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ABSTRACT: In all living systems, the fidelity of translation is maintained in part by the editing mechanisms of
aminoacyl-tRNA synthetases (ARSs). Some nonproteogenic amino acids, including β-hydroxynorvaline
(HNV) are nevertheless efficiently aminoacylated and become incorporated into proteins. To investigate the
basis of HNV’s ability to function in protein synthesis, the utilization of HNV by Escherichia coli threonyl-
tRNA synthetase (ThrRS) was investigated through both in vitro functional experiments and bacterial growth
studies. The measured specificity constant (kcat/KM) for HNV was found to be only 20-30-fold less than that
of cognate threonine. The rate of aminoacyl transfer (10.4 s-1) was 10-fold higher than the multiple turnover
kcat value (1 s-1), indicating that, as for cognate threonine, amino acid activation is likely to be the rate-
limiting step. Like noncognate serine, HNV enhances the ATPase function of the synthetic site, at a rate not
increased by nonaminoacylatable (30-dA76) tRNA. ThrRS also failed to exhibit posttransfer editing activity
against HNV. In growing bacteria, the addition of HNV dramatically suppressed growth rates, which
indicates either negative phenotypic consequences associated with its incorporation into protein or inhibition
of an unidentifiedmetabolic reaction. The inability of wild ThrRS to prevent utilization ofHNV as a substrate
illustrates that, for at least one ARS, the naturally occurring enzyme lacks the capability to effectively
discriminate against nonproteogenic amino acids that are not encountered under normal physiological
conditions. Other examples of “fidelity escape” in the ARSsmay serve as useful starting points in the design of
ARSs with specificity for unnatural amino acids.

Aminoacyl-tRNA synthetases establish the fidelity of the
genetic code in a two-step aminoacylation reaction, covalently
linking specific amino acids to their corresponding tRNAs. In the
first step, amino acid is condensed with ATP to form the ami-
noacyl adenylate (adenylation), while in the second step, the
amino acidmoiety of adenylate is transferred to theA76 of tRNA
(aminoacyl transfer), along with the release of pyrophosphate
(PPi)

1 and AMP, respectively. ARSs have been divided into two
classes, class I and class II, based on characteristic signature
motifs, unique catalytic folds, and the regiochemistry of tRNA
aminoacylation. Each ARS is specific for its corresponding
amino acid and tRNA. Defects in the specificity of the ARS

reaction can have significant physiological effects, including
neurodegenerative diseases and other complex phenotypes (1).
ARSs can also introduce errors into the translation process,
which has a frequency of 1 mistake per 103-104 amino acids
incorporated into proteins (2, 3).

Near-cognate amino acids that differ by a single methyl group
from standard amino acids pose a particularly difficult discrimi-
nation problem (2, 3). The limited amount of additional binding
energy associated with a single methyl group imposes a signifi-
cant requirement for specific error correction mechanisms (4).
Among the first detailed explanation of ARS editing was the
“double sieve” model proposed by Fersht (5). In this model, the
first “coarse sieve” activates cognate as well as smaller and
isosteric amino acids, while the second “fine sieve” serves to edit
only smaller or isosteric amino acids. During aminoacylation,
amino acids can be edited either prior to aminoacyl transfer,
which is referred as “pretransfer editing”, or after transfer to the
tRNA, known as “posttransfer editing”. Pretransfer editing
involves the hydrolysis of near-cognate adenylate, either in the
enzyme active site or by its release into solvent with subsequent
hydrolysis (6, 7). For some ARS, this process can be modulated
by tRNAs (8, 9). Posttransfer editing is characterized by a
deacylation reaction that occurs in a separate active site localized
to its own discrete editing domain. For class I IleRS, ValRS, and
LeuRS, this separate domain is referred to as CPI, and it is
structurally distinct from the canonical Rossmann fold domain
housing the aminoacylation active site (10). MetRS, which edits
exclusively through a pretransfer mechanism, lacks such a CPI
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domain (11). The class II ARSs, which possess robust post-
transfer editing functions, including ProRS, ThrRS, AlaRS, and
PheRS, have separate editing domains that are structurally unre-
lated to the class I CPI domain (12-16). A final mechanism is
“resampling”, which involves the dissociation of misacylated
tRNA from the synthetic site, followed by its rebinding and
hydrolysis in the editing site (17). A critical part of this mechan-
ism is the kinetic partitioning between rebinding to the editing site
and capture by EF-Tu, which would channel the misacylated
tRNA into protein synthesis.

