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T he fidelity of protein synthesis largely depends
on the accuracy of two processes, the interaction
of mRNA codons with cognate tRNA anticodons

on the ribosome and the attachment of amino acids to
their cognate tRNAs by the aminoacyl-tRNA synthetases
(aaRS). aaRSs maintain error rates lower than 1 in 5000
during aminoacyl-tRNA (aa-tRNA) synthesis through a
combination of exquisite substrate specificity and elimi-
nation of errors by intrinsic proofreading mechanisms
(1). The central role of aaRSs in defining the genetic
code places a strong selective pressure on these en-
zymes to prevent mistakes during cognate aa-tRNA for-
mation (2–4). Cognate tRNA selection requires the iden-
tification of a unique combination of nucleotides at
particular positions, which together offer sufficiently di-
verse recognition elements to allow their specific selec-
tion by the corresponding aaRSs (5). Distinguishing be-
tween structurally related amino acids and other small
molecules is more problematic, and errors in substrate
selection are unavoidable. To get around this problem,
certain aaRSs have acquired appended or inserted do-
mains that proofread noncognate amino acids, thereby
preventing the synthesis of incorrectly matched aa-
tRNAs (6).

Other strategies that ensure the specificity of amino
acid discrimination during translation include screening
by elongation factors (7, 8), proofreading by free-
standing domains (9, 10), and duplication of aaRSs
(11). Duplication of synthetase activities is widespread
and occurs mostly within the same aaRS family, as seen,
for example, in the acquisition of antibiotic resistance al-
leles by pathogenic clinical isolates (12, 13). Non-
orthologous duplication of synthetase activities is seen
less frequently, as in the case of the two structurally un-
related forms of lysyl-tRNA synthetase, LysRS1 and
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ABSTRACT Structural and functional diversity among the aminoacyl-tRNA syn-
thetases prevent infiltration of the genetic code by noncognate amino acids. To ex-
plore whether these same features distinguish the synthetases as potential
sources of resistance against antibiotic amino acid analogues, we investigated
bacterial growth inhibition by S-(2-aminoethyl)-L-cysteine (AEC). Wild-type lysyl-
tRNA synthetase (LysRS) and a series of active site variants were screened for their
ability to restore growth of an Escherichia coli LysRS null strain at increasing con-
centrations of AEC. While wild-type E. coli growth is completely inhibited at 5 �M
AEC, two LysRS variants, Y280F and F426W, provided substantial resistance and al-
lowed E. coli to grow in the presence of up to 1 mM AEC. Elevated resistance did
not reflect changes in the kinetics of amino acid activation or tRNALys aminoacyla-
tion, which showed at best 4�6-fold improvements, but instead correlated with
the binding affinity for AEC, which was decreased �50-fold in the LysRS variants.
In addition to changes in LysRS, AEC resistance has also been attributed to muta-
tions in the L box riboswitch, which regulates expression of the lysC gene, encod-
ing aspartokinase. The Y280F and F426W LysRS mutants contained wild-type L box
riboswitches that responded normally to AEC in vitro, indicating that LysRS is the
primary cellular target of this antibiotic. These findings suggest that the AEC resis-
tance conferred by L box mutations is an indirect effect resulting from derepres-
sion of lysC expression and increased cellular pools of lysine, which results in more
effective competition with AEC for binding to LysRS.
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LysRS2. Although their overall architectures share no
common features, the structures of LysRS1 and LysRS2
in complexes with lysine reveal that recognition of the
R-group of L-lysine relies on similar residues arranged in
different active site architectures (14). These differ-
ences in the mechanism of recognition impact noncog-
nate substrate discrimination, as reflected by the in vivo
resistance to growth inhibition imparted by LysRS1 and
LysRS2 individually against S-(2-aminoethyl)-L-cysteine
(AEC) and �-aminobutyric acid, respectively (15–18).
Differential resistance to naturally occurring noncognate
amino acids revealed how LysRS1 or LysRS2 acting
alone can exclude lysine analogues and maintain speci-
ficity during translation of lysine codons.

