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ABSTRACT

The sequence of tRNAs is submitted to evolutionary
constraints imposed by their multiple interactions
with aminoacyl-tRNA synthetases, translation elon-
gation factor Tu in complex with GTP (EF-Tu•GTP),
and the ribosome, each being essential for accu-
rate and effective decoding of messenger RNAs. In
Staphylococcus aureus, an additional constraint is
imposed by the participation of tRNAGly isoaccep-
tors in the addition of a pentaglycine side chain to
cell-wall peptidoglycan precursors by transferases
FmhB, FemA and FemB. Three tRNAGly isoaccep-
tors poorly interacting with EF-Tu•GTP and the ribo-
some were previously identified. Here, we show that
these ‘non-proteogenic’ tRNAs are preferentially rec-
ognized by FmhB based on kinetic analyses and on
synthesis of stable aminoacyl-tRNA analogues act-
ing as inhibitors. Synthesis of chimeric tRNAs and
of helices mimicking the tRNA acceptor arms re-
vealed that this discrimination involves identity de-
terminants exclusively present in the D and T stems
and loops of non-proteogenic tRNAs, which belong
to an evolutionary lineage only present in the staphy-
lococci. EF-Tu•GTP competitively inhibited FmhB by
sequestration of ‘proteogenic’ aminoacyl-tRNAs in
vitro. Together, these results indicate that competi-
tion for the Gly-tRNAGly pool is restricted by both
limited recognition of non-proteogenic tRNAs by EF-
Tu•GTP and limited recognition of proteogenic tR-
NAs by FmhB.

INTRODUCTION

Aminoacyl-tRNAs are used as a source of activated amino
acids for non-ribosomal synthesis of various biomolecules,
including cell-wall peptidoglycan precursors (Figure 1A)
(1), cyclodipeptides (2) and membrane lipids (3). In ad-
dition, Phe-tRNA and Leu-tRNA participate in protein
aminoacylation, thereby triggering them for protein degra-
dation by the proteasome (4). In Staphylococcus aureus,
three aminoacyl-transferases of the Fem family (FmhB,
FemA and FemB) use five aminoacyl-tRNAs to assemble a
pentaglycine side chain onto peptidoglycan precursors (5–
7). FmhB adds the first Gly whereas FemA and FemB each
adds two residues. FmhB is an essential enzyme indicating
that the complete absence of the peptidoglycan side chain is
not compatible with synthesis of an osmoprotective pepti-
doglycan layer and bacterial growth (7). FemA and FemB
are dispensable for growth in media of high osmolarity (8)
and their absence is not compatible with expression of me-
thicillin resistance mediated by the peptidoglycan transpep-
tidase PBP2a (9). In fact, the ‘Fem’ designation originates
from early investigations based on random transposon mu-
tagenesis that showed that the femA and femB genes encode
factors essential for methicillin resistance (10). The essential
role of the Fem transferases for growth or for methicillin re-
sistance indicates that these enzymes are potential targets to
develop drugs active on multidrug resistant S. aureus (11–
13).

The participation of aminoacyl-tRNAs to non-
ribosomal synthesis implies that the same aminoacyl-
tRNAs are potentially used for protein and peptidoglycan
synthesis. Alternatively, the sequence of tRNAGly isoac-
ceptors may have divergently evolved so that particular
aminoacyl-tRNAs are preferentially or exclusively used in
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Figure 1. Participation of tRNAs to peptidoglycan synthesis in Staphylococcus aureus. (A) Peptidoglycan assembly pathway. Aminoacyl-transferases
FmhB, FemA and FemB assemble a pentaglycine side chain. The essential role of FmhB (for growth) and of FemA and FemB (for methicillin resistance)
stems from the fact that the amino group at the extremity of the pentaglycine side chain is used for peptidoglycan cross-linking in the last step of pepti-
doglycan polymerization. (B) Alignment of S. aureus tRNAGly isoacceptors. P1 and P2, proteogenic isoacceptors; NP1, NP2 and NP3, non-proteogenic
isoacceptors. Stars indicate the position of invariant nucleotides in the five sequences. Bases highlighted in blue and red are divergent within the proteogenic
and non-proteogenic tRNA groups, respectively. The anticodon is highlighted in grey. (C) Cloverleaf representation of the five tRNAGly isoacceptors. Two
arrows point to positions 8 and 19 corresponding to potential sites of posttranscriptional modification of non-proteogenic tRNA as discussed in the
text (4-thiouridine and 5,6-dihydrouridine, respectively). The remaining arrow points to position 32 that determines the capacity of the unmodified UCC
anticodon to decode all four tRNAGly. The UUC or UGC triplet in the T loop is boxed in red.

either biosynthetic pathway. The chromosome of S. aureus
harbors seven tRNAGly genes encoding isoacceptors with
five distinct sequences (Figure 1B and C) (14,15). Previous
analyses based on affinity chromatography showed that two
of them, tRNAGly(GCC-1) and tRNAGly(UCC-1), display high
affinity for the binary complex comprising the translation
elongation factor Tu and GTP (EF-Tu•GTP) following
acylation by the glycyl-tRNA synthetase (GlyRS), as
expected for proteogenic aminoacyl-tRNAs (15). These
tRNAs were designated P1 (GCC anticodon) and P2
(UCC-1) for proteogenic tRNAs. The remaining acy-
lated isoacceptors (UCC-2, UCC-3 and UCC-4) eluted
at low salt concentrations suggesting that they bind

to EF-Tu•GTP with low affinity and could therefore
preferentially participate in peptidoglycan synthesis.
The tRNAGly(UCC-2), tRNAGly(UCC-3) and tRNAGly(UCC-4)

were thus referred to as non-proteogenic isoacceptors
NP1, NP2, and NP3, respectively. Analyses performed
in the 60s and 70s on tRNAs purified from cultures of
staphylococci resolved highly purified fractions containing
non-proteogenic tRNAGly in S. aureus (16) and in closely
related Staphylococcus epidermidis (17–20). The tRNAs
present in these fractions displayed no binding affinity
for ribosomes programmed with any of the four triplets
specifying Gly and were unable to participate in in vitro
protein synthesis (16–18). In addition, the non-proteogenic
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tRNA purified from S. epidermidis did not form a complex
with EF-Tu•GTP (21), as also found for homologous
tRNAs from S. aureus obtained by in vitro transcription
in a more recent study (15). Two non-proteogenic tRNAs
from S. epidermidis (tRNAGly Ia and Ib) were sequenced
by biochemical methods (19) and were found to contain
an unusually low content in modified bases (19,20), which
was limited to one 4-thiouridine residue (position 8) and
one 5,6-dihydrouridine residue (position 19) (Figure 1C).
The absence of pseudouridine, which is ubiquitous in the
T loop, was noteworthy. In agreement, the DNA sequence
of the three non-proteogenic tRNAGly genes contains the
TGC or TGT triplet in the T loop instead of the TTC
triplet in proteogenic tRNAs (red box, Figure 1C) in which
the second nucleotide corresponds to the position of the
post-transcriptional modification of uridine to pseudouri-
dine (14,15). The presence of an additional base-pairing in
the anticodon stem of P1-GCC (seven instead of six in the
three NP-UCCs) and the corresponding reduction in the
number of bases in the anticodon loop (three in P1 instead
of five in non-proteogenic tRNAGly) is also worth noting
(22). The unusual features of the non-proteogenic tRNAGly

were rationalized in terms of impaired interactions with
EF-Tu and the ribosome [see (22) for discussion].

