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ABSTRACT Vga(A) protein variants confer different levels of resistance to lincos-
amides, streptogramin A, and pleuromutilins (LS,P) by displacing antibiotics from
the ribosome. Here, we show that expression of vga(A) variants from Staphylococcus
haemolyticus is regulated by cis-regulatory RNA in response to the LS,P antibiotics
by the mechanism of ribosome-mediated attenuation. The specificity of induction
depends on Vga(A)-mediated resistance rather than on the sequence of the ribo-
regulator. Fine tuning between Vga(A) activity and its expression in response to the
antibiotics may contribute to the selection of more potent Vga(A) variants because
newly acquired mutation can be immediately phenotypically manifested.
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he expression of antibiotic resistance genes is commonly activated in response to
Tribosome-targeting antibiotics by ribosome-mediated attenuation (1). In the ab-
sence of antibiotic, the secondary structure of the 5" untranslated RNA (5" UTR) inhibits
the expression of the resistance gene by either masking the ribosome binding site (RBS)
or by generating a premature transcriptional terminator. Upon antibiotic binding, the
ribosomes stall during translating at a short upstream regulatory open reading frame
(uORF), which disrupts the formation of the inhibitory 5" UTR structure, thus releasing
the gene repression (1). The ability of an attenuator to sense the expression of a
respective resistance gene and the antibiotic specificity of the protein together deter-
mine the overall resistance phenotype. Therefore, it is of great importance to under-
stand the molecular mechanisms behind the specificity of antibiotic-driven expression
of resistance determinants.

Antibiotic resistance proteins of the ATP binding cassette F (ARE-ABCF) family
collectively confer resistance to antibiotics targeting the ribosomal peptidyl transferase
center (PTC) by the ribosome protection mechanism (reviewed in references 2-5). At
least seven phylogenetic lineages of ARE-ABCF are widely distributed, namely in the
genomes of Firmicutes (AREs 1 to 3, 6, and 7) and Actinobacteria (AREs 4 and 5) species
(6). Antibiotic resistance phenotypes of characterized ARE-ABCFs correspond to the
spatial overlap in antibiotic binding sites (2, 4), namely, proteins Vga, Lsa, Sal, VmIR, and
Lmo0919 confer resistance to lincosamides, streptogramin A, and pleuromutilins (LS,P),
while Msr proteins confer resistance to macrolides, ketolides, and streptogramin B
(MKSg), and proteins OptrA and PoxtA mediate resistance to phenicols and oxazolidi-
nones (PhO).
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Vga(A) is one of the best-studied ARE-ABCFs (7-11). Naturally occurring Vga(A)
variants confer different levels of resistance to LS,P antibiotics in staphylococci (9,
12-18). Among human isolates, the incidence of vga(A) is usually low in Staphylococcus
aureus (19-21), while it is more common in Staphylococcus haemolyticus, where it is
often combined with msr(A), which encodes the macrolide-streptogramin B resistance
protein of the same ARE1 subfamily (9, 22). A considerably higher incidence of vga(A)
and related vga resistance genes (up to 33%) are present in S. aureus isolates of animal
origin (18, 23-25), where they have spread in response to extensive usage of pleuro-
mutilins in food-producing animals (26). In connection with the recent approval of
lefamulin, the first systemic pleuromutilin in human medicine, vga resistance genes
may also spread rapidly among S. aureus strains of human origin in the future.

According to the current model of the ARE-ABCF-mediated ribosome protection
mechanism (3-5), Vga(A) binds the exit site (E site for uncharged tRNA) of the ribosome
and displaces the antibiotic by a linker connecting the two nucleotide binding domains
(NBD). The linker is also termed the antibiotic resistance domain (ARD) (27), since it is
essential for resistance (11). The variable stretch of 15 amino acids in the ARD deter-
mines the antibiotic specificity of Vga(A) variants (9, 10). Although it has been sug-
gested that vga(A) expression is regulated by ribosome-mediated attenuation of tran-
scription (28), the mechanism was not experimentally proven. Moreover, how
antibiotics differentially induce the expression of vga(A) variants with the different
antibiotic specificity is an open question.

Here, we investigated the resistance phenotype and expression profile of vga(A)
variants in clinical and commensal isolates of Staphylococcus haemolyticus (22, 29), and
we further dissected how the expression of different vga(A) variants is regulated in
response to different antibiotics.