The finding that LysRS offers a potential mechanism
of resistance to lysine analogues is consistent with pre-
vious studies showing that other aaRSs also confer re-
sistance to antibiotics (19). An alternative mechanism of
resistance to AEC linked to changes in the regulation of
genes encoding components of the lysine biosynthetic
pathway has been described in bacteria and yeast
(20–22). Both Escherichia coli and Bacillus subtilis en-
code lysine-binding L box riboswitches upstream of the
corresponding lysine biosynthesis genes (23, 24), and
mutations in these regulatory leader regions provide
AEC resistance by increasing aspartokinase production
(25, 26). Based upon these and other studies, it has
been proposed that the L box riboswitch rather than
LysRS may in fact be the primary cellular target for AEC
(27). Here we show that E. coli LysRS2 active site vari-
ants confer antibiotic resistance despite the presence
of a wild-type L box sensitive to AEC, indicating that
LysRS2 is the cellular target for this antibiotic.

RESULTS AND DISCUSSION
In Vivo Activity of LysRS2 Variants. E. coli LysRS2 vari-

ants (encoded by lysS) were analyzed in vivo using the
E. coli strain PAL�S�UTR in which both the genomic lysS
and lysU genes, which encode two isoforms of LysRS2,
have been disrupted. The LysRS variants all contain
changes to the lysine binding pocket in the active site
(Figure 1). Growth of E. coli PAL�S�UTR is maintained at
permissive temperatures by a copy of lysU carried in
the plasmid pMAK705, which contains a temperature-
sensitive origin of replication (28). Growth at nonpermis-
sive temperatures is dependent on the presence of a
second stable plasmid, in this case pXLysSK1, which is
compatible with pMAK705 and encodes wild-type lysS

or a variant capable of supporting growth. The empty
vector pXLysSK1-EcoRI did not restore growth following
replica-plating and counterselection at a nonpermissive
temperature, indicating efficient loss of pMAK705. Plas-
mids encoding the LysRS2 variants E240Q and E278D,
both of which result in severe loss of in vitro aminoacy-
lation activity (17), were unable to restore growth of
PAL�S�UTR after the loss of pMAK705. All other LysRS
variants tested were able to support growth at nonper-
missive temperatures on Luria–Bertani (LB) or M9 mini-
mal medium (MM) (Table 1). These derivatives of E. coli
PAL�S�UTR in which growth is dependent on various
LysRS2 active site variants were tested for sensitivity to
AEC in vivo.

LysRS2 Variants and in Vivo AEC Resistance. LysRS2
variants able to sustain growth of E. coli were tested for
their ability to grow on MM supplemented with 5 �M
AEC, conditions that inhibit growth of the parental strain.
The pattern of growth inhibition was consistent with pre-
vious in vitro studies, in that those LysRS2 variants
with kinetics for AEC inhibition similar to wild-type
(E240D, E278Q, N424D/Q, and E428Q) were unable to
sustain growth in the presence of AEC. LysRS2 variants
G216A, Y280F, Y280S, F426H, F426W, and E428D, all of
which sustained growth at 5 �M AEC (Figure 2), were
subsequently tested for growth in MM at elevated AEC
concentrations. LysRS2 Y280F and F426W variant

Tyr280

Glu240

Glu278

Gly216
Asn424

Phe426

Glu428

Figure 1. Model of L-lysine recognition by the active site of
E. coli LysRS (40). H-bonds are shown as dashed lines. The
carbon backbone for the substrate lysine is gold, while the
carbon backbone of the LysRS2 active site residues is
gray. Oxygen and nitrogen are colored red and blue, re-
spectively, for enzyme and substrate.
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strains grew at 100 and 500 �M AEC, respectively, but
none of the other LysRS2 variants could sustain growth
above 5 �M AEC (Figure 3; data not shown). LysRS2
Y280F imparted dose-dependent AEC tolerance (i.e.,

poorer growth at higher concentrations), whereas
F426W resulted in similar growth in the presence of
AEC concentrations ranging from 5 to 500 �M. The ab-
sence of dose dependence for F426W suggested that
factors in addition to LysRS2, such as indirect effects on
lysine metabolism, may contribute to resistance, and
this variant was not investigated further in vivo.

