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ABSTRACT

Bacteria produce p-amino acids for incorporation into the peptidoglycan and certain nonribosomally produced peptides. How-
ever, D-amino acids are toxic if mischarged on tRNAs or misincorporated into protein. Common strains of the Gram-positive
bacterium Bacillus subtilis are particularly sensitive to the growth-inhibitory effects of D-tyrosine due to the absence of b-amino-
acyl-tRNA deacylase, an enzyme that prevents misincorporation of D-tyrosine and other p-amino acids into nascent proteins.
We isolated spontaneous mutants of B. subtilis that survive in the presence of a mixture of D-leucine, D-methionine, D-trypto-
phan, and D-tyrosine. Whole-genome sequencing revealed that these strains harbored mutations affecting tRNA™* charging.
Three of the most potent mutations enhanced the expression of the gene (£yrS) for tyrosyl-tRNA synthetase. In particular, resis-
tance was conferred by mutations that destabilized the terminator hairpin of the #yrS riboswitch, as well as by a mutation that
transformed a tRNA"™ into a tyrS riboswitch ligand. The most potent mutation, a substitution near the tyrosine recognition site
of tyrosyl-tRNA synthetase, improved enzyme stereoselectivity. We conclude that these mutations promote the proper charging
of tRNA™", thus facilitating the exclusion of p-tyrosine from protein biosynthesis in cells that lack p-aminoacyl-tRNA deacylase.

IMPORTANCE

Proteins are composed of L-amino acids. Mischarging of tRNAs with D-amino acids or the misincorporation of p-amino acids
into proteins causes toxicity. This work reports on mutations that confer resistance to D-amino acids and their mechanisms of

action.

Imost all bacteria produce and utilize b-amino acids (1, 2).
The peptidoglycan typically contains the D-amino acids b-Ala
and p-Glu. However, many bacteria produce other (noncanoni-
cal) D-amino acids as well (1). For example, Vibrio cholerae pro-
duces D-Met and D-Leu, which can regulate peptidoglycan synthe-
sis (1, 3). Also, lipoteichoic and wall teichoic acids are modified
with D-Ala, and D-amino acids are incorporated into nonribo-
somally synthesized peptides, such as the Bacillus subtilis lipopep-
tides surfactin (containing D-Leu) and iturin A (containing D-Asn
and D-Tyr) (4, 5). For bacteria to exploit D-amino acids effectively,
they must also prevent misincorporation of b-amino acids into
proteins, as this would cause proteotoxicity (6, 7). Most b-amino
acids are eliminated from the translation machinery by L-ste-
reospecific aminoacyl-tRNA synthetases (8). However, tyrosyl-
tRNA synthetase (TyrRS) cannot effectively distinguish between
L-Tyr and D-Tyr, making p-Tyr potentially toxic to cells (8). In
many organisms, D-Tyr toxicity is mitigated by a D-aminoacyl-
tRNA deacylase, encoded by dtd, which prevents b-Tyr from se-
questering tRNA™" or being incorporated into protein (9-11).
Recently, we found that the standard B. subtilis laboratory
strains 3610 and 168 contain a mutated form of dtd, rendering
them highly sensitive to D-Tyr toxicity. However, strains in which
dtd was repaired were resistant to millimolar levels of D-amino
acids (12). Moreover, a dtd" derivative of strain 3610 formed ro-
bust biofilms in the presence of D-amino acids, exhibiting an ap-
proximately 10,000-fold increase in resistance compared to the
parental strain. This finding indicated that previous reports of
biofilm inhibition by D-Tyr actually reflect a D-Tyr-induced
growth defect (12). In the present investigation, we sought to
identify additional genes involved in resistance to b-amino acids.
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We isolated and analyzed seven mutants that exhibit resistance to
D-amino acids and compared their growth and biofilm pheno-
types to those of the parental strain 3610. Our results offer addi-
tional insights into how B. subtilis strains lacking D-aminoacyl-
tRNA deacylase activity can overcome exposure to D-amino acids
and prevent proteotoxicity.

MATERIALS AND METHODS

Strains and growth conditions. Bacillus subtilis NCIB3610 or 168 and
Escherichia coli Turbo (New England BioLabs, USA) or DH5« were grown
in Luria-Bertani (LB) broth (10 g tryptone per liter, 5 g yeast extract per
liter, 5 g NaCl per liter) or on LB agar plates containing 1.5% Bacto agar at
37°C. When appropriate, 1 ug/ml erythromycin and 25 pg/ml lincomy-
cin, 5 pg/ml chloramphenicol, or 100 pg/ml ampicillin were added to
liquid or solid medium. Strains used in this study are listed in Table S1 in
the supplemental material.