RESULTS

Naturally occurring vga(A) variants are expressed differentially in response to
clindamycin. A search for vga(A) in 182 previously whole-genome sequenced S.
haemolyticus strains (22, 30) revealed five different protein variants in 23 strains (Fig. 1A;
see also Table S3 in the supplemental material). Vga(A) - present in 17 strains was
described previously (9); one Vga(A), variant present in one strain differed from the
previously described Vga(A), (31) by a P(12)H substitution. Three protein variants,
Vga(A)yew (in two strains), Vga(A), e, (in two strains), and Vga(A), - (in one strain),
where the last two differ by the V(165)I substitution, are identified here for the first time
(Fig. 1A). Despite each Vga(A) variant having a unique combination of seven amino
acids in the 15-amino-acid-long region of the linker crucial for antibiotic specificity (Fig.
1A) (10), 18 out of 23 strains were resistant to lincomycin (lincosamide), pristinamycin
IIA (streptogramin A), and tiamulin (pleuromutilin). The Vga(A) variants only differed in
resistance to the lincosamide clindamycin (see Table S4 in the supplemental material).
All but two clindamycin-resistant strains (SH5 and SH20) harbored vga(A), ., which is
consistent with the previously reported specificity of this variant (9). In the two
clindamycin-resistant strains (SH20 and SH5) without vga(A), ., the clindamycin resis-
tance could be explained by the presence of erm(A) and Inu(A), encoding a 235 rRNA
methyltransferase and a lincosamide nucleotidyltransferase, respectively. Thus, we
conclude that the vga(A), ¢ variant confers resistance to clindamycin in the analyzed 5.
haemolyticus isolates, as all strains apart from SH5 and SH20 did not harbor any
additional resistance genes that could explain the observed clindamycin resistance.

Expression analysis of vga(A) in response to the subinhibitory concentration of
antibiotics in 14 strains revealed that in most cases, vga(A) was expressed only after
exposure to LS,P antibiotics, and that the vga(A) expression profile of all but two tested
strains (SH31 and SH20) correlated with the resistance phenotype (Fig. 1B; see also Fig.
52 and S4 in the supplemental material). Clindamycin, in particular, induced the
expression of vga(A) . in strains that were clindamycin resistant, while in four vga
(A) c-positive but clindamycin-susceptible strains, the expression of vga(A), - was not
detected upon clindamycin induction (Fig. 1B). Strains in which the resistance pheno-
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FIG 1 Vga(A) variants differ in their expression profiles in response to antibiotics in S. haemolyticus. (A) Differences in amino
acid sequences of Vga(A) variants among Staphylococcus haemolyticus strains. Only positions of amino acid variations are
shown. Amine acid variations from Vga(A), - are shown in red; variations within a 15-amine-acid-long linker stretch that was
proven to affect resistance specificity are highlighted by the pink background. Model of Vga(A) binding to the ribosome
showing the position of the variable region at the Vga(A) linker. (B) MICs of lincomycin (LIN), clindamycin (CLI), erythromycin
(ERY), pristinamycin llA (PIIA), tiamulin (TIA), and carbenicillin (CARB) for S. haemolyticus strains with vga(A) variants, and
Western blots (WBs) showing Vga(A) production in response to the subinhibitory concentration of respective antibiotic.
Representative WBs of at least two independent experiments each are shown. All WBs are shown in Fig. 51 in the supplemental
material. Full WBs of seven representative strains together with loading WB control are shown in Fig. S2 in the supplemental
material, and the growth of these strains in the presence of antibiotics is shown in Fig. S3. Additional macrolide (M),
lincosamide (L), streptogramin B (Sg) resistance determinants identified in the genomes of tested strains are shown on the
right.

type did not correlate with the vga (A) expression profile (Fig. 1B) include strain SH31,
in which vga(A), - expression was not detected upon induction of clindamycin despite
phenotypic clindamycin resistance, and strain SH20, in which antibiotic-induced ex-
pression of vga(A), e, Seems to be suppressed due to the presence of ermA. As ErmA
renders ribosomes resistant to macrolide-lincosamide-streptogramin B antibiotics (see
Fig. S1B in the supplemental material), our observation indicates that the ribosome-
mediated attenuation mechanism regulates vga(A) expression.

vga(A) expression is regulated by the mechanism of ribosome-mediated at-
tenuation. Next, we addressed the mechanism of regulation of vga(A) expression. It
was experimentally proven that two homologs of vga(A), Imo0979 and vml(R) from
Listeria monocytogenes and Bacillus subtilis, respectively, are regulated by ribosome-
mediated attenuation of transcription in response to lincosamides (28, 32). Simultane-
ously, it was shown that despite the nucleotide sequence of the upstream regulatory
region of vga(A) and Imo0919 homologs diverging significantly, the position and size of
a 3-amino-acid uORF are conserved across large evolutionary distances; therefore, the
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FIG 2 Expression of vga(A) is regulated by a ribosome-mediated attenuation mechanism. (A) Testing the
activity of transcriptional attenuator encoded upstream of vga(A), . using fluorescent reporter fusion.
Graphical overview of reporter constructs encompassing 538, 375, and 247 nucleotides upstream of the
vga(A), ., including predicted promoters P1 and P2 and the first 19 codons fused to eqFP650 fluorescent
protein and LCreg_538 construct in which the start codon ATG of the predicted upstream regulatory
open reading frame (UORF), was mutated to AAG (UORF_mut). (B) Relative fluorescence intensity of
eqFP650 reporter constructs LCreg_538, LCreg, LCreg_247, and uORF_mut expressed in 5. aureus RN4220
in the absence or the presence of lincomycin (LIN, 0.25 mg/liter) and LCreg reporter construct expressed
in 5. aureus JE2 without or with constitutively expressed ermB, inserted in the genome. ErmB prevents
the binding of lincomycin to the ribosome. (C) Relative fluorescence intensity of 5. aureus RN4220
expressing eqFP650 fluorescent protein under the control of vga(A), - (LCreq), vga(A), (Vreg), or vga(A),
(LIKEreg) 5’ UTRs in response to lincomycin (LIN), clindamycin (CLI), pristinamycin llA (PIIA), tiamulin (TIA),
and erythromycin (ERY) at an antibiotic concentration which corresponded to the maximum level of
induction. (B, C) Averages and standard deviations of three independent measurements are shown. The
alignment of 5" UTRs and secondary structure predictions are shown in Fig. S5 in the supplemental
material. The full range of antibiotic concentrations and corresponding fluorescence levels are shown in
Fig. S6a. The growth of 5. aureus RN4220 in the presence of antibiotics is shown in Fig. S6b.