The Y280F LysRS2 variant offered substantially higher
resistance to AEC in vivo than indicated by in vitro
steady-state kinetic studies, which had predicted resis-
tance comparable to wild-type (17). This variant was
then used as a starting point to search for additional mu-

tations in LysRS2 that, together with Y280F, could pro-
vide similar levels of resistance to AEC as previously as-
sociated with L box mutants (1–10 mM) (21, 29).

LysRS2 Variants with Enhanced AEC Resistance.
Y280F LysRS2-encoding plasmids were subjected to
chemical mutagenesis using hydroxylamine, and the re-
sulting mutants were replica plated to MM supple-
mented with 1 mM AEC. After 5 rounds of plasmid puri-
fication, transformation, and screening, one isolate
(Y280F4) was obtained that grew on 5 mM AEC after re-
transformation of fresh PAL�S�UTR cells. Sequencing of
the lysS gene from the corresponding plasmid did not

TABLE 1. Doubling times in liquid media of E. coli PAL�S�UTR derivatives containing pXLysSK1 vec-
tors encoding LysRS2 variants

LysRS2 LB (min)a LB (R)b MM (min)a MM (R)b kcat/KM lysine (R)c

Wild type 43 � 2 1.0 100 � 5 1.0 1.0
G216A 91 � 4 2.1 120 � 6 1.2 33
E240D 83 � 4 1.9 100 � 6 1 33
E240Q d d d d 330
E278D d d d d 1100
E278Q 37 � 3 0.86 110 � 5 1.2 50
Y280F 90 � 5 2.0 93 � 4 0.9 500
Y280S 91 � 4 2.1 120 � 5 1.2 50
N424D 76 � 3 1.7 130 � 5 1.3 2.5
N424Q 83 � 4 1.9 150 � 4 1.5 50
F426H 58 � 3 1.3 190 � 6 1.9 50
F426W 110 � 5 2.5 120 � 5 1.2 20
E428D 90 � 5 2.0 120 � 4 1.2 14
E428Q 55 � 3 1.2 150 � 5 1.5 50

aValues are the means of at least three independent experiments with standard deviations indicated. bRelative increase or decrease in
growth rate compared with wild-type. cRelative decrease compared with wild-type for in vitro tRNA lysine aminoacylation (17). dNot
determined.
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Figure 2. Growth of E.coli PAL�S�UTR derivatives on MM
supplemented with 5 �M AEC. Cells contained the vector
pXLysSK1 encoding either wild-type LysRS or active site
variants as indicated. Each time point represents an aver-
age reading derived from three independent cultures
grown in 96 well microtiter plates.
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reveal any additional mutations in either the LysRS2 en-
coding region or the promoter. The absence of muta-
tions in the Y280F4-encoding gene led us to investigate
whether increased abundance of LysRS2 protein ac-
counted for AEC resistance, analogous to the elevated
levels of tryptophanyl-tRNA synthetase observed during
growth in the presence of the antibiotic indolmycin (30).
E. coli PAL�S�UTR transformants producing wild-type
LysRS2 or the Y280F or Y280F4 variants were grown in
LB or MM with or without AEC (5 �M), cells were har-
vested toward the end of log phase (A600 � 0.8), and
LysRS2 was quantified by immunoblotting. The most no-
table difference between Y280F and Y280F4 was ob-
served during growth on MM�AEC (Figure 4) where
LysRS2 levels were higher for Y280F4, suggesting that
elevated AEC resistance of this variant is due to in-
creased abundance of the LysRS2 protein. The absence
of changes in lysS indicates that these increases in
LysRS2 result from other undefined mechanisms, for ex-
ample, mutations in the origin of replication, which in-
crease plasmid copy number, or other mutations that
enhance mRNA abundance.