The interaction of the five S. aureus tRNAGly isoaccep-
tors with components of the translation machinery has de-
served much attention. In contrast, little is known on the
recognition of the isoacceptors by the Fem transferases.
There is a consensus for the potential participation of the
five tRNAGly to peptidoglycan synthesis in S. aureus and S.
epidermidis but the analyses were only qualitative (17,18). In
this study, we determine whether FmhB preferentially uses
specific tRNAGly isoacceptors for in vitro synthesis of pep-
tidoglycan precursors. A positive answer to this first ques-
tion prompted us to construct chimeric tRNAs in order to
identify the tRNA regions that enable FmhB to discrim-
inate between tRNAGly isoacceptors. Investigation of the
mode of tRNA recognition by FmhB was also based on the
synthesis of stable Gly-tRNAGly analogues with various nu-
cleotide sequences that behaved as potent FmhB inhibitors.
Since competitive binding of aminoacyl-tRNAs to FmhB
and EF-Tu•GTP is expected to be the key factor determin-
ing the partition of members of the Gly-tRNAGly pool be-
tween peptidoglycan and protein synthesis, a second assay
was developed to compare the relative affinity of these pro-
teins for the aminoacylated tRNA isoacceptors. The ob-
served weak interaction of non-proteogenic Gly-tRNAGly

with EF-Tu•GTP, in combination with phylogenic analyses
of the tRNAGly sequences from firmicutes, led to the conclu-
sion that staphylococci produce a set of peculiar tRNAGly

paralogues that preferentially participate in peptidoglycan
synthesis, thereby preventing the potentially negative im-
pact of a competitive use of the same aminoacyl-tRNAs in
protein and peptidoglycan synthesis.

MATERIALS AND METHODS

Synthesis of FmhB substrates

In S. aureus, FmhB catalyzes the transfer of a gly-
cyl residue from Gly-tRNAGly to the undecaprenyl-PP-

MurNAc(-pentapeptide)-GlcNAc peptidoglycan precursor
(lipid II; Figure 1A). To study the catalytic activity of FmhB
in vitro, we developed synthetic routes for analogues of
these two substrates. The tRNA analogues were obtained
by in vitro transcription of DNA templates obtained by
PCR (Supplementary Material, section 2, Supplementary
Tables S1 and S2, and Supplementary Figure S1). The
lipid II analogues were obtained by extraction of the UDP-
MurNAc-pentapeptide nucleotide precursor (Figure 1A)
from the cytoplasm of S. aureus followed by in vitro trans-
fer of the phospho-MurNAc-pentapeptide moiety to com-
mercial phospho-di-prenyl or phospho-hepta-prenyl lipids
using the purified transferase, MraY. GlcNAc was added
to the resulting lipid I by the purified MurG transferase
(Supplementary Material, sections 3 and 4). Hepta-prenyl-
and di-prenyl-containing lipid II analogues were purified by
butanol/pyridinium-acetate extraction (23) and by reverse-
phase HPLC (24), respectively.

Synthesis of FmhB inhibitors

Stable analogues of Gly-tRNAGly were obtained by organic
synthesis of dinucleotides pdCpA-2′-azido and pdCpA-
3′-azido (25,26) (Supplementary Material, section 5 and
Supplementary Figure S3), CuI-catalyzed cycloaddition
of commercially available 1,8-nonadiyne (Sigma-Aldrich),
and ligation to tRNA analogues devoid of the terminal CA
dinucleotide using T4 RNA ligase (26) (Supplementary Ma-
terial, section 6).

Enzyme assays

Enzymes were produced in Escherichia coli and purified
by nickel-affinity and size-exclusion chromatography (Sup-
plementary Material, section 3, and Supplementary Figure
S2). The catalytic efficacy of FmhB, FemA and FemB was
tested in a coupled assay involving acylation of tRNA ana-
logues by a glycyl-tRNA synthetase (GlyRS), which was
used at a sufficiently high concentration (800 nM) to main-
tain full tRNA acylation during the entire reaction (24)
(Supplementary Material, sections 7 and 8). Under the as-
say conditions the Gly-tRNA concentration ([S]) was neg-
ligible compared to Km so that turnover was equal to kcat
× [S]/Km. Turnover was determined using several enzyme
concentrations. Dividing turnover by [S] provided an esti-
mate of the catalytic efficacy (kcat/Km) of FmhB for a partic-
ular tRNA, a relevant parameter for comparison of tRNAs
with different sequences. Competitive inhibition of FmhB
by stable Gly-tRNAGly analogues was assayed with a fixed
and non-saturating concentration of Gly-tRNAGly contain-
ing the NP2 sequence and various concentrations of stable
Gly-tRNAGly analogues. The inhibition parameter Ki was
determined by fitting the Morrison equation to experimen-
tal data (27). Inhibition of FmhB following sequestration of
Gly-tRNAGly by formation of a complex with EF-Tu•GTP
was tested in the presence of EF-Ts and a solution of GTP
that was pretreated with phosphoenolpyruvate kinase to re-
move any GDP (Supplementary Material, section 9, and
Supplementary Table S3).

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/2/684/6047289 by guest on 19 April 2021



Nucleic Acids Research, 2021, Vol. 49, No. 2 687

Figure 2. Impact of the tRNA sequence on the catalytic activity of FmhB in the coupled assay using the hepta-prenyl-containing lipid II analogue as sub-
strate. (A and B) Representative autoradiographies of thin-layer chromatograms for kinetic analyses of FmhB with isoacceptors P1 and NP2, respectively.
The arrow heads labeled with the letters a and b indicate the position of the radio-labeled product of the reaction ([14C]Gly-lipid II analogue) and of the
[14C]Gly substrate, respectively. The arrow indicates the direction of migration. (C–G) Determination of FmhB activity with various tRNAs. For each
isoacceptor, the top panel shows kinetics with three concentrations of FmhB using a fixed concentration of isoacceptor (0.2 �M for P1 and P2; 0.1 �M
for NP1; 0.05 �M for NP2 and NP3). Preliminary investigations (data not shown) showed that these concentrations were rate limiting. The values of the
velocity (V) of the formation of the radio-labeled product of the reactions ([14C]Gly-lipid II analogue) ± standard deviation were obtained by fitting a first
order equation to the data obtained for each enzyme concentration. For each isoacceptor, the bottom panel shows the determination of the turnover (TO;
V/FmhB concentration) ± standard deviation, which was obtained by fitting a first order equation to the data. Estimates of the efficacy of FmhB were
obtained by dividing TO by the tRNA concentration.

Detection of FmhB•tRNA complexes by size-exclusion chro-
matography

Isoacceptors P1 or NP2 were incubated with a four-fold mo-
lar excess of FmhB and formation of complexes was deter-
mined by size-exclusion chromatography (Supplementary
Material, section 10).

Assessment of the purity of compounds synthesized in this
study

Chromatographic analyses of dinucleotides and RNAs are
reported in sections 11 and 12 of the Supplementary Mate-
rial, respectively.