Recently, there has been significant interest in themodification
and engineering of the ARS-catalyzed aminoacylation reaction
with the goal of enhancing the incorporation of unnatural amino
acids (UAAs) into proteins (18). ARSs with relaxed or modified
amino acid specificity have been developed, allowing nonstan-
dard amino acids to be introduced into bacterial proteins (19, 20).
In addition to expanding the range of unnatural amino acids that
can be incorporated by ARS engineering, recent work indicates
that a number of the unmodified ARSs (especially those specific
for nonpolar amino acids) can tolerate a relatively broad range of
unnatural amino acids (21). One conclusion from these studies is
that the efficiency of incorporation of unnatural amino acids into
proteins is roughly proportional to their propensity to serve as
substrates for aminoacylation (22). Even though a number of
unnatural amino acids have been identified that are readily incor-
porated into proteins, little work has been reported on how these
compounds are treated by the ARS during the individual steps of
the overall reaction, including proofreading steps. One nonstan-
dard R-amino acid that is not present in standard bacterial or
eukaryotic cell physiology and is incorporated into peptides in
cell free extracts is β-hydroxynorvaline (HNV), a near-cognate
analogue of threonine (21, 23) Therefore, to gain a detailed
understanding of howThrRS deals with a near-cognate unnatur-
al amino acid like HNV, steady-state kinetics, pre-steady-state
analysis, and in vivo bacterial growth experiments were perfor-
med. Consistent with the ease withwhich this threonine analogue
is accepted by the protein synthesis machinery, we observed that
ThrRS possesses essentially no ability to discriminate against
HNV in any of the individual steps of the aminoacylation reaction.

EXPERIMENTAL PROCEDURES

Expression and Purification of Protein and tRNA. The
expression and purification of His-tagged ThrRS and CCA
adding enzymes were described previously (24). Purification of
both proteins involved the use of Ni-NTA affinity column
chromatography. For both proteins, the final fractions were
pooled, dialyzed against buffer A (10 mM Tris, pH 8.0, 100 mM
KCl, 10 mM MgCl2, 3 mM β-mercaptoethanol), and then con-
centrated under low-speed centrifugation using Millipore con-
centrators prior to storage in 50% glycerol at-20 �C. The active
site concentrations of ThrRS preparations (25) were determined
before performing the kinetic experiments. The fully modified
tRNAThr was overexpressed in bacteria and purified by phenol
extraction, followed by size fractionation on urea-PAGE (24).
The band corresponding to tRNAThr was excised from the gel
and electroeluted, and then the eluate was ethanol precipitated.
The concentrations of tRNAThr in the preparations were deter-
mined from plateau aminoacylation assays (25).
Amino Acid Competition Experiments. Aminoacylation

reactions were performed at 37 �C and pH 8 in buffer A, essen-
tially as described (25). Reactions included 0.25 μM wild-type

ThrRS, 10 μM tRNAThr, 2.5 mM ATP, 0.2 unit/mL pyropho-
sphatase (PPase), and 100 μM [14C]threonine, in the absence or
presence of different concentrations ofHNV (0.2, 2, and 10mM).
At different time points, reaction aliquots were taken, quenched
on trichloroacetic acid (TCA) soaked disks, and then processed
according to standard aminoacylation procedures (25). The disks
were dried and counted in a scintillation counter. The formation
of product was plotted on the y-axis, while time was plotted on
the x-axis for analysis.
Steady-StateAminoacylation.Thepreparationof tRNAThr

labeled with 32P at A76 was accomplished as described in ref 26;
this material was then used as the radioactive substrate in the
aminoacylation experiments. The reactions were carried at 37 �C
in buffer A along with 2.5 mMATP, 6 μM tRNAThr, 0.2 unit/mL
PPase, trace amount of [32P]tRNA, and 10-25 nM wild-type
ThrRS enzyme. The reactionswere quenched anddigestedwith S1
nuclease for at least 1 h. The HNV-[32P]A76 was resolved from
free [32P]A76 by thin-layer chromatography (TLC) and then
quantified using a Bio-Rad model FX phosphorimager.
ATP Hydrolysis Experiments. These assays were per-

formed as described previously (6). Briefly, the reactions were
carried out at 37 �C in buffer A with 3 mM [γ-32P]ATP, 2 μM
enzyme (wild-type ThrRS orΔN1N2ThrRS) (27), and 0.02 unit/
mL PPase in the presence or absence of 30-dA76 tRNA. Reac-
tions contained threonine at 5mMand/or β-hydroxynorvaline at
375 mM. Ten microliter reaction aliquots were quenched in 7%
perchloric acid and activated charcoal solution. The quenched
reaction mixture was vortexed followed by centrifugation for 3
min at 12000 rpm, and then the amount of [γ-32P]PPi in 100 μL of
supernatant was determined by scintillation counting. The back-
ground rate of ATP hydrolysis in the absence of enzyme was
subtracted from all determinations.
Pre-Steady-StateKinetics.All the experimentswere perfor-