same mechanism for their regulation has been suggested (28). To validate the atten-
uation mechanism of vga(A) regulation, regions 538, 375, and 247 nucleotides up-
stream of vga(A), ., together with the first 19 codons of vga(A), ., were translationally
fused with the red fluorescent protein eqFP650 (33), leading to plasmids LCreg_538,
LCreqg, and LCreg_247, respectively. Also, a mutation of the uORF (MIN) start codon
(ATG to AAG) in the LCreg_538 construct leading to plasmid uORF_mut was generated
(Fig. 2A). Relative fluorescence in response to the subinhibitory concentration of
lincomycin (0.25 mg/liter) of S. aureus carrying reporter constructs showed that expres-
sion of eqFP650 was induced only in strains with LCreg_538 and LCreg plasmids
(Fig. 2B). The signal was not detected in LCreg_247, which does not contain the
predicted promoter or the uORF_mut-lacking start codon. These results indicate that
vga(A) is transcribed together with its leader sequence and that an intact uORF is
required for induction. In addition, induction of eqFP650 was also abolished when the
LCreg fusion construct was coexpressed with the constitutively expressed ErmB 23S
rRNA methyltransferase (34), which prevents binding of lincomycin to ribosomes and
thus the formation of stalled ribosome complex (Fig. 2B). Together, our results imply
that vga(A) expression is regulated by a ribosome-mediated attenuation mechanism in
response to ribosome-bound lincomycin.

The sequence of the 5 UTR does not determine the antibiotic specificity of
vga(A) induction. Sequence and secondary structure analysis of 5" UTRs showed that
a putative regulatory region of all vga(A) variants is homologous with predicted
terminator and antiterminator structures and identical short uORFs coding for the
3-amino-acid peptide MIN; however, each variant has its unique 5° UTR sequence
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differing in 4 to 36 nucleotides (see Fig. S5 in the supplemental material). To identify
whether this polymorphism could be responsible for a different expression of vga(A)
variants in response to antibiotics in S. haemolyticus, we compared the expression of
eqFP650 fused with 375, 374, and 458 upstream regions of vga(A), ¢, vga(A), g, and
vga(A),, respectively (plasmids LCreg, LIKEreg, and Vreg expressed in RN4220), after
exposure to a range of lincomycin, clindamycin, pristinamycin IlA, tiamulin, and eryth-
romycin concentrations. All tested vga(A) 5'-UTR reporters reached the maximal
eqFP650 fluorescence in the presence of lincomycin, clindamycin, pristinamycin 1A,
and tiamulin at an antibiotic concentration close to MIC,, for susceptible strains
(Fig. 2C; see also Table S6 and Fig. S6 in the supplemental material). In contrast,
erythromycin did not induce expression of eqFP650 (Fig. 2C and Fig. S6). However, the
total level of fluorescence among antibiotics differed. Clindamycin was the weakest
inducer of eqFP650 expression, independent of 5' UTRs of vga(A), . or other 5'-UTR
variants, leaving unexplained the observation that vga(A), -, but not other vga(A)
variants, was induced by exposure to clindamycin in S. haemolyticus.

The specificity of vga(A) expression is shaped according to the antibiotic
specificity of Vga(A) variants. Since the polymorphism of 5° UTRs did not explain
differences in vga(A) expression in response to clindamycin, we hypothesized that the
Vga(A) protein itself might determine the specificity of its expression. To test this
hypothesis, we investigated the expression of the LCreg reporter in the presence of
constitutively produced Vga(A) mutants. The mutants differed in only five amino acids
in the middle of the inter-NBD linker (amino acid positions 212, 218, 219, 220, and 226;
see Table S5 in the supplemental material) but exhibited different abilities to confer
resistance to lincosamides (10). The experiment was done as described previously;
however, a wider range of antibiotic concentrations reflecting resistance of S. aureus
RN4220 expressing vga(A) was tested (Fig. 3A).