AEC Binding by the L Box Riboswitch. It has previ-
ously been shown that mutations in the leader region
upstream of the E. coli lysC gene cause derepression of
aspartokinase production, resulting in increased intra-
cellular lysine and resistance to AEC (21). To investigate
whether mutations in the lysC leader might contribute
to the AEC resistance of the E. coli PAL�S�UTR deriva-
tives producing the LysRS2 Y280F and F426W variants,
the sequences of the corresponding chromosomal re-
gions were determined. The lysC leader sequences from
each of these strains were found to be identical to that
of the original parental strain, E. coli K-12 MG1655.

The B. subtilis lysC leader RNA regulates gene expres-
sion through a series of lysine-dependent structural re-
arrangements that include formation of a helix, desig-
nated helix 1, which results in the folding of the RNA into

the helix of an intrinsic terminator.
This mechanism results in attenua-
tion of transcription both in vivo and
in vitro when lysine levels are high
(23, 24). It was suggested (23) that
the lysC leader RNA in E. coli, which
was previously shown to be in-
volved in lysC regulation (25), can
sense the concentration of lysine
and form a repressor helix that se-

questers the Shine�Dalgarno sequence and inhibits
translation initiation. Phylogenetic and mutational
analyses of L box RNAs predict that positions 202–214
of the E. coli lysC leader RNA participate in formation of
helix 1 in the presence of lysine (23, 31). To determine
whether helix 1 forms in E. coli lysC, binding of an oligo-
nucleotide complimentary to positions 202–214 within
the 3= side of helix 1 was monitored by cleavage by
RNase H, which specifically cleaves RNA/DNA hybrids.
Transcription in the absence of lysine resulted in protec-
tion of 20% of the RNA from cleavage by RNase H; addi-
tion of lysine resulted in a 3-fold increase in protection
from cleavage, supporting the model that lysine binding
causes stabilization of helix 1 (Figure 5, panel a, lanes
1 and 7). Transcription in the presence of AEC resulted
in a similar 60% protection from cleavage (Figure 5,
panel b, lane 14). The RNase H cleavage assay was per-
formed using concentrations of lysine or AEC ranging
from 100 �M to 6.4 mM (Figure 5, panel a) to deter-
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Figure 3. Growth of E. coli PAL�S�UTR derivatives in the presence of AEC. Cells containing the vector
pXLysSK1 encoding LysRS2 Y280F (a) or F426W (b) were grown on MM supplemented with different con-
centrations of AEC (�M) as indicated. Each time point represents an average reading derived from three
independent cultures grown in 96 well microtiter plates.
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Figure 4. LysRS in E. coli PAL�S�UTR derivatives. E. coli
PAL�S�UTR cells producing wild-type (WT), Y280F, and
Y280F4 LysRS were grown in different media as indicated.
Total cell protein from late log phase (A600 � 0.8) cells
grown on LB, MM supplemented with 2 mM lysine (MM),
or MM supplemented with 5 �M AEC (AEC) were separated
by SDS�PAGE, transferred to membranes, and detected
by using anti-LysRS2 polyclonal antibodies. Total protein
concentrations loaded were 20 �g (lanes 2 and 6), 10 �g
(lanes 3 and 7), 1 �g (lanes 4 and 8), and 0.1 �g (lanes 5
and 9). Purified LysRS (10 ng, lane 1) was loaded as
control.
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mine the concentration resulting in half-maximal protec-
tion. Protection from RNase H cleavage increased as
the lysine concentration was increased, resulting in an
apparent KD of �360 �M; the apparent KD for AEC was
�830 �M (Figure 5, panel c). RNase H cleavage of the
B. subtilis leader showed a similar 2-fold decrease
in affinity for AEC as compared with lysine (data not
shown). These results are in good agreement with other
studies of lysC leader RNAs, which indicate a decreased
affinity for AEC (23, 24) and support the hypothesis
that the L box RNAs in the LysRS2 variants, which are
identical to wild-type, exhibit normal response to AEC
in vivo.