Mutant isolation and identification. Spontaneous mutants resistant
to p-amino acids were isolated by growing B. subtilis 3610 on solid LB
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medium supplemented with p-leucine, b-methionine, p-tryptophan, and
D-tyrosine (D-LMWY), each at 500 wM. The frequency at which muta-
tions conferring resistance arose was calculated by plating dilutions on
solid LB medium alone or supplemented with 500 uM p-LMWY.
Genomic DNA libraries for whole-genome sequencing were prepared us-
ing the NEBNext kit according to the manufacturer’s instructions. Indi-
vidual barcodes for multiplexed sequencing were supplied by Illumina.

Strain construction. Strains were constructed as described in the sup-
plemental material, using standard procedures (13, 14). All strains, prim-
ers, and plasmids used in this study are listed in Table S1 in the supple-
mental material.

Biofilm assays. Colony biofilms were grown by spotting 2 pl of early-
stationary-phase cultures on unmodified solid MSgg medium (15) or
solid MSgg without L-FTW, as indicated in the text. D-Tyr was stored as a
10 mM stock solution in 0.1 M HCl and diluted to achieve the indicated
final concentrations. Plates were incubated at 30°C, and photographs
were taken after 72 h.

Growth measurements. Cells were grown to mid-exponential phase
in MSgg medium, diluted to an optical density at 600 nm (ODy,) of 0.03
in fresh MSgg medium, and treated with 10 wM D-Tyr or an equivalent
volume of distilled water (dH,O). Aliquots of 250 pl were transferred to a
Costar polystyrene 96-well plate with a low-evaporation lid (Fisher Scien-
tific, USA). ODy,, was measured every 10 min for 7 h in a BioTek Synergy
2 luminometer (BioTek, USA) with continuous medium shaking at 37°C.

Kinetic luciferase assay. Luciferase activity was tested as previously
described (12).

TyrRS protein purification and kinetic analyses. Materials were ob-
tained from the sources indicated: Arctic Express (DE3) E. coli cells, Agi-
lent; Rosetta 2 (DE3) and BL21(DE3) E. coli cells, EMD Biosciences; His-
Pur nickel-nitrilotriacetic acid (Ni-NTA) resin, Promega; Biosafe II
scintillation cocktail, Research Products International Corporation; and
L-["*C] Tyr, Moravek. All other reagents were obtained from VWR Inter-
national or Fisher Scientific. Curve fitting and graphing were performed
using GraFit (Erithacus Software, Ltd., Horley, Surrey, United Kingdom)
and Kaleidograph (Synergy Software, Reading, PA).

Plasmids for the expression of C-terminally His,-tagged TyrRS (wild
type and A202V variant) were constructed as follows. pET-28a (Novagen)
was linearized with Ncol and Xhol such that the C-terminal His, tag was
preserved but the N-terminal His, tag was removed. Primers 73 and 74
were used to amplify the fragment containing #yrS from B. subtilis 3610
chromosomal DNA. The resulting fragments were then joined in an iso-
thermal assembly reaction (14) with linearized and gel-purified pET-28a
to produce pSLO06 (for the production of TyrRSW'"-His,) or pSL007 (for
the production of TyrRS*?°*V=-His). The plasmids were maintained in
Arctic Express (DE3), Rosetta 2 (DE3), or BL21(DE3) E. coli cells using
selection with kanamycin at 25 pg/ml. Plasmid inserts were verified by
sequencing using primers 73 and 74.

To verify expression, BL21(DE3) cells harboring pSL006 or pSL007
were grown overnight at 37°C in 5 ml LB medium with kanamycin at 30
pg/ml. Overnight cultures were diluted 1:100 into fresh 25-ml LB me-
dium with kanamycin at 50 ug/ml and grown at 37°C. When the cultures
reached an optical density (600 nm) of 0.3 to 0.35, the cultures were either
left untreated or treated with 500 wM or 1 mM isopropyl-B-p-1-thioga-
lactopyranoside (IPTG). After growth for 4 h at 30°C, aliquots were col-
lected, pelleted, boiled, and run on an SDS-PAGE gel. Expression was
confirmed by Western blotting as described previously (16), except that
the primary antibody was rabbit anti-His, (ab9108; Abcam) used at a
dilution of 1:5,000.