med at 37 �Cand pH8, as described in prior publications (24, 28).
The multiple turnover reactions were performed in a rapid
chemical quench flow device (RQF-3; KinTek, Austin, TX) in
buffer A by rapidly mixing 2 μM wild-type ThrRS and 8 μM
[32P]tRNAThr with 2.5 mM ATP and 40 mM HNV. At various
time points, the reactions were terminated in a quench solution
consisting of 3 M sodium acetate (pH 5). The quenched product
was immediately added to chilled absolute ethanol and then
allowed to precipitate for 2 h at-20 �C. The product was collec-
ted by centrifugation, resuspended in buffer containing S1 nucle-
ase, processed, and analyzed by thin-layer chromatography.
Similar reactions were employed in the determination of the rate
of AMP formation in the presence or absence of tRNA, except
that 1 μM wild-type ThrRS, 100 μM [R-32P]ATP, and 6 μM
tRNAThr were used. In both the multiple turnover and AMP
formation assays, the data were analyzed by linear regression.
Under single turnover conditions, HNV adenylate was preformed
by mixing 40 μMwild-type ThrRS, 2.5 mMATP, and mMHNV
in buffer A for 30 min followed by removal of unincorporated
substrates through the gel filtration columns. The ThrRS-HNV-
AMP complex was then rapidly mixed with 4 μM tRNAThr, with
reaction aliquots being removed at various time points thereafter
to generate a first-order progress curve (25). The plot of product
versus time was fit to a single exponential equation:

y ¼ Að1- e- ktÞþC

where A represents the amplitude of exponential phase, k is the
rate of burst phase, and C is the y-offset.
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Bacterial Growth Experiments. A 2 mL culture of tetra-
cycline-resistant Escherichia coli was prepared in Luria-Bertani
media (LB) supplemented with 10 μg/mL tetracycline and then
grown overnight at 37 �C. This culture was then used to inoculate
3 mL of minimal media (1� MOPS minimal medium mixture,
1.32 mMK2HPO4, 1.0% glucose, 10 μg/mL tetracycline, and 20
μg/mL each standard amino acid) cultures with and without
exogenous threonine, providing a starting OD600 of∼0.04. HNV
was added to cultures containing and lacking threonine to final
concentrations of 0, 5, or 20 mM. The cultures were placed at
37 �C, and then growth was monitored every 45 min by measure-
ment of OD600.
Purification and Analysis of HNV-Substituted Thiore-

doxin. Thioredoxin (Trx) was produced from an E. coli over-
producing strain kindly provided by Dr. Robert Hondal
(University of Vermont). A total of 6 L of an LB amp culture
of the overproducer strain was grown to anOD600 of 1.0 at 37 �C
and then induced with IPTG to a final concentration of 0.5 mM.
Two flasks (2 � 1.5 L) were seeded with HNV (dissolved in 20
mM Tris-EDTA) to a final concentration of 1.5 mM, while the
other two cultures received buffer only. The cultures were then
transferred to 16 �C and then incubated overnight for an
additional 16 h. The purification of both natural and HNV-
substituted thioredoxin was accomplished according to a pre-
viously published protocol (29). Briefly, the purification protocol
consists of cell disruption by sonication, chromatography on
DEAE-Sephacel (Sigma-Aldrich), precipitation by 60% ammo-
nium sulfate saturation, and final chromatography on Sephacryl
S-100 (GE Health Sciences). Fractions containing thioredoxin
were identified by electrophoresis on 15% SDS-PAGE. The
thioredoxin concentration was calculated using an extinction
coefficient (A280) of 13700 M-1 cm-1. The essentially (>95%)
pure fractions were pooled, dialyzed into 20 mM ammonium
bicarbonate, and then lyophilized to dryness. The lyophilized
samples were then submitted to N-terminal protein sequencing
and mass spectroscopy. The N-terminal amino acid sequence
(first ten residues) was analyzed by automatic Edman degrada-
tion using an Applied Biosystems Procise 494/HT protein
sequencer (Applied Biosystems, Foster City, CA). The sequenc-
ing was performed at the Protein Chemistry Laboratory of the
University of Texas Medical Branch (Galveston, TX).

The liquid chromatography mass spectrometry (LC/MS)
analysis was performed essentially as described in ref 30. Prior
to treatment with trypsin (20 ng/μL), cysteines in the Trx pre-
parations were reduced and blocked by incubation with iodoa-
cetamide under reducing conditions. The reactions were termi-
natedwith a small amount of 10% formic acid and then subjected
to electrospray ionization (ESI) LC/MS, employing a fused-silica
microcapillaryMagicC18 LC column (12 cm� 100 μM i.d.). The
ESI instrument was attached to a LTQ linear quadrupole ion
trap-Orbitrap mass spectrometer (Thermo Electron, San Jose,
CA). This latter instrument was operated in collisional-induced
dissociation mode to allow collection of both MS and MS/MS
spectra. The chromatography of the tryptic peptides was achie-
ved by use of a 5-50% acetonitrile gradient in 0.1% formic acid,
operating at a flow rate of 0.25 μL/min. Following acquisition
of the full MS scan in the data-dependent acquisition mode,
the 10 most abundant ions were subjected to MS/MS analysis.
The spectra obtained were then processed using SEQUEST
(Bioworks software package, version 3.3.1; Thermo Electron,
San Jose, CA).