AEC Binding by LysRS2 Variants. In vitro steady-
state kinetic parameters indicated little difference in
the apparent specificity for AEC between wild-type
LysRS2 and the Y280F and F426W variants (17). These
data are in contrast to the in vivo studies described
above, which showed dramatic increases in AEC resis-

tance as a result of single amino acid replacements of
Tyr280 and Phe426. In an attempt to reconcile the ap-
parent discrepancy between the in vivo and in vitro data,
dissociation constants (KD) for lysine and AEC binding
to wild-type and variant LysRS2 were determined
(Table 2). In agreement with previous steady-state data,
lysine and AEC were found to bind wild-type LysRS2
with comparable affinities. LysRS2 F426W bound AEC
23-fold less tightly than wild-type, contradicting previ-
ous steady-state data that indicated an apparent bind-
ing affinity comparable to wild-type. The Y280F variant
showed a 45-fold increase in the KD for AEC compared to
wild-type, in contrast to the steady-state data, which
had suggested a decrease in apparent affinity of only
5-fold. The reduced affinity for AEC of the Y280F and
F426W variants is consistent with increased resistance
in vivo and also suggests that antibiotic binding might
be rate-limiting for these variants. Substrate binding was
assumed not to be a rate-limiting step in the classical
Michaelis–Menten steady-state kinetic analyses em-
ployed previously; in the event that substrate binding
becomes rate-limiting, as may be the case here for AEC,
the derived steady-state parameters would be invalid
(32), explaining their lack of correlation with the in vivo
data.

Conclusions. The inability of wild-type LysRS2 to dis-
criminate AEC from lysine results in toxicity via the co-
translational insertion of AEC into proteins in place of ly-
sine (33). This mechanism of antibiotic action was
supported by the finding that nonorthologous replace-
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Figure 5. RNase H cleavage of the E. coli lysC leader RNA. Labeled RNAs generated in the presence of increasing concentra-
tions of lysine (a) or AEC (b) were incubated with a DNA oligonucleotide complimentary to the 3= side of helix 1 to allow
hybridization, which was followed by digestion of DNA/RNA hybrids with RNase H. FL indicates full-length transcripts; C
indicates RNase H cleavage products. Lysine or AEC concentrations (mM) used in each transcription are shown above each
lane. c) Quantitation of protection in response to lysine (�) or AEC (Œ).

TABLE 2. Fluorescence titration of LysRS2
variants with lysine and AECa

LysRS

wild-type Y280F F426W

lysine KD (�M) 1.6 � 0.6 57 � 0.4 37 � 0.2
AEC KD (�M) 1.7 � 0.5 77 � 1 39 � 0.4

aValues are the means of at least four independent ex-
periments with standard deviations indicated.

ARTICLE

www.acschemicalbiology.org VOL.2 NO.12 • 819–827 • 2007 823



ment of B. subtilis LysRS2 with the AEC-resistant Borre-
lia burgdorferi LysRS1 conferred resistance in vivo (15).
However, because resistance in this case was depend-
ent on a heterologous protein, this approach did not di-
rectly identify LysRS2 as the natural target of the antibi-
otic. More recently another study in B. subtilis concluded
instead that the L box riboswitch rather than LysRS is
the cellular target of AEC (27), since resistance alleles
consistently map to the 5= leader region of the lysC gene
(25, 26). Such mutations lead to increased aspartoki-
nase protein levels and elevated intracellular lysine con-
centrations, thereby allowing growth in the presence of
1–10 mM AEC (21, 29). If lysC were indeed the primary
target of AEC, then the introduction of resistant variants
of LysRS would not be expected to alleviate AEC toxicity.
Our data show that LysRS2 variants can impart resis-
tance to up to 5 mM AEC, despite the presence of a wild-
type lysC gene with a functional L box leader region. To-
gether with previous studies, our findings clearly show
that LysRS is the primary cellular target for growth inhi-
bition by AEC while the L box of lysC is the primary site
for acquiring resistance. This conclusion is consistent
with previous studies selecting for AEC resistant strains,
which consistently isolate L box but not LysRS mutants
(21, 25, 29). This clear separation of the bacterial target

and resistance sites suggests that the
future design of effective lysine analog
antibiotics will depend on targeting
both LysRS and the L box.