The AMP deaminase and IMP dehydrogenase were expressed in E. coli
Rosetta 2 (DE3), and the inorganic pyrophosphatase, cyclodityrosine syn-
thase, and Dp-aminoacyl-tRNA deacylase were expressed in E. coli
BL21(DE3) cells, as described in the work of E. A. First (submitted for
publication) and E. A. First and C. Richardson (submitted for publica-
tion). T7 RNA polymerase was isolated using standard procedures. The
pET-28-based B. subtilis tyrosyl-tRNA synthetase wild-type- and A202V
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variant-encoding plasmids (pSL006 and pSL007) were transformed into
Arctic Express (DE3) cells. Single colonies were grown in 5ml 2X YT (16
g/liter tryptone, 10 g/liter yeast extract, and 5 g/liter NaCl) with 50 pg/ml
kanamycin overnight at 37°C. Four 500-ml Delong flasks containing 2 X
YT with kanamycin were inoculated with 1 ml of overnight culture. Flasks
were incubated at 37°C at 250 rpm in a platform shaker until the optical
density at 600 nm was 0.4 to 0.6. Flasks were chilled for about 30 min
before protein expression was induced with IPTG at a final concentration
of 0.5 mM. Flasks were incubated at 13°C for at least 24 h prior to protein
purification.

Recombinant enzymes were isolated using Ni-NTA affinity chroma-
tography, as previously described (17). Both B. subtilis tyrosyl-tRNA syn-
thetase wild type and A202V variant were initially dialyzed against buffer
containing 0.1 mM inorganic pyrophosphate, followed by three more
rounds of dialysis to remove pyrophosphate and released substrate. Pro-
teins were isolated to >95% homogeneity based on SDS-PAGE. Extinc-
tion coefficients and molecular weights were calculated using the ExPASy
ProtParam tool (18). Purified proteins were stored in the buffers de-
scribed in the work of First and Richardson (submitted). Both B. subtilis
tyrosyl-tRNA synthetase wild type and A202V variant were stored in 20
mM Tris, pH 7.8, 1 mM EDTA, 10 mM B-mercaptoethanol, and 50%
(vol/vol) glycerol.

Geobacillus stearothermophilus tRNA™™ was synthesized by runoff
transcription using T7 RNA polymerase using pGFX-WT, as previously
described (17).

The concentration of tyrosyl-tRNA synthetase was determined using a
filter-based active site titration assay that monitors the formation of the
enzyme-bound tyrosyl-adenylate intermediate complex in the absence of
tRNA. Reaction mixtures contained 10 uM L—[”C]Tyr, 10 mM Mg-ATP,
2 U/ml inorganic pyrophosphatase, and 1 to 5 uM enzyme being tested,
based on A,g, measurements, in 100 mM Tris (pH 7.8) and 10 mM MgCl,.
Reaction mixtures were incubated at 25°C, and samples were filtered over
Protran BA-85 nitrocellulose discs presoaked with 100 mM Tris (pH 7.8)
and 10 mM MgClL,. Filters were washed three times with cold buffer, dried,
and counted in 5.5 ml Biosafe II scintillation cocktail by a Beckman LS-
6500 scintillation counter.

Real-time, continuous AMP detection assays were performed as elab-
orated in the work of First (submitted) and First and Richardson (submit-
ted). Reaction mixtures contained 50 mM Tris (pH 7.78), 10 mM KCl, 0.1
mM dithiothreitol, 10 mM MgCl,, 10 mM Mg-ATP, 5 mM NAD7Y, 160
nM AMP deaminase, 640 nM IMP dehydrogenase, 2 U/ml inorganic py-
rophosphatase, 5nM to 0.5 mM TyrRS, and variable [tRNA™"] and [Tyr].
NAD™ and ATP solutions were adjusted to pH 7.0 prior to use. Assays
were performed in a 96-well plate (100 or 200 wl per well) at 25°C by
monitoring the change in absorbance at 340 nm (A,,,) that occurs with
the conversion of NAD ™ to NADH. This reaction provides a readout for
the consumption of ATP to form AMP, which is converted to IMP and
XMP by AMP deaminase and IMP dehydrogenase, respectively. Under
these conditions, the formation of tyrosyl-tRNA™" is the rate-limiting
step and the tRNA substrate is nonlimiting due to the addition of recycling
enzymes: 8 pM cyclodityrosine synthase or 50 wM D-tyrosyl-tRNA™"
deacylase for L- and p-Tyr, respectively. The values for K,,"*™* and k_,,
were obtained by varying the tRNA concentration under conditions
where the L- or D-Tyr concentration is saturating (1 mM). The values for
K, K>, and k., were obtained by varying the L- or p-Tyr con-
centration under conditions where the tRNA concentration is saturating
(i.e, 5 uM).