RESULTS

ThrRS Exhibits Nearly Identical Catalytic Specificities
for Threonine and β-Hydroxynorvaline . HNV is a nonstan-
dard amino acid in which the characteristic methyl group of the
threonine side chain is replaced by an ethyl group (Figure 1A,B).
Previously, pyrophosphate exchange experiments revealed that
the kcat/KM for HNV is only 30-fold less than that of threonine
(Table 1). HNV also serves as a substrate for ThrRS in the full
aminoacylation reaction, but the kcat and KM parameters for this
reaction are unknown (21, 31). (The lack of available radiola-
beled versions of HNV may have previously precluded such
experiments.) To address this issue, we employed a sensitive assay
featuring tRNAThr 32P-labeled at nucleotide A76 to measure
aminoacylation kinetics (26, 32). Following the aminoacylation
reaction, the charged tRNA was digested with S1 nuclease, and
then the AA-[32P]A76 and [32P]A76 products were resolved by
thin-layer chromatography (TLC) and phosphorimaging. Nota-
bly, this assay permits high concentrations of amino acids to be
used, mitigating the specific activity issues accompanying use of
radioactive amino acids. The apparent kcat of HNV (0.4 s-1) was
within 2-fold of the apparent kcat value obtained for threonine
(0.2 s-1), while theKM of HNV was increased 38-fold, relative to
threonine.Basedon the overall aminoacylation efficiency (kcat/KM),
the specificity of ThrRS for HNV is only 20-fold less than that
of threonine, which is actually less than the level of discrimina-
tion (30-fold) measured in pyrophosphate exchange experiments
(Figure 1C,D). Thus, measurements of steady-state kinetic
parameters suggest that ThrRS does not significantly discriminate
between cognate threonine and HNV during the aminoacylation
reaction.
Amino Acid Activation Is the Potential Rate-Limiting

Step ofHNVAminoacylation. For a number of class IIARSs,
such as HisRS and ThrRS, the rate-determining step for the
overall aminoacylation reaction in the presence of cognate amino
acid is amino acid activation (24, 28). To determine whether this

FIGURE 1: β-Hydroxynorvaline is readily accepted as a substrate by
E. coli ThrRS. Chemical structures of (A) threonine and (B) β-
hydroxynorvaline. Velocity versus [amino acid] plots under steady-
state conditions are depicted for (C) threonine and (D) HNV. The
initial rates for each velocity were determined at 37 �C and pH 8 by
use of the Wolfson-Uhlenbeck assay (26). Technical details of the
experiments are mentioned in the Experimental Procedures. Error
bars represent standard errors on three independent determinations.
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attribute is characteristic of HNV, pre-steady-state experiments
were performed by application of the rapid chemical quench
method. Under multiple turnover conditions, a linear plot of
product formation was observed with an apparent kcat value of
1 s-1 (Figure 2A), approximately 2.5-fold greater than the value
obtained from steady-state aminoacylation (0.4 s-1). No burst or
lag phase was seen, indicating that neither product release nor
substrate binding is likely to be the rate-limiting step. The appa-
rent rate of aminoacyl transfer (ktrans) was determined in a single
turnover experiment in which excess preformed ThrRS-HNV-
AMP was rapidly mixed with [32P]tRNAThr. The value of ktrans
(Figure 2B) obtained was 10.4 s-1, which is intermediate between
the ktrans values for serine (7.8 s-1) and threonine (14.5 s-1)
determined previously (6, 24). Coupled with the absence of burst
kinetics, the fast rate of transfer relative to the rate of multiple
turnover aminoacylation suggests that activation may be the
likely rate-determining step forHNV, as it is for cognate threonine.
HNV Stimulates ATPase Activity in the Active Site of

ThrRS. We previously observed excess ATP hydrolysis in the
presence of near-cognate standard amino acid serine (6). To test
for similar behavior with HNV, ATP hydrolysis experiments
were conducted using [γ-32P]ATP, monitoring the formation of
[32P]PPi. The rate of PPi formation by ThrRS in the presence of
HNV was 12-fold higher than that observed with threonine (0.5
versus 0.04 min-1), suggesting that HNV stimulates ATPase
activity in ThrRS (Figure 3A). In some models, the site of
ATPase activity has been attributed to the editing site, which is
located in a domain separate from the canonical aminoacylation
active site (33, 34). To test this hypothesis, HNV-stimulated

ATPase assays were performed with a posttransfer editing-
deficient variant of ThrRS (ΔN1N2 ThrRS). The rate of HNV-
stimulatedPPi production (0.2min-1) with editing-deficientThrRS
was within 3-fold of that of the wild-type enzyme (0.5 min-1)
(Figure 3B), suggesting that ATPase activity is confined to the ami-
noacylation active site. The ATPase activity was not stimulated by
nonaminoacylatable 30-deoxy-A76 tRNA (Figure 3C), showing
that this activity for HNV is tRNA-independent, as it is for
serine (6).
HNV Is Not Efficiently Edited by ThrRS. The experi-

