mutans MX804 were fully recovered after 24 h treatment with all the
drugs, which may in part be due to resistance to bacitracin, as well as drug concentrations either at or below the MIC used during the time-kill experiments. The mbrA
mutant and complement strains exhibited a phenotype similar to that of MX804, with
the exception of the combination of doxercalciferol and bacitracin, which exhibited 4and 3.5-log-order decreases in viability at 24 h, respectively, relative to the no-drug
control.
MX804 cultures fully recovered after 48 h treatment with all the drugs, similar to
cultures of the ⌬mbrA and mbrA⫹ strains treated with both compounds (Fig. 5D).
Cultures of the ⌬mbrA strain were completely nonviable after 48 h, whereas the mbrA⫹
strain exhibited an approximately 3-log-order decrease relative to the no-drug control.
These results support our hypothesis that doxercalciferol possesses bactericidal activity
and acts through a bacitracin-associated efﬂux pump mechanism.
The interaction of doxercalciferol with bacitracin may be speciﬁc to streptococci. The mbrA membrane component of the bacitracin-associated efﬂux pump is
conserved among Gram-positive and Gram-negative bacteria. In fact, many streptococci and lactococci carry genes for multiple ABC transporter proteins with signiﬁcant
sequence homology to MbrA, many of which have been investigated for their drug
efﬂux-associated functions (58, 59).
Therefore, we investigated whether the presence of MbrA contributes to the mechanism by which doxercalciferol interacts with bacitracin in organisms that carry genes
homologous to mbrA. To test this hypothesis, we measured the MICs of bacitracin in the
presence or absence of doxercalciferol in a variety of Gram-positive and Gram-negative
January 2018 Volume 62 Issue 1 e01675-17
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FIG 5 Doxercalciferol-bacitracin interaction occurs through an MbrA-dependent mechanism. Time-kill experiments were performed as described in the legend
to Fig. 4 and Materials and Methods. Aliquots were taken at 2 h (A), 4 h (B), 24 h (C), and 48 h (D) after inoculation. The bars represent cultures with
doxercalciferol (16 g/ml; bars with vertical lines), bacitracin (32 g/ml; bars with horizontal lines), or a combination of doxercalciferol and bacitracin (bars with
crosshatching). Percent survival was calculated by enumeration of CFU per milliliter at each time point and normalized to the no-drug control. The data
represent the averages and standard deviations of the results of at least three independent replicates. Note that the y axis is different for each panel. *, P ⬍
0.05; **, P ⬍ 0.001; Student’s t test, two tailed; ns, not signiﬁcant.
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TABLE 3 Effects of doxercalciferol on the MIC of bacitracin for Gram-positive and Gramnegative bacteria that possess MbrA-like efﬂux pumps
MICBac (g/ml)a
Without Dox
⬎128
⬎128
⬎128
⬎128
⬎128
⬎128
4
⬎128
⬎128
128
128
64
4
32

With Dox
4
⬎128
⬎128
8
⬎128
⬎128
2
⬎128
⬎128
64
32
4
1
16
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Species
Streptococcus mutansb
Bacillus subtilis
Enterobacter aerogenes
Enterococcus faecalisb
Escherichia coli
Klebsiella pneumoniae
Lactococcus lactis
Mycobacterium smegmatis
Pseudomonas aeruginosa
Staphylococcus aureus
Streptococcus gordoniib
Streptococcus oralisb
Streptococcus salivariusb
Streptococcus sanguinis
aMICs

were determined for bacitracin in select bacterial strains that possess ABC transporters that are
homologous to the S. mutans mbrA efﬂux pump subunit. The MIC of bacitracin (MICBac) was also measured
in the presence of 4 g/ml doxercalciferol (Dox). The results are the lowest concentrations that inhibited
growth in at least two independent experiments, in duplicate.
bSpecies in which addition of doxercalciferol resulted in a signiﬁcant decrease in the bacitracin MIC.

bacteria, many of which have been used to study mechanisms of bacitracin resistance
(60–65). We chose a ﬁxed concentration of doxercalciferol that exhibited a signiﬁcant
effect on S. mutans growth in the presence of bacitracin (4 g/ml).
The results outlined in Table 3 indicate that the presence of mbrA-like genes does
not require that doxercalciferol produce a signiﬁcant reduction in the bacitracin MIC.