Initial rates were determined for each substrate concentration by a
linear fit of a plot of A, against time. K,, and V. values were deter-
mined by subtracting the no-substrate rate and plotting the initial rate
against substrate concentration and fitting the curve to the Henri-Michae-
lis-Menten equation: v, = V, . [S]/(K,, + [S]), where K,,, is the affinity for
the substrate and v, is the initial rate. The k_,, values were calculated by the
equation V. = k. [E], where [E] is the molar concentration of the

max

enzyme in the assay.
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TABLE 1 Spontaneously arising mutations predicted to confer
resistance to D-LMWY*

Gene Nucleotide change Amino acid change
tyrS —380C NA
—38C>T NA
605G>A A202V
trnD-Phe 35A>T NA
hrcA —8A>G NA
ppaC 234A>T E78D
434C>T A145V
A496-498 (GCA) AA166

@ Given positions are relative to the start of the open reading frame. NA, not applicable.

tyrS overexpression assay. B. subtilis strains 3610, SLH69, and SLH70
were grown to early stationary phase in 3 ml LB medium, with shaking at
37°C, and 2 pl of each culture was spotted on MSgg agar, MSgg agar with
750 uM isopropyl-B-p-1-thiogalactopyranoside (IPTG), MSgg agar with
10 pM p-Tyr, or MSgg agar with both 750 uM IPTG and 10 uM p-Tyr.
The plates were incubated at 30°C and photographed at 72 h.

RESULTS AND DISCUSSION

Spontaneous resistance to b-amino acids occurs with high fre-
quency. Spontaneously arising mutants with resistance to growth
inhibition by D-amino acids were selected on solid LB medium
supplemented with 500 uM (each) D-leucine, D-methionine, D-
tryptophan, and D-tyrosine (D-LMWY). Mutants arose at a fre-
quency of about 10~°, a high frequency that suggested that muta-
tions at multiple loci were able to confer resistance. Indeed,
whole-genome sequencing of seven spontaneous resistance mu-
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tants revealed eight distinct mutations: three mutations in the
inorganic pyrophosphatase gene ppaC, three mutations in or up-
stream of the TyrRS gene tyrS, one mutation in the tRNA™™ en-
coded by trnD-Phe, and one mutation upstream of the protein
chaperone repressor gene hrcA (Table 1) (19-22). Of the seven
mutants analyzed, six harbored only one mutation, while one
mutant (SLH15) harbored two mutations (hrcA 34~ and
pp aCOAL66),

Identification of mutations conferring resistance to D-amino
acids. Next, we constructed congenic derivatives of the parental
strain 3610 that separately contained the mutations ppaC*'**Y,
tyrS 3BT r8A29?V trnD-Phe®®*7 ", and hrcA®47C. Growth
curves (Fig. 1) and biofilm assays (Fig. 2) revealed that the muta-
tions in ppaC, tyrS, and trnD-Phe conferred resistance to D-Tyr.
These mutations conferred resistance as effectively against an
equimolar mixture of D-LMWY as they did against D-Tyr (data
not shown), consistent with our previous findings that b-Tyr is the
only toxic component of this mixture at physiologically relevant
concentrations (12). In contrast, the mutation upstream of hrcA
was ineffective against D-amino acid stress (Fig. 1 and 2). Given
that the original source of this mutation (SLH15) harbored a sec-
ond mutation in ppaC (ppaC**'*®), and accounting for our find-
ings that a separate mutation in ppaC (ppaC*'**Y) protects B.
subtilis from D-Tyr toxicity, we infer that the active mutation of
strain SLH15 is ppaC*A'%°,

It is interesting that mutations in the inorganic pyrophospha-
tase gene ppaC impart resistance to D-amino acids (Table 1 and
Fig. 1 and 2). We speculate that these mutations do so by slowing
the rate of nucleoside triphosphate (NTP)-driven reactions, in-
cluding the charging (or mischarging) of tRNAs (21). We note

tyrS riboswitch

Time (h)