ments above indicated that, like the editing substrate serine,
HNV elicits ATP hydrolysis above the level seen with threonine.
A priori, this is suggestive of pretransfer editing. This issue was
investigated by measuring the rate of [R-32P]AMP formation
under pre-steady-state conditions in the presence and absence of
tRNA. The rates of AMP formation in the presence and absence
of tRNA were essentially identical (Figure 4A), suggesting that
most of the adenylate formed is associated with a productive
transfer of amino acid to tRNAThr. This observation is consistent
with previous measurements of the rate of AMP formation in
presence of serine, under conditions where posttransfer editing is
abolished by an editing site mutation (6). Additional measure-
ments of the rate of the enzyme-independent hydrolysis of HNV-
adenylate (Figure 4B) showed that it is much slower than the rate
of AMP formation (0.001 versus 2.9 s-1). This observation
strongly suggests that the AMP formed is due to the hydrolysis
of HNV adenylate in the active site of ThrRS, rather than after
adenylate release and solution hydrolysis. Thus, pretransfer
editing is unlikely to occur in the presence of tRNA, which is
similar to the conclusions from the investigation of serine (6).

The deacylation rate of Ser-tRNAThr by wild-type ThrRS was
previously determined by transient kinetic experiments to be in
the range of 21 s-1 (35). On the basis of published structures, the
editing site of ThrRS readily accommodates serine but not threo-
nine (36). As yet, the ability of the editing site to accommodate
HNV has not been tested. The rate of ThrRS-dependent deacyla-
tion of HNV-[32P]tRNAThr was measured in rapid chemical
quench experiments (Figure 4C). In parallel, the background
rate of hydrolysis in solution was also determined (Figure 4D).
These experiments showed that the rate of ThrRS-mediated
deacylation was essentially no faster than the rate of deacylation
by solvent (0.0003 versus 0.0004 s-1). Significantly, both rates are
70000-fold slower than the rate of Ser-tRNAThr deacylation by
wild-type ThrRS. Thus, ThrRS does not deacylate HNV-
tRNAThr, which may be a consequence of the inability of the
unnatural amino acid to be accommodated by the editing site.
HNVCompeteswithThreonine and IsToxic forBacteria.

With the exception of the additional side chain methyl group,
HNV is chemically identical to threonine. The binding pocket for

FIGURE 2: Transient kinetics of HNV-tRNAThr formation by wild-
type ThrRS at 37 �C and pH 8. All of the reactions were performed
using rapid chemical quench experiments as described in Experi-
mental Procedures. Panel A depicts a multiple turnover experiment
from which kcat was determined by fitting to a straight line by linear
regression. Panel B depicts a single turnover experiment in which
excess preformed ThrRS-bound HNV adenylate was rapidly mixed
with [32P]tRNAThr. The resulting first-order progress curve was fit to
a single exponential equation, as described in Experimental Proce-
dures. Error bars represent standard errors on three independent
experiments.

Table 1: Comparison of Steady-State Kinetic Parameters for Threonine and β-Hydroxynorvaline as Substrates for Threonyl-tRNA Synthetase from

Escherichia colia

adenylationb (pyrophosphate exchange) aminoacylation

steady-state parameters threonine β-hydroxynorvaline threonine β-hydroxynorvaline

kcat (s
-1) 36 22 0.2 ( 0.01 0.4 ( 0.02

KM (mM) 0.11 1.95 0.2 ( 0.08 7.6 ( 2.2

kcat/KM (mM-1 s-1) 327 11 1 0.05

relative specificity 30 1 20 1

aAll aminoacylation experiments were performed at 37 �C and pH 8.0 as described in Experimental Procedures. The values represent the mean( standard
error. bData previously reported in ref 37.



Article Biochemistry, Vol. 50, No. 6, 2011 1105

threonine in the ThrRS aminoacylation active site appears to lack
the close steric complementarity with the threonine substrate side
chain that would be required to preclude HNV binding, account-
ing for its ready activation (37). If these assumptions are correct,
then one would expect that HNV would be able to compete with
threonine at the level of binding and aminoacyl transfer. To test
this possibility, aminoacylation reactions with wild-type ThrRS
were executed with 100 μM [14C]threonine as amino acid sub-
strate, in the presence of increasing concentrations of HNV. As
the concentration of HNV increased, the plateau levels of Thr-
tRNAThr formation gradually decreased (Figure 5A). At 0.2 and
2 mM concentrations of HNV, the plateau levels were decreased
by 20% and 80%, respectively. At 10 mM HNV, Thr-tRNAThr

formation was virtually abolished, suggesting that both amino
acids are competing for the same active site.

Previous work indicates that HNV can be readily incorporated
into peptides in cell-free systems (31), consistent with the obser-
vations above that ThrRS readily accepts HNV as a substrate
during aminoacylation and lacks editing mechanisms to prevent
its attachment to cognate tRNA. Were HNV to be incorporated

into proteins in vivo, it might well be expected to have negative
consequences for bacterial growth. This hypothesis was tested in
experiments that followed E. coli growth (as measured by an
increase in OD600) in the presence of threonine and increasing
concentrations of HNV. A sigmoidal growth curve was obtained
in the absence of any amino acid, similar to the curve obtained in
the presence of threonine (Figure 5B). However, the presence of
5 mM HNV in the culture medium resulted in more than a 90%
reduction in the rate of growth. When 1 mM threonine was also
included in the medium, the plateau level was lower than in the
absence of threonine. Similar results were obtained at 20 mM
HNV concentration in the presence or absence of 1 mM threo-
nine (Figure 5B,C). These in vivo bacterial experiments clearly
suggest that HNV exhibits inhibitory effects on bacterial growth
under standard conditions.
Incorporation ofHNV into Cellular Proteins.The toxicity