As shown in Fig. 3A, the expression of fluorescent reporters LCreg and Vreg in
response to antibiotics was substantially improved when they were coexpressed with
Vgal(A). Moreover, the expression of the reporters correlated with the level of resistance
conferred by a particular Vga(A) mutant (Fig. 3A), indicating that Vga(A) drives the
antibiotic specificity of its induction. However, coexpression of the 5" UTR regulatory
regions with Vga(A) mutants expressed constitutively in trans may not reflect the
situation in clinical isolates, where the presence of antibiotics fine tunes the expression
of Vga(A). Therefore, we fused LCreg with full-length vga(A), - and eqFP650 to create
LCreg-vga (A), ~-eqFP650 translation fusion construct, and we compared its expression
in RN4220 with that in strains in which LCreg was expressed alone or in combination
with constitutive vga(A), ¢ (see Fig. S7 in the supplemental material). Similarly, as in the
previous experiment, the induction pattern of LCreg-vga(A) - eqFP650 corresponded
to the specificity of Vga(A),., but it was even more efficient in terms of both the level
of induction (Fig. S7A) and the conferred resistance (Fig. S7B). Collectively, these results
demonstrate that Vga(A) indeed shapes the specificity of its expression in response to
antibiotics.

The resistance activity of Vga(A) is the main factor affecting the specificity of
the vga(A) induction. There are two possibilities for how Vga(A) can affect the
specificity of self-induction. The first is that ribosome protection by Vga(A) allows
growth at higher antibiotic concentrations, which results in higher vga(A) expression.
However, the observation that the ATP hydrolysis-deficient Vga(A), cEQ2 mutant inhib-
its transpeptidation in vitro (11) suggests that Vga(A) can by itself induce ribosome
stalling. Therefore, the second possibility is that the Vga(A) protein can be directly
involved in the induction. To find out whether Vga(A) contributes to the activation of
its expression, we evaluated an LCreg reporter in the presence of ATPase-deficient
Vga(A), EQ2 or functional Vga(A) variants in the absence or the presence of antibiotics.
At subinhibitory concentrations of lincomycin (0.25 mg/liter) and pristinamycin 1A
(0.25 mg/liter), the fluorescence of the reporter was significantly higher in the absence
than in the presence of functional Vga(A) (Fig. 3B). In contrast, the presence of
Vga(A), EQ,, which does not confer resistance (see Table S6 and Fig. S9 in the

November 2020 Volume 64 Issue 11 e00666-20

Antimicrobial Agents and Chemotherapy

aacasm.org 5



Vimberg et al. Antimicrobial Agents and Chemotherapy

A Lincomycin Clindamycin Pristinamycin 11A Tiamulin

10000 0.5 0.25 2 0.5

4000 - M Vreg
2000 - [ LG
o A " . reg

10000 32 8 H 4-8
]\ ] Vreg
| _‘,4/1—{\;_\1 [ LCreg
8000

00
Vga(A)gac so00
[ Vreg

80
VgalA)siyrs soco
4000 /_A )
2000 i
0 Il‘{\h A [ LCreg

4000
2000
0 f

12000
10000

Relative fluorescence

12000

10000 64 ) 16 . 128 32-64
Vga(A)ireac iggg

4000 y o Vreg

2039 . ) & ; [ LCreg

1
SRPP ST PSSR AP SRR YIRS SAd SRR TPt

B o 35000 O No antibiotic
S 30000 OILIN (0.25)
2 25000 CICLI (0.063)
5 CIPIIA (0.25)
5 20000 ®TIA (0.25)
= 15000
% 10000 "h
g fif8 A
- ol lh Jhrh B = =l 55
LCreg + pRB374 LCreg + LCreg + LCreg + LCreg +

vgalA)LC  Vga(AJLCEQ2 vga(A)LKGAG vga(A)LTGAG

FIG 3 Expression of vga(A) in response to antibiotics is shaped by the resistance activity of Vga(A). (A) Effect of constitutive expression of mutated vga(A) (10)
with different specificity of resistance to lincosamides, streptogramin A, and pleuromutilins on the expression of eqFP650 reporter under the control of the
vga(A) - 5" UTR (LCreg) in S. aureus RN4220. Relative fluorescence intensity of cells grown in the presence of different concentrations of lincomycin (LIN),
clindamycin (CLI), pristinamycin 1A (PIIA), and tiamulin (TIA) overnight in 96-well plates are shown. MIC values of S. aureus RN4220 expressing different Vga(A)
mutants are indicated above each graph. (B) Comparison of the activity of LCreg reporter in the absence or the presence of a subinhibitory concentration of
LIN, CLI, PIIA, or TIA in 5. aureus RN4220 expressing active Vga(A), Vga(A), ., VgalA), weae: V9alA) reae OF ATPase-deficient Vga(A), . EQ2 forms. Fluorescence
intensity of cells grown in 3-ml cultures in the absence or the presence of antibiotics until an optical density of 1is reached is shown. (A, B) Averages and
standard deviations of three independent measurements are shown. The constitutive production of all Vga(A) variants was checked by Western blot analysis
(see Fig. S8 in the supplemental material). Growth of RN4220 expressing different Vga(A) variants in the presence of antibiotics is shown in Fig. S9. Fig. S10
shows that the expression of vga(A), .EQ2 does not inhibit the growth of RN4220.

supplemental material), resulted in a similar induction pattern as that of LCreg ex-
pressed alone (Fig. 3B). The exception was tiamulin, which did not induce expression in
the presence of Vga(A), cEQ, because tiamulin substantially inhibited the growth of the
respective strain (Fig. S9B). These observations suggest that active Vga(A) variants at
low concentrations of antibiotics clear the antibiotic from the ribosome, thereby
reducing reporter expression in a feedback manner. Contrary to our expectations,
Vgal(A) reac but not Vga(A), EQ2, activated LCreg reporter expression in the absence
of antibiotics (Fig. 3B). This indicates that only this Vga(A) variant can induce reporter
expression similarly to an antibiotic. Taken together, our results suggest that the
induction of vga(A) expression is predominantly fine-tuned indirectly through the
resistance activity of Vga(A) variants.
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We speculate that direct modulation of the stalled ribosome complex by Vga(A) is part of regulation.