FIG 1 Mutations from spontaneously arising mutants confer resistance to growth inhibition by p-amino acids when moved to the parental strain. Optical
density of cells grown in shaking MSgg medium was measured in the presence (white diamonds) or absence (black diamonds) of 10 uM D-Tyr. The
ppaC***Y | tyrS riboswitch (tyrS™8=1), tyr§82°%V ) trnD-Phe®>*~", and hrcA~ %S mutants were constructed by reconstituting select spontaneously
arising mutations (Table 1) in the parent strain 3610. Results are shown as a semilog plot and indicate the averages from four replicates. Error bars show

the standard deviations.
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dtd*

Parent strain

[D-Tyr] (uM)

tyrs

FIG 2 Congenic mutants exhibiting resistance to biofilm inhibition by p-
amino acids. Spontaneous mutants (columns a and ¢) and their reconstituted
counterparts (columns b and d) were spotted on solid MSgg medium alone or
solid MSgg medium containing 10 wuM D-Tyr. The reconstituted spontaneous
mutants are as follows: ppaC*'*>V, tyrS riboswitch (tyrS™38<="), 1yrsA202v,
trnD-Phe*>*~", and hrcA~3*7S, The parental strain of the spontaneous mu-
tants (3610, which is mutant for dtd) and a dtd ™ strain (SLH31) are included as
anegative control and positive control, respectively. Images were taken after 72
h of incubation at 30°C.

that Halonen et al. (21) previously constructed the ppaC*”*” mu-
tation in B. subtilis and that we recovered the same mutation in
our selection for resistance to D-amino acids. The authors found
that the E78D substitution enhanced the affinity of inorganic py-
rophosphatase for its metal ion cofactor, Mn®", but simultane-
ously changed the metal ion specificity of the enzyme from Mn**
to Mg>* (21). We posit that these changes hamper the enzyme’s
efficiency and suggest that ppaC*'**" and ppaC**'°® also confer
resistance to D-amino acids by impairing inorganic pyrophospha-
tase activity. Furthermore, these changes may particularly disad-
vantage the mischarging of tRNA™" with p-Tyr. Kinetic analyses
of a B. subtilis TyrRS homolog (G. stearothermophilus TyrRS) re-
vealed that pyrophosphate (PP;) binds to the TyrRS—-p-Tyr-AMP
complex with a 14-fold-higher affinity than that with which it
binds to the TyrRS—-L-Tyr-AMP complex (23). This difference
contributed to the lower relative turnover rate for TyrRS bound to
D-Tyr. B. subtilis TyrRS, which is 69% identical (and 89% similar)
in protein sequence to G. stearothermophilus TyrRS, also exhibits a
lower turnover rate for b-Tyr than for L-Tyr. Likely, the PP; bind-
ing affinities of the B. subtilis TyrRS and the G. stearothermophilus
TyrRS are similar. Thus, accounting for the higher binding affinity
of the TyrRS-p-Tyr-AMP complex to PP, it is plausible that
mildly reduced pyrophosphatase activity could preferentially dis-
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advantage activation of D-Tyr by TyrRS and result in a reduction
of tRNA™" mischarging.

TyrRS*?%?Y is more stereoselective than is wild-type TyrRS.
The most effective of the b-LMWY-resistant mutations was
tyr§*2°V, which caused an amino acid substitution proximal to
the tyrosine-binding site of TyrRS (20). Because A202 is located in
an alpha helix, it is reasonable to suppose that introducing the
branched amino acid valine at this position alters the geometry of
the tyrosine-binding site. This hypothesis is supported by the crys-
tal structures of a divergent and more stereoselective class of ty-
rosyl-tRNA™" synthetase known as TyrRZ, which demonstrate a
correlation between the presence of a bulkier group at position
202 (Met or Val) and superior discrimination between L-Tyr and
D-Tyr, as noted in reference 24 and the accompanying paper by
Williams-Wagner et al. (25).