ofHNV to bacterial growth inminimalmedia supplementedwith
amino acids may reflect the production of proteins with com-
promised structures, owing to unacceptable levels of unnatural
amino acid incorporation. Alternatively, undetermined mechan-
isms of inhibition may exist whereby HNV blocks physiological
pathways essential for growth. In order to test the first model, a
bacterial strain that overproduces the small reporter protein thio-
redoxin (Trx) was grown in rich media in the presence or absence
of 1.5 mMHNV, a value that approaches theKM for HNV in the
pyrophosphate exchange reaction catalyzed by ThrRS (Table 1).
Trx from these two cultures was purified in parallel to homo-
geneity and then subjected to Edman N-terminal sequencing, as
well as trypsin digestion followed byESI-LC/MS. TheTrx prepa-
rations obtained by the sequence of DEAE-Sepharose and S-100
Sephacryl chromatographies were approximately >95% pure
(Supporting Information Figure S1). Trx has six threonines,
distributed among five of ten peptides detectable by LC/MS (i.e.,
greater than 500 Da). (Mass spectrometry coverage included all
peptides containing threonine.) Residue 9 of the Trx protein (not
counting the methionine removed from the N-terminus) is a
threonine, so the first approach undertaken to look for incorpo-
ration was N-terminal (Edman degradation) sequencing of the
first 10 residues of the protein (S1DKIIHLTD10). Although ini-
tial analyses ofHNV-supplementedTrx gave an extra peak (reten-
tion time (RT) = 5.83-5.85 min) in addition to threonine that was
tentatively assigned to HNV (Supporting Information Figure S2),
further analysis of both the nonsupplemented Trx, a control
protein with Thr at position, and chromatography of an authentic
PTH-HNV standard indicated that this is more likely to be
breakdown product of PTH-Thr (Supporting Information Figure
S2). This conclusion gained support from the observed retention
time of PTH-HNV, 6.17min (Supporting Information Figure S2).

FIGURE 3: ATPase activity of ThrRS in the presence ofHNV at 37 �C and pH 8. All panels depict the hydrolysis of [γ-32P]ATP in the presence of
(A) HNV, wild-type ThrRS, and no tRNA, (B) HNV,ΔN1N2ThrRS, and no tRNA, and (C) HNV, wild-type ThrRS, and 30-dA76 tRNA. The
reactions were quenched at different time points and subjected to brief centrifugation (3 min at 12000g), and then the [32P]PPi remaining in the
supernatant was quantitated by scintilliation counting. Error bars represent standard errors on three independent determinations.

FIGURE 4: Kinetic analysis of editing ofHNVbyThrRS at 37 �Cand
pH 8. All reactions were performed using HNV as the substrate.
Panel A: Linear rate of AMP formation in the presence (open circles)
and absence (filled circles) of tRNAThr. Panel B: Enzyme-indepen-
dent hydrolysis of HNV-AMP in buffer A. Panels C and D: Rate of
deacylation of HNV-[32P]tRNAThr in the presence and absence of
wild-type ThrRS, respectively.
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In order to gain information about potential substitutions
at the other positions, the HNV-supplemented and non-HNV-
supplemented Trx preparations were also subjected to trypsino-
lysis and LC/MS. These experiments showed that one for one of
the threonine-containing peptides (L59NIDQNPGTAPK70) a
subpopulation could be detected that was 14 mass units greater
than 1267.6641 Da predicted for the peptide that contained
threonine (Thr-67) (Figure 6A). Significantly, this subpopulation
was absent in the corresponding peptide from the Trx prepared in
the absence of HNV (Figure 6B). These data suggest that, when
E. coli is grown in the presence of subtoxic concentrations of
HNV, it is possible to detect the presence of the unnatural amino
acid in a reporter protein.

DISCUSSION

Aminoacyl-tRNA Synthetases Evolved To Address Dis-
crimination Issues between the 20 Cognate Standard Ami-
noAcids.ARSs are highly specific for the selection of substrates,
andmistakes in aminoacylation are corrected by editing mechan-
isms (3). When substrate specificity and editing mechanisms of
ARSs are relaxed, mistranslation occurs, potentially affecting
cellular physiology (38-42). During the evolution of the ARSs
and other components of the translational apparatus, strong
selection pressures were likely in effect to prevent misincorpora-
tion of amino acids that are smaller than the cognate. Owing to
the fact that not all amino acids have closely related neighbors in
chemical space, editing functions are limited to those ARS that
face significant amino acid discrimination problems, including
IleRS, ValRS, LeuRS, MetRS, ThrRS, ProRS, PheRS, and
AlaRS. For each of these, there exists at least one other near-
cognate amino acid that is activated to a significant extent by the
editing ARS. Until recently, efforts have focused on how the
enzymes favor the cognate amino acid and discriminate against
the naturally occurring noncognates (3, 10, 43). While studies of
the discrimination between naturally occurring amino acids can
provide insights into how errors in normal protein synthesis are
avoided, they are unable to provide a complete picture of the total
substrate recognition properties of the enzymes, particularly the
“chemical space” that may lie outside the 20 canonical amino
acids.
HNV Evades the Normal ThrRS Editing Mechanism. In