RESULTS

Glycylation of the tRNAGly isoacceptors by the GlyRS
glycyl-tRNA synthetase from S. aureus

Our first objective was to identify the conditions required
for efficacious glycylation of tRNAs obtained by in vitro
transcription and to determine the concentration of Gly-
tRNAGly. The five tRNAGly isoacceptors of S. aureus con-
tain the necessary identity determinants for glycylation,
namely G1-C72, C2-G70 and U73 in the acceptor stem and
C35 and C36 in the anticodon (in bold in Figure 1B) (28).

Accordingly, and as previously described (15), the five isoac-
ceptors generated by in vitro transcription were aminoacy-
lated by the S. aureus GlyRS. We did not detect any signif-
icant difference in the yield or kinetics of acylation of the
five isoacceptors (Supplementary Figure S4 and data not
shown). A concentration of GlyRS of 0.8 �M was used in
further experiments to ensure full acylation of the isoac-
ceptors in the GlyRS-FmhB coupled assay. Data presented
in Supplementary Figure S4 also showed that increasing
concentrations of GlyRS led to plateaus in the amounts of
[14C]Gly-tRNAGly that provided an accurate quantification
of the tRNAGly isoacceptors obtained by in vitro transcrip-
tion.

Relative efficacy of FmhB for glycyl transfer from the five
aminoacylated tRNAGly isoacceptors to peptidoglycan pre-
cursors

The GlyRS-FmhB coupled assay was used to investigate
the impact of differences in the tRNAGly isoacceptor se-
quences on the catalytic activity of FmhB. Addition of
[14C]Gly to the hepta- and di-prenyl analogues of lipid in-
termediate II (lipid II) was determined by thin-layer chro-
matography followed by scintillation counting of radioac-
tive spots identified by autoradiography (Figures 2 and 3;
Table 1).
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Figure 3. Impact of the tRNA sequence on the catalytic activity of FmhB in the coupled assay using the di-prenyl lipid II analogue as substrate. The coupled
assay was performed with fixed concentrations of FmhB (20 nM), di-prenyl-containing lipid II analogue (60 �M), and tRNA isoacceptor (0.05 �M). Data
are the mean ± standard deviation of three independent experiments for each tRNA. The rate of formation of the radio-labeled product of the reaction
([14C]Gly-lipid II analogue) and the standard error were determined by fitting a linear equation to the data. The rate was divided by the concentration of
FmhB and that of the tRNA to provide the indicated estimate of the efficacy of FmhB for each isoacceptor.

For the hepta-prenyl-containing lipid II, the relative effi-
cacies of FmhB were determined with non-saturating con-
centrations of various isoacceptors (from 0.05 to 0.2 �M)
and with three concentrations of FmhB (12.5, 25 and 50
nM) (Figure 2). The highest efficacy of FmhB was observed
for the non-proteogenic isoacceptors (NP1, NP2 and NP3;
140–186 �M−1 min−1). The proteogenic isoacceptors were
less effectively used by FmhB (P1 and P2; 51 ± 2 and 76 ±
3 �M−1 min−1).

The coupled assay used to generate the data presented
in Figure 2 (above) requires the use of a detergent (Tri-
ton X-100; 1% final concentration in the assay) to solubi-
lize the hepta-prenyl-containing lipid II analogue. To avoid
any confounding factor linked to the use of a detergent and
to facilitate substrate purification, we synthesized a soluble
analogue of lipid intermediate II, which comprises two in-
stead of seven prenyl units in the lipid moiety (Supplemen-
tary Figure S5). This water-soluble analogue was readily pu-
rified to homogeneity by reverse-phase HPLC and tested
in the coupled assay with a non-saturating concentration
(0.05 �M) of the isoacceptors and FmhB (20 nM) (Figure
3). FmhB displayed a higher efficacy with non-proteogenic
than with proteogenic isoacceptors (1220 ± 50; 1130 ± 30;
and 1350 ± 30 �M−1 min−1 for NP1, NP2 and NP3, respec-
tively, versus 250 ± 10 and 570 ± 20 �M−1 min−1 for P1
and P2, respectively) (Figure 3). Replacement of the hepta-
prenyl by the di-prenyl moiety in lipid II analogues im-
proved the efficacy of FmhB to similar extents for all five
isoacceptors (from 4.9- to 8.1-fold; Table 1). These results
indicate, as might be expected, that the specificity of FmhB
for the isoacceptors is not altered by modification of the
number of prenyl units in the lipid II analogues used as sub-
strates. The higher FmhB efficacy observed with the solu-

Table 1. FmhB efficacy for hepta- or di-prenyl- containing lipid II
substrates

FmhB activity (�M–1 min–1)a

tRNAGly

sequence
Hepta-prenyl

lipid II
Di-prenyl lipid

II Fold change

P1 51 ± 3 250 ± 9 4.9 ± 0.3
P2 76 ± 6 570 ± 26 7.5 ± 0.7
NP1 154 ± 13 1220 ± 50 7.9 ± 0.7
NP2 140 ± 12 1130 ± 50 8.1 ± 0.8
NP3 186 ± 8 1350 ± 50 7.3 ± 0.4

aValues of FmhB efficacy with hepta- and di-prenyl-containing lipid II
analogues are those reported in Figures 2 and 3, respectively. Errors for
fold changes are calculated using the error propagation law.

ble lipid II analogue originates in part from a difference in
the concentration of hepta- and di-prenyl-containing lipid
II analogues used in the assay (30 �M versus 60 �M, respec-
tively). In addition, the use of the soluble lipid II analogue
might eliminate adverse effects of Triton X-100 on FmhB
activity and on the accessibility of the substrate resulting
from trapping of the hepta-prenyl-containing lipid II ana-
logue in micelles.

Mapping FmhB specificity determinants in proteogenic and
non-proteogenic tRNAs

Chimeric tRNAs harboring various portions of P1 and NP2
were constructed to identify regions of the isoacceptors that
determine preferential usage of non-proteogenic tRNAs by
FmhB (chimeras CHIM1, CHIM2, CHIM3, CHIM4 and
CHIM5 in Figure 4A–C). Preliminary experiments showed
that chimeras 1–5 were aminoacylated by GlyRS as effec-
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Figure 4. FmhB specificity determinants in proteogenic and non-proteogenic tRNAs. (A–C) Cloverleaf representation of chimeric tRNAs containing P1
(red) and NP2 (blue) moieties. Divergent nucleotides in the acceptor stem and anticodon stem and loop are indicated by arrows. (D–F) Catalytic activity
of FmhB with chimeric tRNAs: the coupled assay was performed with fixed concentrations of FmhB (20 nM), di-prenyl-containing lipid II analogue (60
�M), and tRNA (0.05 �M). Data are the mean ± standard deviation of three independent experiments for each tRNA. The rate of the reaction and the
standard error were determined by fitting a linear equation to the data. The rate of the reaction was divided by the concentration of FmhB and of the
tRNA to provide an estimate of the efficacy of FmhB for each isoacceptor.