Surprisingly, wild-type B. subtilis TyrRS has a higher affinity
for D-Tyr than it does for L-Tyr (K, = 4 uM and 90 nM, respec-
tively). In contrast, the turnover number (k) for the wild-type
enzyme is 60-fold higher for the L-stereoisomer, resulting in a
specificity constant that favors L-Tyr over b-Tyr (k_,/K,, = 0.173
for L-Tyr and 0.057 for b-Tyr) (Fig. 3; Table 2). Comparison of the
wild type and the A202V variant of TyrRS indicated that the
A202V substitution decreases the affinity of the enzyme 3-fold and
22-fold for L-Tyr and D-Tyr, respectively. As the k., values are
unaffected by the A202V substitution, this translates to a 7-fold
increase in the specificity of the TyrRS variant for L-Tyr. The sec-
ond step of tRNA™" charging (the transfer of the aminoacyl group
from aminoacyl-AMP to the tRNA) was not significantly affected
by the A202V substitution (Fig. 3; Table 2). Since the L-Tyr bind-
ing site is distal to the tRNA"" binding site, we infer that the
A202V substitution does not induce widespread conformational
changes in the protein structure (20). These results indicate that B.
subtilis TyrRS"" is a poor discriminator between L-Tyr and p-Tyr
due to its higher binding affinity for p-Tyr (K,,, = 4 wM) than for
L-Tyr (K, = 90 pM). D-Tyr can thus compete with L-Tyr in bind-
ing to TyrRS. In contrast to a classical competitive inhibitor, D-Tyr
acts as a substrate of the enzyme, albeit with a sizable drop in
catalytic efficiency. The A202V substitution destabilizes the bind-
ing of D-Tyr relative to L-Tyr, thereby increasing the stereoselec-
tivity of the enzyme. We therefore conclude that TyrRS****" has
improved substrate specificity compared to TyrRSW™.

Mutations in the tyrS riboswitch enhance tyrS expression.
Synthesis of TyrRS is controlled by a T box riboswitch upstream of
the tyrS open reading frame (26, 27). When L-Tyr is limiting,
uncharged tRNA™" binds to the tyrS riboswitch at the specifier
sequence (which contains the tyrosine codon UAC) as well as at
the antiterminator region (28) (Fig. 4). This stabilizes the antiter-
minator hairpin, thereby allowing transcriptional readthrough
from the riboswitch into tyrS and resulting in increased expression
of tyrS (26, 27).

Our selection for resistance mutations yielded two muta-
tions in the terminator hairpin of the tyrS riboswitch. We hy-
pothesized that these mutations destabilize the terminator
hairpin, tyrS =7, by causing a base pair mismatch (from C-G
to C-A), and tyrS % by introducing a bulge into the hairpin
(Fig. 4). We therefore expected that these tyrS riboswitch muta-
tions would result in tyrS overexpression. Indeed, using a tran-
scriptional fusion of the tyrS riboswitch to luciferase, we found
that both mutations exhibited significantly higher luciferase activ-
ity than did the wild-type tyrS riboswitch (Fig. 5). These results
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FIG 3 Representative steady-state kinetics of B. subtilis TyrRS. Representative data from eight independent trials are shown for the measurement of binding
affinity (K,,,) and turnover rate (k.,,) of wild-type TyrRS (TyrRS"") and mutant TyrRS (TyrRS*2°?V) for L-Tyr, D-Tyr,and tRNA™". The experimental conditions
were as follows: (A) 5 nM TyrRS and 2.5 pM tRNA™", (B) 5 nM TyrRS and 1 mM L-Tyr, (C) 125 nM TyrRS and 10 uM tRNA™", and (D) 125 nM TyrRS and
800 wM D-Tyr. All experiments included Mg-ATP at 10 mM. The results are summarized in Table 2.

suggest that tyrS~ >~ T and tyrS—?* confer resistance to p-Tyr
by increasing TyrRS levels in the cell.

The trnD-Phe*>*> " mutation transforms tRNA""* into a tyrS
riboswitch ligand. The recovery of a resistance mutation in trnD-
Phe was surprising as trnD-Phe encodes a tRNA™, and p-Phe was
not used in our screen for D-amino acid-resistant mutations. In-
terestingly, however, the 35A>T mutation in trnD-Phe changes
the tRNA™ anticodon from AAG (for L-Phe) to AUG (for L-Tyr).
We also note that the sequence at the 3’ end of tRNA"™ is identical
to the corresponding sequence of tRNA™" and that this sequence
is known to base pair with the riboswitch antiterminator (29).
Thus, tRNA™ with the AAG-to-AUG anticodon switch appar-
ently contains both of the binding sites that dictate the tRNA™"-
tyrS riboswitch interaction (29) (Fig. 4). Moreover, the mutant
tRNA"™ has neither the proper recognition site for charging by
phenylalanyl-tRNA synthetase nor that for charging by tyrosyl-