DISCUSSION

In this work, we show that induction of vga(A) - expression is mediated by an
attenuation mechanism that involves a short ORF encoding the MIN peptide and
requires antibiotics to bind to the ribosome (Fig. 2B). We dissected the differential
ability of clindamycin to induce vga(A) expression in S. haemolyticus isolates (Fig. 1B) by
analyzing the antibiotic specificity of attenuators located upstream of several vga(A)
variants in S. aureus. We have shown that differential expression of vga(A) is not due to
the discriminatory ability of the attenuators toward clindamycin but depends on the
ability of vga(A) to confer resistance (Fig. 2C and Fig. 3A). Induction of reporters with
clindamycin in the presence of Vga(A) . resulted in maximum values even at a
concentration approximately four times lower than that for lincomycin (see Fig. S7A in
the supplemental material). Therefore, clindamycin, which inhibits S. aureus ribosomes
more effectively than lincomycin (35), seems to be a more effective inducer than
lincomycin in the presence of a vga(A) variant that confers resistance to clindamycin.
The antibiotic responsiveness of the attenuator, together with the ability of Vga(A) to
confer resistance, results in the tuned expression of vga(A) that reflects both the
amount of antibiotic and the resistance specificity of the protein (Fig. 4). In other words,
mutations leading to more effective forms of Vga(A) can be immediately phenotypically
manifested without the need to modify the specificity of the attenuator. On the other
hand, a Vga(A) variant which is not effective in protecting the ribosome will not be
produced. From a clinical perspective, more potent Vga(A) variants active against new
LS,P antibiotic derivatives can emerge more easily.

Although we have shown that the ability of Vga(A) to confer resistance is an
important prerequisite for antibiotic-induced vga(A) expression, we have also observed
that Vga(A) rgag Which is the most efficient Vga(A) form, activated reporter in the

November 2020 Volume 64 Issue 11 e00666-20

Antimicrobial Agents and Chemotherapy

aacasm.org 7



Vimberg et al.

absence of antibiotic (Fig. 3B). This observation indicates that Vga(A) may additionally
modify its expression directly by interacting with the ribosome during ribosome
stalling. Structures of the related antibiotic resistance ABCF proteins VmIR and Msr(E) in
complex with the ribosome (27, 36) revealed that linkers reach the PTC of the ribosome
where, consistently with this hypothesis, they change conformations of the same 235
rRNA residues that are important for antibiotic-induced ribosome stalling at uORFs
upstream of erm resistance genes (37-39). For further understanding of the involve-
ment of Vga(A) proteins in the direct regulation of their expression, it will be necessary
to separate proposed regulatory activity from antibiotic resistance activity. However,
this could be challenging, namely, because both antibiotic removal and modulation of
ribosome stalling might involve the same Vga(A)-induced conformational changes of
the PTC.

Lincomycin, pristinamycin llA, and tiamulin represent the three antibiotic classes
with an overlapping binding site on the ribosome to which vga(A) confers resistance
(10). Although LS,P antibiotics differ substantially in their structure (40), we have
demonstrated here for the first time that they all induce vga(A) expression, whereas a
macrolide antibiotic, erythromycin, to which vga(A) does not confer the resistance, does
not (Fig. 2C). Contrary to the broad inducing specificity of vga(A), expression of erm
genes conferring resistance to macrolide-lincosamide-streptogramin B antibiotics are
induced only by some macrolides (41). Whether a macrolide is an inducer is determined
by the specific motifs within the uORF sequence (42-44). On the other hand, uORFs of
vga(A) (MIN) and Imo0919 (MKF) (28) do not share sequence similarity, but both are only
3 amino acids long. The short size of the uORF may correspond to the fact that
translation in the presence of lincomycin stops after 1 or 2 cycles (45). It is therefore
reasonable to think that the short length of the vga(A) uORF broadly but clearly defines
the specificity of the vga(A) attenuator to structurally diverse LS,P antibiotics with the
overlapping binding sites.

Interestingly, the 3-amino-acid uORFs seem to be shared by attenuators of many
vga(A) homologs that confer resistance to LS,P antibiotics (28) but not by attenuators
of other lincomycin resistance gene classes (46, 47). Therefore, the size of the short
uORF does not seem to be a prerequisite for the attenuation induced by lincosamides
in general but could be important for the LS,P antibiotic resistance proteins of the
ABCF family, where it may reflect direct involvement of these proteins in the induction.