tively as P1 and NP2 (data not shown). These control exper-
iments showed that differences in the efficacy of glycyl trans-
fer from chimeric Gly-tRNAGly to the di-prenyl-containing
lipid II analogue in the coupled assay could be attributed to
differences in the activity of FmhB. As described above (Ta-
ble 1), P1 is used 4.5-fold less effectively by FmhB than NP2
(250 ± 10 versus 1,130 ± 30 �M−1 min−1). We examined
whether this difference could be specifically attributed to se-
quence polymorphisms restricted to the anticodon stem and
loop or to the acceptor arm. Grafting the anticodon stem
and loop of P1 onto NP2 (CHIM3) did not reduce (and
in fact increased by 1.7-fold) the efficacy of the aminoa-
cyl transfer reaction catalyzed by FmhB (1130 ± 30 versus
1920 ± 40 �M−1 min−1 for NP2 and CHIM3, respectively)
(Figure 4D). Likewise, grafting the acceptor arm of P1 onto
NP2 (CHIM1) did not reduce the efficacy of FmhB (1130
± 30 versus 1430 ± 20 �M−1 min−1 for NP2 and CHIM1,
respectively) (Figure 4D). A similar result was obtained for
the graft of both the acceptor arm and anticodon stem and
loop of P1 onto NP2 (1130 ± 30 versus 1410 ± 120 �M−1

min−1 for NP2 and CHIM5, respectively) (Figure 4C and
F). These results suggest that neither the acceptor arm nor
the anticodon stem and loop of NP2 contains any speci-
ficity determinant essential for effective aminoacyl transfer
by FmhB. Conversely, these regions of P1 did not behave as
anti-determinants in the context of the NP2 scaffold.

The role of the anticodon stem and loop and of the ac-
ceptor arm of NP2 in the context of the P1 scaffold was
analyzed by constructing additional chimeras (Figure 4B
and E). Grafting the anticodon stem and loop of NP2 onto
P1 (CHIM4) moderately increased (1.9-fold) the aminoacyl
transfer efficacy of FmhB (250 ± 10 and 480 ± 20 �M−1

min−1 for P1 and CHIM4, respectively). In agreement with
the results obtained above in the context of the NP2 scaffold

(Figure 4A and D), these results indicate that the efficacy
of the aminoacyl transfer by FmhB is not determined by
sequence polymorphisms in the anticodon stem and loop
moiety of the tRNAs. In contrast, grafting the acceptor
arm of NP2 onto P1 (CHIM2, Figure 4E) unexpectedly in-
creased the aminoacyl transfer efficacy by 3.3 fold (250 ±
10 and 820 ± 20 �M−1 min−1 for P1 and CHIM2, respec-
tively). Thus, the acceptor arm of P1 might contain anti-
determinants that function only in the context of the P1
scaffold.

In conclusion, results obtained with chimeras CHIM1–
5 suggest that the efficacy of glycyl transfer catalyzed by
FmhB is not determined by polymorphisms in the anti-
codon stem and loop of the tRNAs whereas data on the
acceptor stem are inconclusive. The various parts of the tR-
NAs do not behave as independent entities and this obvi-
ously limits the power of analyses based on the construction
of chimeras. This is particularly the case for the multiple in-
teractions involving nucleotides in the T and D stems and
loops. For this reason, we did not attempt the grafting ap-
proach for these tRNA moieties, which are the most likely
candidates for the determination of the specificity of FmhB.

Detection of FmhB•tRNA complexes by size-exclusion chro-
matography

Binding of unacylated P1 and NP2 isoacceptors to FmhB
was assayed by comparing the elution volume of the tRNA,
FmhB, and a pre-incubated mixture of the two molecules
(Figure 5 and Supplementary Figure S7 for the complete
set of elution chromatograms recorded at 260 and 280 nm).
A four-fold molar excess of FmhB was used to favor de-
tection of shifts in the mobility of the tRNA at 260 nm.
For P1, the chromatogram obtained for injection of a pre-
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Figure 5. Size-exclusion chromatography of FmhB, tRNAs, and mixtures of these two molecules. P1 (A) and NP2 (B) were used as representatives of
proteogenic and non-proteogenic tRNAGly isoacceptors. The superimposed chromatograms (left panel) correspond to the injection (300 �l) of (a) FmhB
alone (1200 pmol, ε280 nm = 55 800 M−1 cm−1), (b) tRNA alone (300 pmol, ε280 nm = 390 000 M−1 cm−1), or (c) a pre-incubated mixture of the same
amounts of these two molecules. The superimposed chromatograms in the right panels correspond to the injection of the pre-incubated mixture of FmhB
and the tRNA (chromatogram c in the left panels) and the addition of chromatograms (a) and (b) obtained by separate injections of FmhB and tRNA,
respectively.

incubated mixture of FmhB and the tRNA was similar to
the addition of the chromatograms independently obtained
for separate injections of FmhB and P1. Thus, there was no
detectable interaction between FmhB and P1 in this assay
(Figure 5A). In contrast, FmhB shifted NP2 elution toward
a lower volume indicating formation of a high-molecular
weight FmhB•tRNA complex (Figure 5B). These results in-
dicate that FmhB displays a higher affinity for NP2 than for
P1.

Impact of tRNA sequence variations on FmhB inhibition by
stable Gly-tRNAGly analogues

Our next objective was to indirectly estimate the relative
affinity of FmhB for the tRNAGly isoacceptors based on a
competitive inhibition assay. For this purpose, we designed
stable Gly-tRNAGly analogues that bind to FmhB but can-
not be used as substrates by this enzyme. Semi-synthesis was
used to replace the ester bond connecting Gly to the termi-
nal ribose by a 1,4-triazole ring substituted by an alkyne
side chain (Figure 6A). The 1,4-triazole linker was chosen
for this replacement since the heterocycle is stable and be-
haves as a bio-isoster of ester and amide bonds (25). The
nonadiyne molecule was chosen as it may mimic the Lys
residue of the second substrate (lipid II) and contribute to
stabilization of the inhibitor in the FmhB catalytic cavity.
A prerequisite for the determination of the relative affinity
of FmhB for Gly-tRNAGly analogues was the comparison

of isomers containing the substituted triazole ring at the
2′ or 3′ position of the terminal ribose since both isomers
are relevant in vivo. Indeed, GlyRSs are class II aminoacyl-
tRNA synthetases known to acylate tRNAs at the 3′ posi-
tion (29,30) (Figure 6B). The same isomer is used by the ri-
bosome (31). However, spontaneous isomerization between
the 2′ and 3′ positions occurs in solution at neutral pH with
a rate and a thermodynamic equilibrium in the order of 5
s−1 and 1, respectively (32). Since this rapid equilibrium im-
plies that the 3′ and 2′ isomers are both potential substrates
of FmhB, we synthesized non-isomerizable Gly-tRNAGly

analogues containing the substituted triazole at the 3′ or 2′
position (Figure 6D). Comparison of the 3′ and 2′ regioiso-
mers containing the NP2 sequence revealed a 13-fold pref-
erence of FmhB for the 2′ regioisomer (Ki of 8.6 ± 2.0 ver-
sus 110 ± 6 nM) (Figure 6E). The 2′ isomers were therefore
used to analyze the impact of variations in the sequence of
the RNA moiety of Gly-tRNAGly analogues on the inhibi-
tion of FmhB.