TABLE 2 Steady-state kinetics of the TyrRS wild type and A202V
variant

T tRNA

Enzyme and b
amino acid Ky (M) ke (1) K., (pM) kea (1)
TyrRSW®

L-Tyr 90 =20 14+3 0.27 = 0.05 I5*5

D-Tyr 40=*0.8 0.23 = 0.04 22*0.5 0.22 = 0.01
TyrR$A202Y

L-Tyr 260 * 20 14 £ 4 0.42 * 0.08 11£5

D-Tyr 90 = 20 0.27 = 0.05 32+0.8 0.23 * 0.06
1636 jb.asm.org
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tRNA synthetase, implying that the mutant tRNA™ is constitu-
tively uncharged and available as a riboswitch ligand. We there-
fore postulated that the mutant tRNA™ also stimulates tyrS
expression by interacting with the tyrS riboswitch. Consistent with
our hypothesis is the complementary observation of Grundy and
Henkin (26) that converting the tyrS riboswitch specifier sequence
from UAC to UUC caused the tyrS riboswitch to become respon-
sive to L-Phe limitation instead of L-Tyr limitation. As a test of our
hypothesis, we measured tyrS expression using a transcriptional
fusion of luciferase to the wild-type tyrS riboswitch. The results
show that luciferase activity in the trnD-Phe mutant was signifi-
cantly higher than that of the parental strain and, in fact, was
similar to that observed for the two tyrS riboswitch mutants (Fig.
5). We also found that #yrS expression in the two tyrS riboswitch
mutant strains and the trnD-Phe mutant strain was comparable to
or greater than that observed for a mutant lacking the #yrS ribo-
switch terminator hairpin (Fig. 5). Notably, the tyrS riboswitch
terminator and antiterminator hairpins share seven bases, and
deletion of the terminator sequence affects the stability of the an-
titerminator conformation as well. It is therefore expected that
luciferase expression driven by a tyrS riboswitch lacking the ter-
minator hairpin will be below the level of constitutive expression.
Thus, in summary, the tyrS riboswitch and trnD-Phe mutants
studied here resulted in constitutive or near-constitutive tyrS ex-
pression.

tyrS overexpression is sufficient to confer resistance to
D-Tyr. To confirm the causal relationship between tyrS overex-
pression and resistance to b-Tyr, we constructed derivatives of B.
subtilis 3610 that harbor IPTG-inducible #yrS at the amyE locus.
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FIG 4 Schematic of the B. subtilis tyrS riboswitch. (A) The interaction sites of a tRNA™" (gray) with the tyS riboswitch (black) are highlighted with gray boxes.
The gray box on the left shows binding between the tRNA™" anticodon (AUG) and the riboswitch specifier sequence (UAC). The gray box on the right shows
binding between the 3'-end sequence of the tRNA™" (ACCA) and the antiterminator. The mutant tRNA"" resulting from trnD-Phe***~T harbors the AUG
anticodon as well as the ACCA sequence at its 3’ end and may therefore bind the tyrS riboswitch at the same locations as does tRNA™". Dashed lines represent
riboswitch sequence that is not significant for binding tRNA™". (B) Comparison of the wild-type (WT) tyrS terminator hairpin with the proposed structures of
mutant terminators. The relevant mutations are in bold and highlighted with gray boxes. In panels A and B, bases shown in italics are shared between the
antiterminator and terminator hairpins. The secondary structures in panel A and the WT tyrS structure in panel B were originally depicted by Grundy et al. (28)

and Gerdeman et al. (29).

Overexpression of the tyrS open reading frame yielded robust b-
Tyr resistance (see Fig. S1 in the supplemental material). Overex-
pression of the tyrS riboswitch and open reading frame also
yielded D-Tyr resistance, albeit to a lesser degree (see Fig. S1). This

Luciferase Activity (AU x 10°)

Time (h)

FIG 5 Mutations in the tyrS riboswitch and trnD-Phe cause readthrough.
Expression of a luciferase transcriptional fusion to the tyrS riboswitch was
measured in shaking MSgg medium. Riboswitch readthrough is indicated by
white circles for the parental strain (SLH57) and by diamonds for the trnD-
Phe***= T mutant (SLH58). Luciferase fusions were also constructed with the
tyrS riboswitch harboring either a C-to-T point mutation or an insertion mu-
tation in the terminator hairpin. Readthrough of the tyrS riboswitch point
mutant (SLH61) is shown as triangles, whereas readthrough of the insertion
mutant (SLH59) is shown as gray circles. Readthrough of a tyrS riboswitch
lacking the terminator hairpin sequence (SLH75) is indicated by white dia-
monds. Luciferase activity was determined by normalizing luminescence to
optical density. Results shown are the averages from three replicates, and error
bars show the standard deviations.
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finding is consistent with evidence that the tyrS riboswitch nor-
mally occupies a terminator hairpin conformation, which would
attenuate tyrS overexpression even in the presence of IPTG.