Among vga(A) variants found in S. haemolyticus, the dominant variant, especially in
clinical isolates, was vga(A), , which is the only vga(A) variant that conferred resistance
to clindamycin (see Table S3 in the supplemental material). Despite the acquired
knowledge of vga(A) regulation gained by this study, we were unable to explain many
of the observed findings (Fig. 1B). Although the sequences of the 5 UTRs and the
vga(A), c genes were identical, some strains did not produce Vga(A) ¢ in response to
antibiotics, while in others, the production was constitutive (Fig. 1B). These inconsis-
tencies indicate that the vga(A) regulation is complex, perhaps involving co-occurring
macrolide-lincosamide-streptogramin-pleuromutilin resistance proteins or reflecting
strain-specific polymorphism. Notably, five LS,P sensitive strains with silenced vga(A),
(see Table S4 in the supplemental material) represent a potential threat to the thera-
peutic efficacy of these antibiotics, since these strains may revert to antibiotic-
resistance during treatment (48). Further studies are required to understand the
mechanism of vga(A) induction and the direct involvement of Vga(A) and other cellular
factors in this process.

MATERIALS AND METHODS

Strains. The following S. haemeolyticus strains from two previously described whole-genome se-
quenced collections were used: 134 invasive S. haemolyticus isolates collected from geographically
diverse origins across Europe, North America, and Japan, and 48 S. haemelyticus isolates collected from
the skin of healthy volunteers (22, 30). Sequences of natural vga(A) variants and mutants are provided
in the File S2 in the supplemental material. Staphylococcus aureus RN4220 was used as a host for eqFP650
reporter constructs. Staphylococcus aureus JE2 and its insertion mutant NE1858 with ermB inserted into
the ABC transporter ATP-binding protein (JE2:ermB) (49) were used to test the effect of ermB expression
on the induction of vga(A) by lincomycin. Staphylococcus aureus ATCC 29213 was used as a reference
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strain for susceptibility testing. Escherichia coli strains XL1-Blue and BL21 were used for cloning and
heterologous expression of Vga(A), .. Escherichia coli IMO8B was used to prepare plasmids for highly
efficient electroporation into staphylococci (50).

Antibiotics. Chloramphenicol, lincomycin, clindamycin, tiamulin, and erythromycin were purchased
from Sigma-Aldrich; carbenicillin was purchased from Duchefa Biochemie, and pristinamycin lIA was
kindly provided by Aventis Pharma (Vitry-sur-Seine, France).

Plasmids. All plasmids used in the study are described in Table S1 in the supplemental material.
Oligonucleotides used for cloning are listed in the Table S2. eqFP650 reporter constructs were assembled
using seamless ligation cloning extract (SLICE) (51). All created plasmids were sequenced and then
transformed into Escherichia coli IMO8B (50) to mimic adenine methylation patterns of recipient staph-
ylococeal strains, purified, and electroporated into S. aureus strains using a MicroPulser electroporation
apparatus (Bio-Rad) according to the instrument application guide. Site-directed mutagenesis was
performed using two complementary primers, according to the QuikChange site-directed mutagenesis
kit protocol (Agilent Technologies).

MICs. MICs for S. haemolyticus were determined by the broth microdilution method according to 15O
standard 20776-1. MICs for S. aureus RN4220 carrying plasmids were determined in the presence of
25 pg/ml chloramphenicol and that of 25 pg/ml kanamycin to maintain pRMC2 and pRB374-based
constructs, respectively. All measurements were performed in triplicates two times. Susceptible S. aureus
ATCC 29213 was used as a control.

Production of the recombinant Vga(A),. protein and anti-Vga(A) antibody preparation. Pro-
duction of Vga(A),. (plasmid pJL040) in E. coli BL21 (DE3, Novagen) in the presence of coexpressed
chaperonins GroES and GroEL was induced by adding 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG)
when optical density at 600 nm (OD,,,) reached 0.6, then further incubated for 16 h at 18°C.

Vga(A), . was purified as described previously (7) with the following exceptions: cell extract was
loaded onto 1-ml home-packed Ni Sepharose high-performance (HP) (GE Healthcare Life Sciences)
columns, washed with 50 mM NaH,PO,/K,HPO,, 2 M NaCl, and 50 mM imidazole (pH 7.5), and eluted
with 250 mM imidazole. Fractions containing Vga(A), - were mixed and concentrated on an Amicon Ultra
10K device (Merck Millipore) to a final volume of 1 ml and loaded onto an ENrich SEC 650 column
(Bio-Rad) equilibrated by 50mM Tris-Cl, 200 mM NaCl, 5mM MgCl,, 2mM dithiothreitol, and 10%
glycerol (pH 8). Protein was further stored at —80°C.

Polyclonal anti-Vga(A) antibody was produced by BioGenes GmBH (Berlin, Germany) by immunizing
rabbits with purified Vga(A), -6>His protein. Immunized serum was then affinity purified against
agarose-bound Vga(A), -6 His and then against Msr(A)-6<His to remove the His tag-reacting antibody
fraction. The specificity of the anti-Vga(A) antibody was tested by Western blot analysis of S. aureus
RN4220 with an empty pRMC2 vector and with vectors expressing Vga(A), - or Msr(A)-6<His (see Fig. 51
in the supplemental material).