Comparison of Gly-tRNAGly analogues containing the
NP2 and P1 sequences revealed a 34-fold lower value of Ki
for the former inhibitor (8.6 ± 2.0 versus 320 ± 10 nM) (Fig-
ure 6E). This observation indicates that FmhB displayed a
34-fold higher affinity for the inhibitor containing the NP2
sequence. This conclusion assumes a competitive inhibition
mechanism (Figure 6C), which is highly likely considering
the structure of the FmhB-related transferase FemX (33),
which revealed a single binding site for the tRNA, and the
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Figure 6. Competitive inhibition of FmhB by stable Gly-tRNAGly analogues. (A) Semi-synthesis of Gly-tRNAGly analogues. (B) Acylation of the 3′ position
of tRNAGly by GlyRS and non-catalyzed isomerization. (C) Competitive binding of Gly-tRNAGly and stable analogues of Gly-tRNAGly to FmhB and
inhibition of the transfer of Gly to the lipid II analogue in the coupled assay. (D) Stable and non-isomerizable Gly-tRNAGly analogues containing a stable
1,4-triazole ring substituted by an alkyne chain. Nucleotides appearing in red and blue fonts in P1 and NP2, respectively, highlight differences between
the sequences of these isoacceptors. (E) Inhibition of FmhB by Gly-tRNAGly analogues. The Gly-tRNAGly analogues cannot be used as substrates by
GlyRS or FmhB since the ester link connecting the hydroxyl of the tRNA to the carbonyl of Gly was replaced by a stable (uncleavable) 1,4-triazole linker.
Preliminary control experiments showed that these stable Gly-tRNAGly analogues did not inhibit the acylation reaction catalyzed by the glycyl-tRNA
synthetase (data not shown). The coupled assay was performed with a fixed concentration of NP2 (0.4 �M) and various concentrations of inhibitors
containing the nucleotide sequence of P1 or NP2. Stable Gly-tRNAGly analogues acted as competitive inhibitors enabling determination of Ki values by
fitting the Morrison equation to experimental data (27). (F) Stable Gly-tRNAGly analogues containing the acceptor arm of P1 or NP2.
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Figure 7. Competitive inhibition of FmhB by stable chimeric tRNA analogues. (A) Inhibition of FmhB by Gly-tRNAGly chimeric analogues containing
a stable triazole ring. The color code highlights moieties of P1 (red) and NP2 (blue) in the sequence of chimeras CHIM1, CHIM2, CHIM3, CHIM4, and
CHIM5. Chimeric analogues acted as competitive inhibitors enabling determination of Ki values by fitting the Morrison equation to experimental data.
All inhibitors contained an alkyne-substituted 1,4-triazole ring linked to the 2′ position of the terminal nucleotide.

structure of the substrate and the inhibitor, which only dif-
fers by the presence of an ester-linked glycyl group versus a
triazole-linked alkyne chain.

Competitive inhibition was also tested with smaller Gly-
tRNAGly analogues containing helices that only mimic the
acceptor arm moiety of the tRNAs (Figure 6F). Similar Ki
values were obtained for inhibitors based on the sequence of
the P1 or NP2 acceptor arm (390 ± 80 versus 390 ± 60 nM,
respectively, Figure 6E). This observation indicates that dif-
ferences in the sequence of the P1 and NP2 acceptor arms
did not modulate the affinity of FmhB for these inhibitors.
In addition, the Ki values obtained with Gly-tRNAGly ana-
logues containing the helices (390 ± 80 and 390 ± 60 nM)
were similar to that obtained with the analogue contain-
ing the full tRNA sequence of P1 (320 ± 10 nM) but were
significantly higher than that obtained with the analogue
containing the full tRNA sequence of NP2 (8.6 ± 2.0 nM).
This observation suggests that the affinity of FmhB for P1
is mainly determined by interactions involving the acceptor
arm whereas NP2 forms additional contacts with the rest of
the molecule.

Inhibition of FmhB by chimeric Gly-tRNAGly analogues

The inhibition assay depicted in Figure 6C was also per-
formed with stable Gly-tRNAGly analogues containing the

chimeric tRNA sequences that were tested above as sub-
strates (Figure 4). Inhibition of FmhB was not affected by
grafting the anticodon stem and loop of P1 onto NP2 (Ki of
5.4 ± 0.3 nM versus 8.6 ± 2.0 nM for CHIM3 and NP2, re-
spectively) (Figure 7). Likewise, grafting the acceptor stem
of P1 onto NP2 did not affect the value of Ki (7.6 ± 0.7 nM
versus 8.6 ± 2.0 nM for CHIM1 and NP2, respectively).
Grafting both elements of P1 onto NP2 (anticodon stem
and loop plus acceptor stem) had a minor impact on the
affinity (19 ± 2 nM versus 8.6 ± 2.0 nM for CHIM5 and
NP2, respectively). Thus, the chimeras obtained by graft-
ing the anticodon stem and loop or the acceptor stem of P1
onto NP2 retained the properties of NP2, indicating that
these tRNA moieties did not harbor any specificity deter-
minant. The same conclusion was reached from modifica-
tions introduced in the P1 scaffold. Indeed, grafting the an-
ticodon stem and loop of NP2 onto P1 led to a minor in-
crease (1.5-fold) in the affinity of FmhB for the inhibitors
(Ki of 220 ± 40 versus 320 ± 10 nM for CHIM4 and P1, re-
spectively). Grafting the acceptor arm of NP2 onto P1 did
not increase the affinity of FmhB (in fact, a significant 3.1-
fold decrease in affinity was observed; Ki of 1000 ± 160 ver-
sus 320 ± 10 nM for CHIM2 and P1, respectively).

In conclusion, the results obtained by the analysis of sta-
ble Gly-tRNAGly analogues containing chimeric RNA moi-
eties indicate that the higher affinity of FmhB for the in-
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Table 2. Impact of the tRNA sequence on the catalytic efficacy of FmhB and its affinity for inhibitors

Amino acyl transfer catalyzed by
FmhB FmhB inhibition

tRNA sequence
Efficacy

(�M–1 min–1)
Fold change
relative to P1 Affinity (nM)

Fold change
relative to P1

tRNAGly Isoacceptor
P1 250 ± 9 1 320 ± 10 1
NP2 1130 ± 30 4.5 ± 0.2 8.6 ± 2.0 37 ± 8
Chimeras with the NP2 scaffold
CHIM3 (NP2 with the P1 anticodon stem and loop) 1920 ± 40 7.7 ± 0.3 5.4 ± 0.3 59 ± 4
CHIM1 (NP2 with the P1 acceptor stem) 1430 ± 20 5.7 ± 0.2 7.6 ± 0.7 42 ± 4
CHIM5 (NP2 with P1 anticodon stem and loop and acceptor stem) 1410 ± 120 5.6 ± 0.5 19 ± 2 17 ± 2
Chimeras with the P1 scaffold
CHIM4 (P1 with the NP2 anticodon stem and loop) 480 ± 20 1.9 ± 0.1 220 ± 40 1.4 ± 0.2
CHIM2 (P1 with the NP2 acceptor stem) 820 ± 20 3.3 ± 0.2 1000 ± 160 0.32 ± 0.05

Errors for fold changes are calculated using the error propagation law.

hibitor containing the NP2 sequence rather than the P1 se-
quence is not due to sequence polymorphism in the anti-
codon stem and loop or in the acceptor arm of the RNA
moieties of these inhibitors. Thus, the difference in affinity
should be determined by the remaining moieties of the tR-
NAs comprising the D and T stems and loops. Compar-
ison of inhibitors containing the chimeric tRNAs or only
the tRNA acceptor stems suggests that the D and T stems
and loops of NP2 contain identity determinants that are ab-
sent from P1. Our results also indicate that introduction of
the anticodon stem and loop and of the acceptor arm of P1
into the NP2 scaffold did not impair FmhB binding. Thus,
the competitive binding assay did not reveal the presence of
any antideterminant in the sequence of P1.