The Gram-negative organisms examined as part of this study were not sensitive to
bacitracin, and the presence of doxercalciferol did not alter their sensitivity. Of the
remaining 10 organisms tested, 5 (50%) exhibited a ⬎2-fold reduction in the MIC of
bacitracin in the presence of 4 g/ml doxercalciferol (Table 3). The data suggest that
this may be a streptococcus-speciﬁc phenomenon, as we observed that 5 of the 6
streptococcal species (including the near neighbor of streptococci, Enterococcus faecalis) tested here demonstrated similar reductions in the MIC of bacitracin when measured in the presence of doxercalciferol. Other Gram-positive bacteria, such as Lactococcus lactis, S. aureus, and Streptococcus sanguinis, exhibited a slight (2-fold) reduction
in the MIC of bacitracin in the presence of doxercalciferol, possibly due to the
doxercalciferol-speciﬁc antibacterial activity rather than to potential interaction with an
efﬂux pump.
DISCUSSION
Using the AK assay to screen the Selleck library of 853 FDA-approved drugs, we
identiﬁed 126 compounds with activity against S. mutans planktonic cultures (52). One
class of compounds with novel activity against S. mutans included several derivatives of
the secosteroid vitamin D. Doxercalciferol is a synthetic vitamin D2 analog used in the
treatment of hyperparathyroidism. Although other groups have reported the antibacterial properties of vitamin D derivatives, this is the ﬁrst report, to our knowledge, of
interaction with bacitracin as a possible mechanism.
Previous reports have demonstrated antibacterial activity of vitamin D-like compounds against both Gram-positive and Gram-negative bacteria. Treatment with doxercalciferol led to a loss of bacterial viability and cell lysis, similar to the results seen
previously with other vitamin D analogs (49, 50). Interestingly, treatment with doxercalciferol initially led to a signiﬁcant decrease in cell viability, followed by recovery to
levels similar to those of the no-drug control (Fig. 4A). These data may suggest that the
mechanism of doxercalciferol has different targets that may change throughout time or
that the cellular machinery needs to be induced in order to overcome the effects of
doxercalciferol. In S. aureus, a combination of vitamin D and antibiotics in efﬂuxJanuary 2018 Volume 62 Issue 1 e01675-17
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associated resistant strains resulted in restoration of antibiotic activity, suggesting that
vitamin D may have a role in actively inhibiting antibiotic efﬂux (51). The activity
observed with doxercalciferol is consistent with the deﬁnition of an adjuvant, which is
a small molecule with little to no antimicrobial activity alone that enhances the activity
of another drug.
Bacitracin resistance has been explored in both Gram-positive (62–67) and, to a
lesser extent, Gram-negative (60, 61, 68) bacteria. Although in S. mutans it has been
partially attributed to the RGP-associated genes, a commonly recognized mechanism of
resistance is the role of ABC transporters, such as mbrABCD. In S. mutans, the mbrA gene
is located downstream of the glucosyltransferase-encoding genes gtfB and gtfC. The
MBR operon consists of mbrAB (SMU.1006 and SMU.1007), the ABC transporter, and
mbrCD (SMU.1008 and SMU.1009), a putative two-component system (57).
The mbrABCD ABC transporter is conserved in Gram-positive and Gram-negative
bacteria. We tested a variety of bacteria, which all had ABC transporters with signiﬁcant
homology to mbrAB (E ⬍ 1e⫺45). We found that despite the presence of transport
systems homologous to S. mutans mbrABCD (SmmbrABCD), the additive effect of
doxercalciferol on bacitracin susceptibility is limited to streptococci (Table 3).
The mbrAB transporter is similar to the well-characterized ABC-type lipoprotein and
macrolide export system of Escherichia coli known as LolCDE (EcLolCDE) (reviewed in
reference 69). Addition of a LolCDE inhibitor resulted in upregulation of stress response,
as well as transport, including that of multidrug efﬂux systems (70). Dysregulation of
transport systems in doxercalciferol-treated samples or mbrABCD mutant strains may
explain the altered antibiotic susceptibilities that were observed (Fig. 3) (53). In contrast
to the effect of doxercalciferol on S. mutans, the inhibitor had a low MIC (0.25 g/ml),
likely because components of EcLolCDE are essential (71). While loss of mbrA or mbrB
in S. mutans did not exhibit any appreciable phenotypes relative to the parent strain,
MX804, under the conditions tested (7), mutants in the E. coli LolCDE system are
nonviable, which results in the accumulation of lipoproteins in the inner membrane
(71). Lipoprotein transport and membrane synthesis function have also been attributed
to both mbrABCD and LolCDE.