The LysRS1 and LysRS2 proteins
are unrelated in structure but perform
the identical function, synthesis of
Lys-tRNALys (34). Biochemical studies
in vitro have shown that LysRS2 is in-
herently more sensitive than LysRS1 to
inhibition by AEC (15–18). Surpris-
ingly, our present data show that
LysRS2 can readily acquire AEC resis-
tance comparable to that of LysRS1
through single amino acid substitu-
tions in the active site. Among those
tested, the Y280F and F426W variants
provided the most significant improve-
ments to AEC resistance in vivo. The
AEC resistance of LysRS2 Y280F likely
stems from the disruption of an H-bond
interaction network with the 	-NH2

group of the amino acid substrate lysine and Glu240 in
the back of the active site (Figure 6). The F426W replace-
ment is expected to be marginally less disruptive in
that direct H-bonding interactions are not affected, but
instead the bulkier tryptophan side chain would be ex-
pected to hinder binding near the amino acid substrate
backbone (Figure 6). Previous steady-state analyses
failed to reveal the substantial losses in AEC affinity re-
sulting from both the Y280F and F426W substitutions,
which likely lower kon to the point that amino acid bind-
ing becomes rate-limiting. The absence of a substantial
increase in AEC tolerance among the other LysRS2 vari-
ants, several of which display comparable steady-state
kinetic parameters to Y280F and F426W, suggests that
this mechanistic change is the predominant factor deter-
mining resistance. This is supported by the finding that
mutants selected for further increases in AEC resistance
did not contain protein-coding changes but instead
showed modest increases in LysRS2 levels. These mu-
tants and the corresponding parental strains all grew
twice as slowly as wild-type, indicating that LysRS2-
dependent AEC resistance adversely impacts growth.
This correlation between growth and AEC toxicity is in
contrast to LysRS1, which confers AEC-resistance with-
out any reduction in growth rate (35). Taken together,

Tyr280

Glu240

Glu278

Gly216
Asn424

Trp426

Glu428Phe280

Glu240

Glu278

Gly216
Asn424

Phe426

Glu428

a b

Figure 6. Model of L-lysine recognition by LysRS variants Y280F and F426W. Modeling of lysine bind-
ing at the active site of E. coli LysRS (40) for the Y280F (a) and F426W (b) variants. Residues were
modified appropriately, and the structures were energy minimized using Swiss-Pdb Viewer v 3.7. The
resulting models were visualized using PyMOL (41). H-bonds are shown as dashed lines. The car-
bon backbone for the substrate lysine is gold, while the carbon backbone of the LysRS2 active site
residues is gray. Oxygen and nitrogen are colored red and blue, respectively, for enzyme and
substrate.
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these data suggest that the LysRS1 and LysRS2 active
sites have similar capacities for AEC resistance, but only

LysRS1 can attain resistance without critically compro-
mising its ability to efficiently synthesize Lys-tRNALys.