Comparison of the results obtained in the inhibition and ac-
tivity assays

The same modifications were introduced in the tRNA moi-
ety of stable Gly-tRNAGly analogues tested as inhibitors of
FmhB (Figure 7) and in the tRNAs used to generate the
Gly-tRNAGly substrates of FmhB in the coupled assay (Fig-
ure 4). Table 2 provides a comparison of the impact of these
modifications on the affinity of FmhB for the inhibitors and
on the enzymatic efficacy of FmhB. Variations in affinity
and efficacy resulting from modifications of the RNA se-
quences were expected to be positively correlated since the
tRNAs were used at non-saturating concentrations in the
coupled assay. The expected correlation was observed for
NP2, P1, and all chimeras except CHIM2 (Table 2). In the
latter case, grafting the NP2 acceptor arm onto P1 had op-
posite effects on affinity (a 0.3-fold decrease) and on effi-
cacy (a 3.3-fold increase). The basis for this discrepancy re-
mains unknown. The amplitude of the difference observed
for comparison of NP2 and P1 was greater for FmhB inhibi-
tion (a 34-fold difference) than for FmhB efficacy (a 4.5-fold
difference) (Table 2). This observation is not surprising since
the Ki value depends upon the ratio of the off to on con-
stant (k-1/k1) whereas the Km Michaelis–Menten parame-
ter additionally depends upon kcat (Km = k-1/(k1 + kcat). In
conclusion, analyses of tRNA chimeras in two independent
assays, coupled assay and inhibition by stable Gly-tRNAGly

analogues, revealed that preferential use of NP2 by FmhB
is due to the presence of specificity determinants located in

the T and D stems and loops of the tRNA. The only dis-
crepancy that was observed was a 3.3-fold improvement in
FmhB efficacy for the introduction of the NP2 acceptor arm
onto P1 in the coupled assay.

Mapping identity determinants in the D and T stems and
loops of P1 and NP2

Sequence polymorphisms in the D and T stems and loops of
the P1 and NP2 isoacceptors were clustered in four regions
(Supplementary Results section 17 and Figure S9). Con-
struction of chimeric tRNAs indicated that each of these
four regions may act as identity determinants in the trans-
ferase and inhibition assays (Supplementary Figures S10
and S11, respectively). These results suggest that preferen-
tial recognition of NP2 by FmhB involves several identity
determinants that are scattered in the sequence of the D and
T stems and loops.

Competitive binding of Gly-tRNAGly to FmhB and EF-Tu

In the cytoplasm of S. aureus, FmhB and EF-Tu•GTP po-
tentially compete for the same pool of Gly-tRNAGly result-
ing from acylation of the P1, P2, NP1, NP2, and NP3 isoac-
ceptors by GlyRS. In vitro, binding of Gly-tRNAGly to EF-
Tu•GTP is expected to inhibit FmhB by substrate seques-
tration (Figure 8A). Thus, residual FmhB activity in the
presence of increasing concentrations of EF-Tu•GTP was
used to determine whether differences in the sequence of
the isoacceptors affect competitive binding to EF-Tu•GTP
and FmhB (Figure 8B and C). Glycyl transfer was inhibited
by EF-Tu•GTP in a concentration-dependent manner for
the five isoacceptors. Inhibition was higher for proteogenic
(P1 and P2) than for non-proteogenic (NP1, NP2 and NP3)
isoacceptors. Qualitatively, these results indicated that bind-
ing of Gly-tRNAGly to EF-Tu•GTP inhibited the glycyl
transfer reaction catalyzed by FmhB in vitro. The low affin-
ity of EF-Tu•GTP for Gly-tRNAGly containing the NP1,
NP2, and NP3 sequences (13) largely prevented this in-
hibition. Thus, the low affinity of EF-Tu•GTP for Gly-
tRNAGly-containing non-proteogenic tRNAGly could help
to ensure an adequate supply of activated Gly for synthesis
of peptidoglycan precursors by FmhB.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/49/2/684/6047289 by guest on 19 April 2021



694 Nucleic Acids Research, 2021, Vol. 49, No. 2

Figure 8. Inhibition of FmhB by EF-Tu-mediated sequestration of Gly-tRNAGly. (A) Reaction scheme illustrating how binding of Gly-tRNAGly to EF-
Tu•GTP leads to FmhB inhibition. The residual transferase activity of FmhB in the presence of increasing concentrations of EF-Tu•GTP was determined
by quantification of [14C]Gly added onto the di-prenyl-lipid II analogue (Supplementary Table S3). (B) Autoradiography providing a representative example
of the separation of the substrates and products of the reaction by thin-layer chromatography. The arrow indicates the direction of solvent migration. (C)
Residual transferase activity of FmhB (%) was determined in the presence of increasing concentrations of EF-Tu•GTP. Inhibition was tested at a fixed
concentration (0.1 �M) of proteogenic (P1 and P2) and non-proteogenic (NP1, NP2 and NP3) tRNAGly isoacceptors.

Relative efficacy of FemA and FemB for glycyl transfer from
the P1 and NP2 Gly-tRNAGly isoacceptors to peptidoglycan
precursor analogues

Synthesis of the complete pentaglycine side chain requires
two aminoacyl-transferases, FemA and FemB, in addition
to FmhB (Figure 1). FemA and FemB were purified and
used in the coupled assay with P1 and NP2 as represen-
tatives of the proteogenic and non-proteogenic tRNAs, re-
spectively. FemA and FemB displayed a 2.6 ± 0.2 and 3.4 ±
0.3-fold preference for the non-proteogenic tRNA, respec-
tively (Supplementary Figure S6). FmhB displayed a 4.5 ±
0.2-fold preference for NP2 (Table 2). These results indicate
that the non-proteogenic tRNA NP2 is preferentially used
by the three aminoacyl-transferases involved in the synthe-
sis of the pentaglycine side chain of the peptidoglycan pre-
cursors of S. aureus.