Bacitracin inhibits dephosphorylation of C55-isoprenyl pyrophosphate, thus interfering with peptidoglycan synthesis. There are several possible mechanisms of action that
account for the lytic activity of doxercalciferol (and other vitamin D analogs), as well as
the synergism with bacitracin. Based on the FIC of bacitracin and doxercalciferol in
mutants of the bacitracin-associated efﬂux system (Table 2), it is possible that doxercalciferol circumvents the bacitracin resistance mechanism in S. mutans by directly
inhibiting bacitracin efﬂux. However, doxercalciferol failed to inhibit general efﬂux
systems in standard ethidium bromide efﬂux assays (data not shown). As with many
efﬂux pump inhibitors, doxercalciferol and analogs are lipid soluble and may interact
with the membrane, thus exacerbating the effect of bacitracin. However, other strains
carrying deletions in cell wall-related genes were tested, and they did not exhibit
altered susceptibility to either doxercalciferol or the combination of doxercalciferol and
bacitracin (data not shown). Although these mechanisms are not mutually exclusive,
further characterization of the effect of doxercalciferol on S. mutans will be necessary
to identify speciﬁc targets.
In conclusion, we found that addition of doxercalciferol, a vitamin D derivative, to S.
mutans cultures resulted in time-dependent lytic activity that acts via a bacitracin
resistance-dependent mechanism. Further, this activity is speciﬁc to streptococcal (and
closely related) species. Other vitamin D analogs may prove to be more potent
inhibitors of streptococcal species. The broader implications of a compound with
robust immunomodulatory roles and growing evidence of antimicrobial activity are
exciting.
MATERIALS AND METHODS
Strains and growth conditions. S. mutans strain UA159 (72) was maintained on brain heart infusion
(BHI) agar medium (BD/Difco, Franklin Lakes, NJ). Cultures were grown at 37°C in a 5% (vol/vol) CO2-95%
January 2018 Volume 62 Issue 1 e01675-17
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air atmosphere in either BHI or TY medium (3% tryptone, 0.1% yeast extract, 0.5% KOH, 1 mM H3PO4) plus
1% (wt/vol) glucose (TYG). For bioﬁlm analyses, cells were grown in TY medium plus 1% (wt/vol) sucrose
(TYS). Non-mutans bacteria, obtained from laboratory stocks, were maintained on BHI and grown at 37°C
(in a 5% [vol/vol] CO2-95% air atmosphere, for streptococcal strains).
Adenylate kinase assay. Adenylate kinase assays were performed as previously described (52, 73),
with minor modiﬁcations. Brieﬂy, overnight cultures of S. mutans UA159 were diluted 1:50 in 50 ml fresh
TYG medium and grown to exponential phase (OD600, ⬃0.5). In a 96-well opaque plate (Corning Inc.,
Corning, NY), 106 cells/well were combined with the test molecule (in DMSO; ﬁnal concentration of
DMSO, ⬍0.5%) in a ﬁnal volume of 100 l. The plates were incubated at 37°C in a 5% (vol/vol) CO2-95%
air atmosphere for 3 h and then equilibrated to room temperature for 1 h. Reconstituted AK detection
reagent (ToxiLight nondestructive cytotoxicity bioassay kit; 100 l; Lonza, Walkersville, MD) was added
to each well, and the plate was incubated in the dark for 1 h at room temperature. Luminescence was
measured with an integration time of 1,000 ms per well on a SpectraMax M5 plate reader (Molecular
Devices, Sunnyvale, CA). Ciproﬂoxacin (positive control) and DMSO (negative control) were included on
all plates.
For bioﬁlm cultures, logarithmic-phase cells were seeded in ﬂat-bottom 96-well plates (Corning Inc.,
Corning, NY) and grown in TYS at 37°C in a 5% (vol/vol) CO2-95% air atmosphere for ⬃18 h. The plates
were washed 3 times with sterile PBS to remove planktonic cells. Drugs were serially diluted (concentrations ranged from 0 to 64 g/ml) in fresh TYS and added to the wells, followed by incubation for an
additional 18 h. After 1 h equilibration at room temperature, 50 l culture supernatant from each well
was transferred to opaque 96-well plates with an equal volume of AK reagent (reconstituted according
to the manufacturer’s instructions; see above). The reaction was allowed to proceed for 1 h, followed by
measurement of luminescence, as described above.
MIC testing. Compounds used in MIC testing were as follows: alfacalcidol and calcitriol (Selleck
Chemical, Houston, TX); doxercalciferol (ApexBio, Houston, TX); and ciproﬂoxacin, bacitracin, chloramphenicol, penicillin, streptomycin, and vancomycin (Sigma-Aldrich, St. Louis, MO). To determine the MICs
of test compounds against S. mutans UA159, an overnight culture grown in BHI medium was diluted 1:50
in fresh TYG medium and grown to exponential phase (OD600, ⬃0.3). A 96-well plate (Corning, Inc.,
Corning, NY) containing fresh TYG medium was inoculated with 105 CFU. A dilution series of the test
compound (concentrations ranged from 0 to 64 g/ml) was added to the plate. The plates were
incubated at 37°C in a 5% (vol/vol) CO2-95% air atmosphere for 24 h. The MIC was considered the lowest
compound concentration that inhibited bacterial growth, as measured by the OD600.