There are several possible explanations for how tyrS overex-
pression confers resistance to D-Tyr. While an excess of TyrRS
would not change the ratio of proper charging to mischarging
events, excess TyrRS would increase the absolute number of prop-
erly charged species. As such, excess TyrRS could help compensate
for TyrRS sequestration by D-Tyr and thus increase the protein
translation rate of D-Tyr-treated cells. Interestingly, excess TyrRS
has been shown to cause erroneous tRNA charging in E. coli (30),
implying that the benefits of excess TyrRS may be limited to B.
subtilis or may be condition dependent.

An alternative explanation relates to the role of the tyrS ribo-
switch in sensing intracellular L-Tyr levels. Given that L-Tyr is a
highly effective remedy for D-Tyr toxicity (12), either tyrS overex-
pression or the signals for tyrS overexpression (e.g., low L-Tyr or
an accumulation of uncharged tRNA™) might result in p-Tyr
resistance by stimulating the biosynthesis or import of L-Tyr.
While such a feedback system exists for other amino acids, includ-
ing L-Leu and L-Trp (31, 32), it has not been established whether
L-Tyr levels can be similarly regulated. That said, changes in -Tyr
import and in L-Tyr production have been previously associated
with D-Tyr resistance in B. subtilis (6, 33).

tapA mutations do not confer resistance to p-Tyr. This labo-
ratory previously reported that frameshift mutations in the 3’ re-
gion of the biofilm matrix gene tapA confer resistance to D-Tyr
during biofilm formation (34).

This finding is at odds with our recent report that b-amino
acids do not inhibit biofilm formation through their incorpora-
tion into peptidoglycan but that, rather, they do so via their incor-
poration into protein (12). In light of this evidence as well as our
present identification of resistance mutations in genes involved in
tRNA™" charging, we reexamined the reported effect of the tapA
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FIG 6 tapA mutations do not confer resistance to D-Tyr. A B. subtilis strain
lacking the tapA operon (SLH63) was compared with a tapA ™ strain (3610) as
well as with strains complemented at amyE for the tapA operon containing
wild-type (SLH64) tapA or mutant tapA genes harboring the previously de-
scribed frameshift mutation tapA2 (SLH65) or tapA6 (SLH66). All strains were
spotted on solid MSgg medium lacking L-FTW and containing the indicated
concentration of D-Tyr. Images were taken after 72 h of incubation at 30°C.

mutations fapA2 and tapA6. We were unable to confirm the orig-
inal tapA2 and tapA6 mutants and therefore reconstructed these
strains using a derivative of strain 3610 lacking the tapA-sipW-
tasA operon. The deletion of the native fapA operon was comple-
mented with a copy of the operon inserted at the amyE locus that
either was wild type for tapA or contained the tapA2 or tapA6
mutation. Each of the three complementation constructs restored
wild-type matrix formation to untreated cells (Fig. 6). However,
neither the tapA2 nor the tapA6 mutation rescued biofilm forma-
tion in the presence of D-Tyr under the conditions of Fig. 6 as well
as at several other temperatures and under other nutrient condi-
tions (data not shown). We conclude that the previously reported
tapA mutations do not confer resistance to p-Tyr.

In summary, we have found that B. subtilis acquires resistance
to D-Tyr through single mutations in protein-coding sequences or
in regulatory regions of protein-coding sequences for genes that
influence the fidelity of translation. Congenic resistance mutants
revealed a hierarchy among the mutations according to their role
in preventing the mischarging of tRNA™" with p-Tyr. We found
that the mutations that most specifically promoted the exclusion
of D-Tyr from nascent protein (tyrS$*2°2Y, tyr§™ 8=, tyrs—380C,
and trnD-Phe*>*~™) were more effective at conferring resistance
to D-Tyr during biofilm formation than were mutations in the
pleiotropic gene ppaC. In agreement with our finding that
D-amino acids influence biofilm formation only as a side effect of
growth inhibition, we identified mutations that confer p-amino
acid resistance in genes related to tRNA™" charging but did not
identify any resistance mutations relevant to biofilm formation or
cell wall biosynthesis. We further showed that, in contrast to an
earlier report, mutations in the biofilm gene tapA do not confer
resistance to D-Tyr. An accompanying report reveals an additional
mode of resistance involving the expression of a cryptic gene for a
tyrosyl-tRNA synthetase (25).
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