Western blot analysis of Vga(A) expression. Vga(A) expression was tested in 5. haemolyticus cells
harvested from cultures grown to an optical density at 600 nm (OD,,,) of 0.7 to 1.2 in 1 ml brain heart
infusion (BHI) in the absence or the presence of subinhibitory concentrations of lincomycin (0.25 ug/ml),
clindamycin (0.125 pg/ml), erythromycin (0.125 pg/ml), pristinamycin lIA (0.25 pg/ml), tiamulin (0.25 pg/
ml), and carbenicillin (0.25 pg/ml). Harvested cells were washed twice in 1 phosphate-buffered saline
(PBS) and lysed by lysostaphin (1 pg per 100 ul of resuspended cells in 1< PBS) for 15 min at 37°C. 6 X
SDS loading buffer (20 ul; BioLabs) was added to the lysed cell suspension, and the overall mixture was
incubated for 15 min at 96°C. Furthermore, 10 ul of the mixture was loaded and separated on a 12%
SDS-PAGE gel. After separation, proteins were transferred onto a polyvinylidene difluoride (PVDF)
membrane (Immobilon-P; Merck Millipore, United States) using the Bio-Rad SemiDry blotting system (10
min at 15 V). Vga(A) was detected by an anti-Vga(A) polyclonal antibody (1:1,000) and by secondary goat
anti-rabbit IgG antibody horseradish peroxidase (HRP) conjugate (1:2,000) (Sigma-Aldrich, Germany).
Protein abundance was measured using Immobilon Western HRP substrate (Merck Millipore, United
States), and the signal was developed using the Bio-Rad ChemiDoc MP imaging system.

eqFP650 reporter fluorescence measurements. Colonies grown overnight at 37°C on BHI agar
plates with appropriate antibiotics were resuspended in 0.9% NaCl to a McFarland turbidity standard of
0.5. Suspension (5 pl) was inoculated in 200 ul BHI per well in black 96-well plates (Thermo Fisher
Scientific, Germany) in the absence or presence of antibiotics at a range of concentrations. For strains
without vga(A) expression, the antibiotics and ranges were as follows: lincomycin (0.008 to 1 ug/ml),
clindamycin (0,002 to 0.25 ug/ml), and pristinamycin A (0,15 to 16 pg/ml). For strains expressing
mutated vga(A), the antibiotics and ranges were as follows: lincomycin (0.125 to 128 ug/ml), clindamycin
(0.031 to 32 pug/ml), and pristinamycin IIA (0.125 to 128 pg/ml). Bacteria were grown for 24 h at 37°C and
fluorescence (excitation at 590 nm [Ex,,,]/emission at 590 nm [Em,.,]), and absorbance at 600 nm (A,)
of the bacterial cultures were measured at the end of cultivation using a Tecan Infinite 200 Pro plate
reader. Autofluorescence values of the strains without eqFP650 were subtracted from the fluorescence
values of the strains that encoded eqFP650, and they were normalized to the absorbance. The experi-
ment was repeated three times, each time with duplicates.

For better sensitivity, testing of the strains with constitutive vga(A) expression in the presence of
subinhibitory concentrations of antibiotics (Fig. 3B) was performed on 3 ml of culture inoculated with
150 pl from the 0.5 McFarland suspension and cultivated until an OD,,, of 1 at 37°C. Cells were harvested
by centrifugation (5,000 rpm, 10 min), resuspended in 200 ul of 13X PBS, and 100 ul was transferred to
black 96-well plates (Thermo Fisher Scientific, Germany) to measure the fluorescence, while 100 pl was
subjected to cell lysis and Western blot analysis to control the presence of Vga(A) proteins.
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Priloha 2: Predikce sekundarniho usporadani transkriptu vgaA,c

A

GCTTTCTACGAAAGATATTACTTAATATAAATTTAGATTATATGATAATCTAAATTTCATCAAGTAATATAGTGGTTTGGCAAGCATTGGC
12 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 83 ™

TTTGCTAGCCACATACGTGGTAGCGACGCCTGCTTGTTGGGGAATATCCCCAAGCCCCTTAGGATTTTTTTCTGCGAARARATAAGTGTCT
92 95 100 105 10 15 120 125 130 135 140 145 180 185 160 165 170 175 182

351 -10 (1 start (1) 352 -10 2
Al GCCACTGTTCATT ARTAAATTAAREARATAATTTGAGTTGAACATTGACAT TTATTTIGCTATTICTITARATT

183 190 195 200 205 210 215 220 225 230 235 240 245 250 255 260 265 270 273

start (2) M I N *
GAATTTRATACGATAAAGGAAAGGGTGAACCAACTACHNNNNN " CCTATTTTCAAAAGTARACAATTGARAGTGTTTTATTTACA
274 280 285 290 295 300 306 310 Kt 320 325 330 336 340 345 350 365 360 364