METHODS
In Vivo Analysis of LysRS Variants. The pXLysSK1 vector (28)

containing the E. coli lysS gene under both its endogenous pro-
moter and the T7 RNAP promoter was used as a template for
generation of LysRS variants. Sets of two complementary prim-
ers, 27 nucleotides each, were designed to introduce each
LysRS2 mutation. Mutations were confirmed by complete se-
quencing of each gene. The empty vector, with no lysS gene, was
prepared by digestion of plasmid pXLysSK1 with EcoRI and liga-
tion of the resulting empty vector fragment with T4 DNA ligase.
The E. coli strain PAL�S�UTR (F��(lac-pro) gyrA rpoB metB
argE(Am) ara supF �lysS::kan �lysU srl-300::Tn10 recA56
(pMAK705 lysU) (36) was transformed with 100 ng of plasmid
pXLysSK1 containing either a LysRS variant, wild-type LysRS as
a positive control, or no insert as a negative control. Transfor-
mants were selected on LB plates supplemented with 100 �g
mL�1 ampicillin at 43 °C, a prohibitive temperature for pMAK705
lysU replication. Single colonies were counted and then replica-
plated and grown on LB supplemented with 100 �g mL�1 ampi-
cillin at 43 °C for two subsequent rounds. After the second
replica-plating, plates were replicated both on LB supplemented
with 100 �g mL�1 ampicillin and LB supplemented with 100
�g mL�1 ampicillin and 30 �g mL�1 chloramphenicol (to check
for continued retention of pMAK705 lysU) and grown at 30 °C for
24 h. Colonies able to grow on both plates were excluded from
further analysis. Purified isolates were then replicated to MM
plates supplemented with 100 �g mL�1 ampicillin and grown
at 37 °C. Colonies were selected from LB plates grown at 30 °C
and inoculated into liquid LB supplemented with 100 �g mL�1

of ampicillin and grown to saturation at 37 °C, washed, and di-
luted into LB or MM supplemented with 2 mM lysine or 5 �M
AEC and incubated in a microplate reader for growth rate deter-
mination at 37 °C. Each growth curve was determined in tripli-
cate and averaged. Colonies able to grow on MM supplemented
with 5 �M AEC were subjected to growth in increasing concen-
trations of AEC up to 500 �M. Plasmids encoding LysRS variants
able to promote growth on media containing more than 5 �M
AEC were isolated, sequenced and reintroduced into the
PAL�S�UTR strain, and the resulting isolates were retested for
growth in the presence of AEC.

Construction and Screening of LysRS Variant Libraries. Plasmid
pXK-YF, coding for the LysRS Y280F variant, was isolated and
used to transform E. coli DH5
 for large scale plasmid DNA iso-
lation. Ten micrograms of plasmid DNA was incubated with 500
�L of 1 M hydroxylamine solution, prepared just prior to the re-
action, for 20 h at 37 °C. After incubation, DNA was recovered
using a plasmid DNA preparation kit (Qiagen). A total of 1 �g of
recovered plasmid DNA was used to transform E. coli CJ236, an
ung� strain unable to correct the chemical modification of U
caused by hydroxylamine (37, 38) and approximately 50,000
transformants were then pooled. Cells were grown to saturation,
re-inoculated in 500 mL of LB, and grown for 16 h, and plas-
mid DNA was then isolated. The resulting plasmid preparation
was used to retransform the PAL�S�UTR strain, and approxi-
mately 50,000 transformants were obtained. Colonies were
replica-plated onto LB containing 100 �g mL�1 of ampicillin,
and after a second replica-plating at 43 °C, colonies were repli-
cated to MM supplemented with 1 mM AEC and grown at 37 °C.
Colonies able to grow at this concentration of AEC were iso-
lated and grown to saturation in liquid LB, washed, and diluted
on MM supplemented with increasing concentrations of AEC (up

to 10 mM), and incubated in a microplate reader in triplicate.
Mutants able to grow at concentrations higher than 2 mM AEC
were isolated and the entire lysS gene was sequenced to iden-
tify additional mutations. The isolated plasmids were then used
to transform E. coli PAL�S�UTR and screened a second time to
confirm their phenotypes.