The combinatorial effect of bacitracin and doxercalciferol was determined as follows. A serial dilution
of bacitracin was added to a 96-well plate in the presence or absence of a subinhibitory doxercalciferol
concentration (4 g/ml). Logarithmic-phase (OD600, ⬃0.5) cultures were added to a ﬁnal OD600 of 0.05.
The plates were incubated at 37°C (in a 5% [vol/vol] CO2-95% air atmosphere, for streptococcal strains).
FIC testing. Synergy was assessed by identifying the fractional inhibitory concentration (FIC), given
by the following equation: FIC ⫽ (MICA/MICAB) ⫹ (MICB/MICAB), where A and B are the two drugs tested,
alone or in combination (AB), measured using the standard checkerboard method (55). FICs were
interpreted according to standard deﬁnitions, where “synergy” is deﬁned as a fractional inhibitory
concentration index (FICI) score of ⱕ0.5, “antagonism” is deﬁned as a FICI score of ⬎4.0, and “no
interaction” is a score of 0.5 ⱕ FICI ⱕ 4.0.
Measurement of bioﬁlm growth with crystal violet. Bioﬁlm cultures were assayed with test
compounds to examine their abilities to prevent bioﬁlm formation. Bacterial cultures grown to logarithmic phase in TYS were added to 96-well plates and incubated at 37°C in a 5% (vol/vol) CO2-95% air
atmosphere for ⬃18 h. Planktonic cells were removed by washing the wells 3 times with distilled water.
The plates were dried overnight at 70°C. Bioﬁlms were stained with 100 l crystal violet (0.1%) for 15 min
and then washed 5 times with distilled water. Adherent crystal violet was reconstituted with acetic acid
(500 mM), and the plates were read with a Bio-Rad BenchMark Plus spectrophotometer at 575 nm
(Bio-Rad, Hercules, CA) (7). The MBIC was deﬁned as the lowest concentration of compound that
inhibited S. mutans bioﬁlm formation (ⱖ90%), as measured by crystal violet, relative to the vehicle
control.
Construction of the mbrAⴙ complement strain. The ⌬mbrA mutant strain was complemented
using a single-copy genomic insertion of the SMU.1006 (mbrA) locus, including the intergenic region
between mbrA and gtfC, into the gtfA (SMU.881) locus using the streptococcal integration vector
pSUGK-Bgl (74). pSUGKBgl was linearized with the restriction enzyme BglII. Primers mbrA-comple-F
(5=-GAGCTCGAATAGATCTGAAGTCTGAGCTGTAAATTTCTCAGG-3=) and mbrA-comple-R (5=-ATTTAAAAAT
AGATCTTTACTCACCTCCTAACAGCGCTGCC-3=) were used to amplify mbrA and the intergenic region
between mbrA and gtfC. The resulting amplicon was ligated into the linearized pSUGKBglII using an
In-Fusion HD cloning kit (Clontech, Mountain View, CA) to produce pSUGKBgl-mbrA. The cloning reaction
was transformed into E. coli Stellar (Clontech, Mountain View, CA), and positive clones were selected on
LB agar medium containing kanamycin. The integrity of the construct was conﬁrmed by sequencing.
pSUGKBgl-mbrA was transformed into S. mutans ΔmbrA and selected on BHI agar medium containing
kanamycin. The complemented strain was designated mbrA⫹, and the integrity of the complemented
locus was conﬁrmed by sequencing with gtfA-Seqkan (5=-GATGTTCAACACTGCCATCTG-3=) (75).
Time-kill assay. The kinetics of the bacitracin-doxercalciferol interaction were analyzed by a standard bacterial time-kill assay. S. mutans MX804, ⌬mbrA, and mbrA⫹ strains were grown to logarithmic
phase (OD600, ⬃0.5) and added to TYG (106 cells/ml ﬁnal concentration) containing doxercalciferol (16
g/ml), bacitracin (32 g/ml), doxercalciferol and bacitracin, or no drug (DMSO control). Aliquots were
taken at 0, 2, 4, 24, and 48 h after inoculation; serially diluted; and plated on BHI agar medium for
aac.asm.org 12
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enumeration. The data were either normalized to CFU per milliliter at 0 h and plotted over time or
normalized to CFU per milliliter of the no-drug control for each time point.
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