general, the discrimination threshold [based on (kcat/KM,cognate)/
(kcat/KM,noncognate)] for a requirement for editing is convention-
ally taken to be in the neighborhood of 1 error in 2000. Owing
to a specificity constant that is within 3 orders of magnitude of
that of cognate threonine, serine therefore poses a significant
challenge to the fidelity of ThrRS (6, 37). ThrRS addresses this

challenge by the combined screening effects of the aminoacyla-
tion and the editing active sites, both of which can potentially
contribute to editing. In the aminoacylation site, a coordinated
zinc provides specificity for polar, hydroxyl-containing amino
acids like threonine and serine but actively discriminates against
valine and any smaller nonpolar amino acid (13, 37). The
aminoacylation active site readily accepts serine, which is also
the preferential substrate for the editing site (37). Notably, the
selectivity of the aminoacylation active site is principally dictated
at the level of binding; once adenylate is formed, threonyl and
seryl adenylate undergo transfer to tRNA at similar rates (6).
There is no discrimination at the level of chemistry. Recent work
showed that editing of serine occurs mostly through posttransfer
editing and that pretransfer editing is important only when the
rate of aminoacyl transfer is slowed significantly (6). Thus, the
rate of aminoacyl transfer appears to dictate the relative con-
tributions of the two different pathways. Operationally, the post-
transfer editing site is thus the critical site for providing selectivity
for serine over threonine.Nevertheless, how the editing site achieves
full specificity for serine over threonine is not fully understood (36).

Previously, HNV was shown to be a substrate for ThrRS, by
virtue of a mass spectroscopy-based incorporation assay and by
virtue of its incorporation in peptides (21, 31).With the exception
of the initial binding step, our studies showed that HNV appears
to participate in the elementary steps of aminoacylation with
kinetics that are essentially equal to that of threonine (Figure 1
and Table 1). The reduced affinity for the ThrRS aminoacylation
active site leads to an increasedKM that corresponds to a 1.7-2.0
kcal reduction in binding energy. Notably, this is much smaller
than the 740-fold decrease in affinity observed with serine, which
is equivalent to 2.9 kcal. The presence of a β-methylene group in
the side chain appears to be necessary for high-affinity binding,
but the active site readily allows the longer aliphatic chain of
HNV to be tolerated. While serine and HNV differ markedly in
their ability to elicit editing function in ThrRS, the property they
share that diverges from cognate threonine is their stimulation of
a latent ATPase activity in the ThrRS aminoacylation site
(Figure 3) . This suggests that mispositioning of amino acids in
the synthetic site (which would be reflected in an increase in the
KM parameter) is also correlated with increased ATPase levels,
even when the amino acid is not subjected to editing. Accord-
ingly, screening for amino acid-induced ATPase activity may be
useful in an initial rapid scan of compound libraries to find those
with appreciable affinity for the enzyme active site.

These results indicate that, were HNV to be a part of normal
cellular physiology, then ThrRS would likely have evolved the
ability to discriminate against it. HNV, however, only appears in
bacterial physiology under the unusual conditionwhen pyridoxine

FIGURE 5: Effect ofHNVon aminoacylationwith threonine in vitro and on bacterial growth in vivo. Panel A: Plateau levels of [14C]Thr-tRNAThr

formed in the absence and presence of increasing concentrations of HNV. These reactions were performed at 37 �C and pH 8. Panel B: Growth
curves forE. coli IBPC6881 (13) grown inminimalmedia supplementedwith either threonine orHNVas shown in the figure. Bacteria growthwas
measured at OD600 every 45 min. Panel C expands the y-axis of the plot in panel B to provide a close-up of the effect of increasing HNV
concentrations in the presence of threonine.
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auxotrophs of E. coli are starved for pyridoxine (44). By con-
trast, ValRS is obliged to discriminate under standard physiolo-
gical conditions amino acid against isoleucine, which (like HNV)
is but one methyl group larger than the cognate. The specificity
constant of ValRS (Vmax/KM) for isoleucine is 7.5� 10-5 relative
to that of cognate valine (45), representing a level of discrimina-
tion many orders of magnitude greater than the discrimination
against HNV by ThrRS. Thus, there is considerable biological
selection pressure for ValRS to discriminate against isoleucine
during metabolism, while virtually none for ThrRS to discrimi-
nate against HNV. This underscores the degree to which the spe-
cificity properties of ARSs are shaped by evolutionary pressures.
Fidelity Escape and the General Problem of Incorporat-

ing Unnatural Amino Acids. Much of the work on UAA can
be traced to early observations that fluorinated phenylalanines
and hydroxytryptophans are readily accepted as substrates
by ARSs and can be incorporated into proteins. An important
advance was the identification of a special PheRS mutant,