DISCUSSION

Although aminoacylated tRNAs offer a source of activated
amino acids for the development of biosynthetic pathways,
this opportunity seems to have been exploited or retained
in a very limited number of cases in the evolution of the
three kingdoms of life. For example, peptidoglycan synthe-
sis in bacteria almost exclusively involves ATP-dependent
activation of the carbonyl groups of amino acids as acyl-
phosphates (1,34–36). Participation of tRNAs in the syn-
thesis of peptidoglycan precursors is restricted to the side
chain, a structure present in a limited number of species,
mainly among the firmicutes and the actinobacteria (1,37–
42). One possible limitation to the development of non-
ribosomal tRNA-dependent biosynthetic pathways may
stem from the potentially negative impact of the depletion
of a specific aminoacyl-tRNA pool. Indeed, codon usage
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and the relative abundance of tRNAs have been adjusted to
each other in complex ways during evolution to modulate
the level of gene expression during translational elongation,
to ensure the fidelity of translation, and to optimize protein
folding as the latter is coupled to translation (see Rak et al.
for a review) (43). The impact of variations in the relative
abundance of tRNAs on these key cellular processes stems
from the fact that aminoacyl-tRNAs compete to decode the
same codon in the A site of the ribosome and that binding of
aminoacyl-tRNAs to the A site is rate-limiting during elon-
gation. In addition to bioinformatics analyses, experimental
evidence has shown that modifications of the tRNA pools
affect the fidelity of translation (44) and the rate of protein
misfolding (45). Thus, the use of a large pool of aminoacyl-
tRNAs for non-ribosomal synthesis is expected to be dele-
terious in the absence of a mechanism that maintains an ad-
equate supply of aminoacyl-tRNAs for translation. Emer-
gence of tRNA-dependent pathways may require the ac-
quisition of mechanisms that ensure the harmonious parti-
tion of aminoacyl-tRNAs between the ribosomal and non-
ribosomal synthesis pathways (13,46,47). From a quantita-
tive standpoint, this requirement may be particularly im-
portant for the Fem pathway in S. aureus since this bac-
terium produces a thick peptidoglycan layer and Gly rep-
resents 5 out of the 10 amino acid residues present in the
lipid II precursor (6,48–50) (Figure 1A). Quantitative es-
timates presented in the Supplementary Material (section
13, and supplementary Table S4) suggest that ca. 37% of
the Gly-tRNAGly pool is directed toward protein synthe-
sis and the remaining 63% toward peptidoglycan synthesis.
The burden of the Fem pathway on the aminoacyl-tRNA
pools is expected to be more limited in bacteria produc-
ing shorter side chains of mixed amino acid composition
(39). The current study aimed to demonstrate the existence
of mechanisms ensuring the harmonious partition of Gly-
tRNAGly between translation and peptidoglycan synthesis
and to identify tractable characteristics indicative of the co-
evolution of the ribosomal and non-ribosomal pathways.

It is first important to recall that the sequence of the tR-
NAs specifying Gly and the kinetics of their acylation in-
dicate that all isoacceptors are acylated by the same glycyl-
tRNA synthetase with similar efficacies (15) (Supplemen-
tary Figure S4). The T-box riboswitch that regulates tran-
scription of the gene encoding GlyRS in S. aureus responds
to both proteinogenic and non-proteinogenic isoacceptors
indicating that the supply of tRNAGly to the glycyl trans-
ferase can be adjusted in response to accumulation of both
types of unacylated tRNAs by the same mechanism (51).
Thus, the tRNA acylation step does not seem to involve
any evolutionary characteristics relevant to the partition of
aminoacyl-tRNAs. In contrast, the tRNAGly isoacceptors
clearly fall in two classes, proteogenic (P1 and P2) and non-
proteogenic (NP1, NP2 and NP3), defined by their interac-
tion with FmhB (this study), EF-Tu•GTP (15,21), and the
ribosome (16,18). Here we show that non-proteogenic tR-
NAs are preferentially used as substrates by FmhB (Figures
2 and 3) and that this preference at least partially involves
a difference in the relative affinity of FmhB for the two
types of tRNAs, as directly established by the detection of
FmhB•tRNA complexes by size-exclusion chromatography
(Figure 5) and indirectly established by the competitive inhi-

bition of FmhB by stable Gly-tRNAGly analogues (Figures
6 and 7). Thus, limited recognition of proteogenic tRNAs
P1 and P2 by FmhB may contribute to ensure an adequate
supply of aminoacyl-tRNAs for protein synthesis. Qualita-
tively, we also showed that EF-Tu•GTP inhibits FmhB in
vitro by sequestering its substrate and that this inhibition
is weaker for Gly-tRNAGly composed of non-proteogenic
tRNAs (Figure 8), in agreement with the lower affinity of
EF-Tu•GTP for these aminoacyl-tRNAs (15,52–55). These
observations are relevant to the in vivo situation since the
cytoplasmic concentration of EF-Tu is thought, at least in
E. coli, to exceed that of aminoacylated tRNAs, which are
present at a very low concentration in the free form due
to the formation of high-affinity EF-Tu•GTP•aminoacyl-
tRNA complexes (56,57). Together, these results indicate
that the potential adverse impact of the competition be-
tween the two pathways for the Gly-tRNAGly pool is re-
stricted by both limited recognition of non-proteogenic tR-
NAs by EF-Tu•GTP and limited recognition of proteogenic
tRNAs by FmhB.

The basis for the lower affinity of EF-Tu•GTP for non-
proteogenic than for proteogenic Gly-tRNAs can be de-
duced from the comparison of the sequences of the two
types of tRNAs and the known sequence-specificity of EF-
Tu. Recognition of both the tRNA body and the esterified
amino acid contributes to the affinity of EF-Tu•GTP for
aminoacyl-tRNAs (53). Variations in the thermodynamic
contribution of these two interactions compensate for each
other so that the affinity of EF-Tu•GTP for all proteogenic
aminoacyl-tRNAs is similar, a feature thought to be of
paramount importance for effective and accurate decod-
ing of messenger RNAs by the ribosome (53). The varia-
tions in the affinity of EF-Tu•GTP for the tRNA body of
aminoacyl-tRNAs are nearly exclusively determined by the
first three base pairs of the T stem (54). The role of these six
nucleotide residues in determining the relative binding affin-
ity of EF-Tu•GTP for the tRNA body of aminoacyl-tRNAs
is universally conserved in bacteria in spite of extensive se-
quence diversity in this portion of the T stem (55). The ther-
modynamic contribution of each of the three base pairs is
additive enabling similar affinities to be reached with vari-
ous nucleotide combinations (52). The contribution of the
esterified amino acid to the binding affinity of EF-Tu•GTP
for aminoacyl-tRNAs is one of the lowest for glycine, and
consequently, this is compensated for by one of the high-
est affinities for the tRNAGly bodies (52,54). In S. aureus,
the proteogenic P1 and P2 isoacceptors display, as expected,
high-affinity base-pair combinations at the first three po-
sitions of the T stem (G49•U65, C50-G64 or U50-A64 and
G51-C63, respectively, Figure 1C) (15,55). In contrast, the T
stems of the NP1, NP2, and NP3 non-proteogenic tRNAs
contain a less ‘tight’ base-pair combination (A49-U65, U50-
A64 and A51-U63) with ΔG◦ values (–9.6 ± 0.3 and –9.7 ±
0.2 kcal mol−1, as estimated by two methods) significantly
higher than the mean ΔG◦ value (-10.8 kcal mol−1) of bac-
terial Gly-tRNAs (a 7.9-fold increase in KD, from 8.8 to 69
nM) (55). This difference could account for the lower rela-
tive affinity of EF-Tu•GTP for the aminoacyl-tRNAs con-
taining the NP1, NP2 or NP3 tRNA body rather than the
P1 or P2 body reported by Giannouli et al. (15), based on
a qualitative assay involving the determination of the salt
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Figure 9. Models for tRNA recognition by aminoacyl-transferases of the Fem family. (A) FemA from S. aureus (58) in interaction with non-proteogenic
isoacceptor NP2. (B) FemXWv from Weissella viridescens in interaction with tRNAAla (59). Construction of models for tRNA recognition by the Fem
aminoacyl-transferases is described in section 15 of the Supplementary Material.

concentration required to elute aminoacyl-tRNAs bound
to EF-Tu•GTP immobilized on a solid support (15). This
difference could also account for the difference in affinity
between the two types of aminoacyl-tRNAs revealed by the
competitive inhibition of FmhB by EF-Tu•GTP (Figure 8).