Detection of LysRS Variants by Immunoblotting. E. coli
PAL�S�UTR containing wild-type LysRS, or the Y280F or Y280F4
variants, was grown in LB or MM supplemented with 2 mM ly-
sine or 500 �M AEC at 37 °C, and 100 mL samples were taken
at A600� 1.0 (late log phase). Cells were centrifuged at 6000 �
g at 4 °C for 15 min and suspended in 5 mL of sample buffer
(100 mM Tris-HCl, pH 7.5, 20 mM MgCl2, 1 mM EDTA, and pro-
tease inhibitor cocktail [Hoffmann-La Roche, Inc.]). Cells were
then passed twice through a French Press cell and centrifuged
at 30,000 � g for 30 min at 4 °C. Cell extracts were concentrated
in dialysis bags covered with PEG 20,000 MW overnight at
4 °C. Protein concentrations were determined by the Bradford
method (BioRad, Inc.). Cell extracts with varying amounts of pro-
tein were separated on 10% SDS/PAGE gels and then blotted
onto nitrocellulose membranes. LysRS was detected using pri-
mary rabbit polyclonal antibodies (against LysRS from E. coli)
and horseradish peroxidase conjugated secondary antibodies
followed by visualization using standard chemiluminescence
protocols.

RNase H Cleavage. The DNA template for transcription was
generated by PCR of E. coli PAL�S�UTR chromosomal DNA us-
ing a 5= primer containing the T7 RNAP promoter fused to posi-
tion �18 of the E. coli lysC transcript. Position �232 was se-
lected as the end point of the lysC fragment and 20 random
nucleotides were added downstream to allow resolution of
cleaved RNA from the full-length transcript. The resulting frag-
ment was confirmed by sequencing and used as template DNA
for T7 RNAP transcription using a T7-MEGAshortscript transcrip-
tion kit (Ambion). RNAs were synthesized in the presence of
[
-32P]-UTP (GE Healthcare; 800 Ci/mmol [30 TBq/mmol]) for
30 min at 37 °C in the presence or absence of lysine or AEC. Af-
ter transcription, a DNA oligonucleotide (47 �M) complimen-
tary to positions 202–214 of the E. coli lysC RNA leader was
added, followed by incubation for 5 min. RNase H (0.45 U �L�1;
Ambion) was then added and the incubation was continued for
10 min at 37 °C. The reactions were stopped by the addition of
phenol. The resulting cleavage products were subjected to elec-
trophoresis on 6% denaturing polyacrylamide gel, visualized
by PhosphorImager analysis, and quantified using ImageQuant
5.2. The percentage of RNA protected from cleavage was calcu-
lated as the ratio of full length transcript relative to the total
amount of RNA for each reaction.

KD Determination. Fluorescence spectra were measured at
20 °C in a Hitachi F3010 spectrofluorometer in 100 mM Tris-
HCl, pH 8.0, containing 16 mM MgCl2. The excitation wavelength
was 295 nm, and emission was recorded at 340 nm. The excita-
tion and emission bandpasses were 5 and 10 nm, respectively.
The protein concentration was 2 �M. The absorbance of the so-
lution was less than 0.1 cm�1 at the excitation wavelength.
The fluorescence intensity was corrected for dilution due to ad-
dition of ligand solution. The values of the dissociation con-
stants for enzyme�ligand complexes were determined as de-
scribed previously (39). The data were fitted to a single site
binding equation, using KYPLOT (Koichi Yoshioka, 1997–2000
version 2.0 beta 13). At least four experiments were done un-
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der the same conditions, and average values and standard de-
viations were used to construct the plots.

Characterization of the lysC Leader Region. Regions of 477 bp
including the lysC leader sequence were amplified by PCR from
genomic DNA of the parental E. coli strain PAL�S�UTR and AEC-
resistant transformants of the same strain producing LysRS
Y280F and F426W. PCR primers were complementary to se-
quences 425 bp upstream (5=-GTGTAAACCCTTAGCGCAG-3=) and
49 bp downstream (5=-CAAAATCAGCTACGCTGG-3=) of the ATG
translation start site. The PCR products were purified by gel ex-
traction (QIAGEN, QIAEX II) and then directly sequenced.
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