AACAGCGTTTGATTTGTGTTGTTTTCAATTGTACTTTTCAGGATAGGATGAARATTCTGTAGTTGGCTCTAAAAGTATTTTGTTAGAGTTC
365 370 375 380 385 390 395 400 405 410 415 420 425 430 435 440 445 450 455

Predikovany terminator Predikovana vlasenka maskujici RBS
ATCTATATAGATTTAT AATRETGAARAT
456 460 465 470 475 480 485 430 495 500 505 510 515 520 525 530 535 540 546
VgaALc

ACTGTTAGAGGGACTTCATATARAACATTATGTTCAAGATCGTTITATT(
547 550 555 560 565 570 575 580 585 590 595

B  Transkript & 1

C  Transkript &. 2




Transkript €. 1

E  Transkript&. 2

Terminator

Obr. P-1: Predikce sekundarniho uspoiadani transkriptu vgadic. (A) Anotovand upstream oblast genu vgadic.
Predikované promotory 1 a2 (Tab. 23 v odd. 5.1.2) a pfislusné transkrip¢ni starty jsou oznaceny tmave, resp. svétle Sedé; uORF
o sekvenci MIN je oznacen modfe, terminator predikovany nastrojem PASIFIC je oznacen Cerveng, vlasenka maskujici RBS
vgaArc predikovana nastrojem RNAfold je oznacena zelené a prvnich devatenact kodonti vgadic je oznaceno zluté. Barevné
koédovani je zachovano i v nasledujicich obrazcich B-E. (B, C) Predikce sekundérni struktury mRNA o nejnizsi mozné volné
energii pomoci nastroje RNAfold (vizualizace pomoci néstroje forna). Terminatorova vlasenka a vlasenka maskujici RBS
vgaALc byla soucasti predikce v ptipadé zahrnuti kompletni sekvence vgad.c, ¢astené sekvence vgadrc (ukazano na obrazku)
i v ptipadé, Ze ORF vgadic zahrnut nebyl vibec. (B) Predikce sekundarni struktury transkriptu syntetizovaného z promotoru
¢. 1 (délka 5S’UTR oblasti 314 nukleotid). Minimalni volna energie -93,8 kcal/mol. (C) Predikce sekundarni struktury
transkriptu syntetizovaného z promotoru €. 2 (délka 5’UTR oblasti 259 nukleotidl). Minimalni volna energie -87,3 kcal/mol.
(D, E) Predikce transkripéniho atenuatoru pomoci nastroje PASIFIC. Predikce se skore 0,5 a vyssi je brana jako spolehliva.
Terminatorova sekvence je vyznacena svétle modfe, antiterminitorova sekvence oranzové a sekvence schopna parovat
s terminatorem i antiterminatorem je vyznacena svétle zelené. (D) Predikce sekundarni struktury transkriptu syntetizovaného
z promotoru ¢. 1 — skore 0,43. (C) Predikce sekundarni struktury transkriptu syntetizovaného z promotoru ¢&. 2 — skore 0,5.



Priloha 3: Mikroskopie — rozlozené kanaly
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Obr. P-2: RozloZeny ¢erveny (VgaALc-eqFP650) a modry (DNA — DAPI) kanal mikroskopickych obrazki A —J z Obr.
34 (odd. 5.5.2). Snimky jsou v ¢ernobilém provedeni z divodu lepsiho kontrastu. Bilé Sipky poukazuji na umisténi ohniska
uvnitt buiky.

VgaAic-eqFP650 DNA (DAPI) Slozeny obraz







Obr. P-3: RozloZeny ¢erveny (VgaALc-eqFP650) a modry (DNA — DAPI) kanal mikroskopickych obrazki A — N z Obr.
35 (odd. 5.5.2). Snimky jsou v ¢ernobilém provedeni z divodu lepsiho kontrastu. Bilé Sipky poukazuji na umisténi ohniska
uvnitf buiky.
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Obr. P-4: RozloZeny Cerveny (VgaALc-eqFP650) a modry (DNA — DAPI) kanal mikroskopickych obrazka A —J z Obr.
36 (odd. 5.5.2). Snimky jsou v ¢ernobilém provedeni z divodu lepsiho kontrastu. Bilé Sipky poukazuji na ohniska v poctu
jedno na bunku, zluté Sipky poukazuji na ohniska v poctu dvé na burku.
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Obr. P-5: RozloZeny ¢erveny (VgaArLc-eqFP650) a modry (DNA — DAPI) kanal mikroskopickych obrazkia A — T z Obr.
37 (odd. 5.5.2). Snimky jsou v ¢ernobilém provedeni z divodu lepsiho kontrastu. Bilé Sipky poukazuji na umisténi ohniska
uvnitf buiky.
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Obr. P-6: RozloZeny ¢erveny (VgaALc-eqFP650) a modry (DNA — DAPI) kanal mikroskopickych obrazki A —J z Obr.
38 (odd. 5.5.2). Snimky jsou v ¢ernobilém provedeni z divodu lepsiho kontrastu. Bilé Sipky poukazuji na ohniska v poctu
jedno na bunku, zluté Sipky poukazuji na ohniska v poctu dvé na burku.