Since bias in codon usage affects the turnover of spe-
cific aminoacyl-tRNAs, the decoding characteristics of the
isoacceptors should be considered in the analysis of the par-
tition of Gly-tRNAGly between peptidoglycan and protein
synthesis. As detailed in section 14 of the Supplementary
Material, differences in the anticodons of proteogenic and
non-proteogenic isoacceptors do not appear to play a role
in tRNA partition.

Since partition of the isoacceptors between translation
and peptidoglycan synthesis can be achieved by the pres-
ence of nucleotide polymorphisms that favor (determinants)
or disfavor (anti-determinants) the interaction of isoaccep-
tors with EF-Tu and FmhB, we determined whether func-
tional differences could be traced to specific regions of the
tRNAs. By using tRNA chimeras in the GlyRS-FmhB cou-
pled assay (Figure 4) and stable Gly-tRNAGly analogues in
the competitive binding assay (Figures 6 and 7), the rele-
vant polymorphisms were found to be located in the T and
D stems and loops of the tRNAs rather than in their anti-
codon stem and loop or acceptor arm. The use of inhibitors
comprising only the tRNA acceptor arm led to the conclu-
sion that the T and D stems and loops of NP2 harbor speci-
ficity determinants that may account for the higher affin-
ity of FmhB for this non-proteogenic tRNA. The T and
D stems and loops of NP2 may interact with the coiled-
coil domain of FmhB as illustrated by the FemA:NP2 in-
teraction model presented in Figure 9A. It is worth not-
ing that the aminoacyl-transferase FemXWv from Weissella
viridescens is devoid of the coiled-coil domain and recog-
nizes Ala-tRNAAla by a distinct mechanism exclusively in-
volving the acceptor arm (Figure 9B). This was established

both by biochemical and structural approaches that led to
the crystallization of FemXWv with a ‘bi-substrate’ compris-
ing mimics of the peptidoglycan precursor and the tRNAAla

acceptor arm (33). The current study indicates that deci-
phering the molecular mechanism of tRNAGly recognition
by FmhB will require the challenging co-crystallization of
FmhB with a molecule comprising the entire tRNAGly se-
quence since relevant interactions are scattered through sev-
eral regions of the tRNAGly molecule.

The evolutionary origin of the sequence polymorphisms
in proteogenic and non-proteogenic tRNAs was investi-
gated by constructing a phylogenic tree with the sequence of
tRNAGly isoacceptors from a selected set of Gram-positive
bacteria (Supplementary Material, section 16, Supplemen-
tary Table S5, and Figure S8). The non-proteogenic tRNAs
NP1, NP2, and NP3, which are preferentially recognized
by FmhB, form a distinct cluster, which is present in bac-
teria producing pentaglycine-containing peptidoglycan pre-
cursors and is notably absent from other bacteria. These
observations suggest that the sequence of non-proteogenic
tRNAs may have evolved to retain efficacious acylation by
GlyRS and to minimize binding to EF-Tu•GTP (52,53,60),
thus providing an adequate supply of aminoacyl-tRNAs
for synthesis of peptidoglycan precursors by FmhB. In
turn, FmhB may have evolved to preferentially use non-
proteogenic isoacceptors, leaving the pool of proteogenic
tRNAGly, which is similar to that of other firmicutes, avail-
able for protein synthesis.

The production of additional ‘non-proteogenic’ tRNAs
preferentially participating in peptidoglycan synthesis has
so far only been detected in S. aureus and S. epidermidis
(13,55). This notion has been thoroughly explored in S.
pneumoniae (61). In this bacterium, the MurM transferase is
responsible for incorporation of the first residue of the Ala-
Ala or Ser-Ala side chain of peptidoglycan precursors (62).
S. pneumoniae is unusual among the firmicutes as the com-
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position of the side chain is variable with a preponderance
of L-Ala or L-Ser at the first position depending upon the
presence of mosaic murM alleles generated by horizontal
gene transfer (61,63). S. pneumoniae is also unusual as the
peptidoglycan of certain clinical isolates mainly contains di-
rect cross-links lacking the side chain, D-Ala4→L-Lys3 in-
stead of D-Ala4→side chain-L-Lys3, due to the presence
of murM alleles encoding weakly active transferases (62).
In contrast, the sequence of the cross-links is generally uni-
formly conserved in members of the same species, a conser-
vation that led to the historical proposal of using peptido-
glycan structure for taxonomic purposes (37). In common
with other firmicutes, the side chain is required for the ex-
pression of acquired �-lactam resistance in S. pneumoniae
(penicillin resistance is clinically relevant in this case), as
found for the pentaglycine side chain of methicillin-resistant
S. aureus and the L-Ala-L-Ala side chain of cephalosporin-
resistant E. faecalis (38). In clinical isolates of S. pneu-
moniae, variations in the relative abundance of tRNASer

and tRNAAla were reported to correlate with incorpora-
tion of Ser and of Ala into the side chain of peptidoglycan
precursors but this was not associated with any modifica-
tion of the tRNA gene sequences (61). These results sug-
gest that Fem transferases and EF-Tu•GTP compete for
the same tRNA pool in most firmicutes, possibly with an
adjustment of the tRNA concentration. However, a com-
pletely different type of interaction of Fem transferases with
components of the translation machinery, i.e. editing of
misacylated tRNAs, was detected in S. pneumoniae (64).
In this bacterium, tRNAPhe contains an unusual U4•C69

mismatch that mimics the G3•U70 identity determinant of
alanyl-tRNA synthetase (AlaRS), leading to synthesis of
Ala-tRNAPhe and Ser-tRNAPhe. These misacylated tRNAs
produced by AlaRS escape the editing activity of PheRS
as the U4•C69 mismatch acts as an anti-determinant for
deacylation of Ala-tRNAPhe by PheRS and this enzyme
does not display any editing activity with tRNAPhe mis-
acylated with Ser. Purified MurM was found to deacylate
Ala-tRNAPhe and Ser-tRNAPhe as well as tRNAAla mis-
acylated with Ser by AlaRS (64). It was thus proposed
that MurM could contribute to the fidelity of translation
by eliminating misacylated Ala-tRNAPhe, Ser-tRNAPhe and
Ser-tRNAAla, and perhaps, productively direct the corre-
sponding activated amino acids toward peptidoglycan syn-
thesis. Although MurM is dispensable for growth in labora-
tory conditions, this enzyme may have a significant contri-
bution in vivo, in addition to its role in penicillin resistance,
since the harsh conditions that prevail during infection, in
particular the presence of reactive oxygen species such as
H2O2, are known to increase the rate of tRNA misacyla-
tion (43).
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