A294G, with reduced ability to discriminate against fluorophe-
nylalanine (46, 47). The activation of near-cognate nonstandard
amino acids was subsequently shown to be quite general and
characteristic of manyARS systems. Class II ProRSmisactivates
cis- and trans-4-hydroxyproline, and azetidine (48); AlaRS mis-
activates aminobutyrate (49); SerRS misactivates serine hydro-
xamate and 3-aminoalanine (50); and LysRSmisactivates homo-
cysteine, homoserine, and ornithine (51). Among the class I
ARSs, LeuRS misactivates several amino acids including norva-
line and norleucine (52). Similar to the relationship of threonine
andHNV, several of these analogues differ from the cognate by a
single methyl group.

More recently, the emphasis has shifted from anecdotal studies
of UAA incorporation tomore focused efforts to engineer “orth-
ognal” dedicatedARS-tRNApairs able to insert particularUAA
at specific sites in a protein of interest (53). While such efforts
have focused mainly on TyrRS variants, the range of different
UAAs incorporated is quite impressive (18, 54). An important

FIGURE 6: ESI-MS/MS spectra of peptide LNIDQNPGTAPK in theHNV-supplemented and non-HNV-supplemented thioredoxin. Themarks
of “*” and “O” in fragment ions represent an NH3 loss (-17 Da) and H2O loss (-18 Da) from their b- and y-ion series, respectively. (A) The
substitution of HNV into peptide LNIDQNPGT67APK. This MS/MS spectrum depicted peptide precursor ion at m/z 641.342þ, which
unambiguously confirmed a 14Damass increase on the Thr-67 residue (markedwith an@). (B) The peptide LNIDQNPGTAPKwith precursor
ion atm/z 634.432þ in non-HNV-supplemented thioredoxin. No increments in the molecular mass of 14 Da on Thr-67 residue have been found.
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consequence of the directed efforts is that they have served to raise
general interest in the problem of unnatural amino acid incor-
poration, including a deeper appreciation of the actual potential of
ARSs to promote promiscuous aminoacylation. In one of the first
efforts to systematically explore the “chemical space” around
aminoacylation, Josephson (31) tested 12 different UAAs and
found that all could be readily aminoacylated and incorporated
into peptides by cell-free protein synthesizing systems. The 12
UAAs, which included HNV, represented substrates that were
equally distributed among class I and class II ARSs. Notably, a
number of the UAAs had chemical properties distinct from their
parent amino acids, including substantially different pKa’s and
other properties. In followup studies, Hartman et al. examined
>190 different commercially available UAAs and determined
that at least 90 can be functionally charged onto tRNAs (21, 55).
The main conclusion from this work is that ARSs that charge
nonpolar amino acids appear to possess a broader “chemical
space” with respect amino acid substrates around than the ARSs
that aminoacylate the smaller andmore polar amino acids.MetRS
appears to be particularly promiscuous. “Fidelity escape” thus
appears to be common to many of the synthetases and not just
those that have editing functions. It is likely that further explora-
tions of the “chemical space” revealed by these experiments will
provide the shortest path to the design of stable, engineered ARSs
that are able to incorporate the most useful derivatives.
The Cellular Toxicity Associated with HNV. The mass

spectrometry-based aminoacylation assay and peptide incor-
poration assay collectively serve to highlight those UAAs for
which the standard protein synthesizing system poses no specific
barrier to efficient incorporation (55). Such systems should be
readily applicable to the development of peptide reagents with
multiple UAAs, imparting to them useful properties (21, 55). A
key feature of theUAA identified in the recently described studies
is that they do not provide any information about the effect of the
UAA on global cellular physiology, including information about
uptake or global protein synthesis.Here, we found that the ability
of ThrRS to aminoacylate HNV and presumably incorporate it
into proteins is accompanied by significant toxicity in minimal
media. This toxicity could be decreased to acceptable levels by
decreasing the concentration of the unnatural amino acid and by
growth in rich media. Under these conditions, the very low levels
of incorporations may preclude detection of an effect on the
growth kinetics. When incubated at higher concentrations, HNV
may affect protein posttranslational modifications, particularly
in animal cells. An important caveat is that none of the experi-
ments reported here address potential “off-target” effects of
HNV, i.e., acting as an inhibitor of unidentified enzymes or
pathways essential for growth. In mammalian cells, toxic effects
of HNV appear to include impairment of the folding and export
of collagen (23, 56), inhibition of O- and N-glycosylation of
glycoproteins (57), and teratogenic effects on chicken and mouse
embryos (58). These observations correlate with the lowered
bacterial growth in this study. Thus, HNV is toxic to both
mammalian and bacterial cells. Additional studies are required to
determined whether or not toxicity is a general property of all
amino acid analogues that are subject to fidelity escape or merely
those with deleterious effects on protein structure or function.
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