
Substrate-mediated Fidelity Mechanism Ensures Accurate
Decoding of Proline Codons*□S

Received for publication, February 18, 2011, and in revised form, July 1, 2011 Published, JBC Papers in Press, July 18, 2011, DOI 10.1074/jbc.M111.232611

Byung Ran So‡§, Songon An¶1, Sandeep Kumar‡§, Mom Das‡§�, Daniel A. Turner‡, Christopher M. Hadad‡,
and Karin Musier-Forsyth‡§�**2

From the Departments of ‡Chemistry and **Biochemistry, the �Ohio State Biochemistry Program, and the §Center for RNA Biology,
Ohio State University, Columbus, Ohio 43210 and the ¶Department of Chemistry, University of Minnesota,
Minneapolis, Minnesota 55455

Aminoacyl-tRNA synthetases attach specific amino acids to
cognate tRNAs. Prolyl-tRNA synthetases are known to mis-
charge tRNAPro with the smaller amino acid alanine and with
cysteine, which is the same size as proline. Quality control in
proline codon translation is partly ensured by an editing domain
(INS) present in most bacterial prolyl-tRNA synthetases that
hydrolyzes smaller Ala-tRNAPro and excludes Pro-tRNAPro. In
contrast, Cys-tRNAPro is cleared by a freestanding INS domain
homolog, YbaK. Here, we have investigated the molecular
mechanism of catalysis and substrate recognition by Hemophi-
lus influenzaeYbaK using site-directedmutagenesis, enzymatic
assays of isosteric substrates and functional group analogs, and
computational modeling. These studies together with mass
spectrometric characterization of the YbaK-catalyzed reaction
products support a novel substrate-assisted mechanism of Cys-
tRNAPro deacylation that prevents nonspecific Pro-tRNAPro

hydrolysis. Collectively, we propose that the INS and YbaK
domains co-evolved distinctmechanisms involving steric exclu-
sion and thiol-specific chemistry, respectively, to ensure accu-
rate decoding of proline codons.

Aminoacyl-tRNA synthetases (aaRSs)3 play a pivotal role in
the decoding of genetic information by catalyzing the esterifi-
cation of cognate amino acids onto specific transfer RNAs
(tRNAs) in a two-step reaction (1). The first step involves amino
acid activationwithATP to form an aminoacyl-adenylate inter-
mediate and concomitant pyrophosphate release. The second
step involves aminoacyl transfer to the cognate tRNA via a
transesterification reaction. Although aaRSs display high sub-
strate specificity, they often misactivate structurally similar
amino acids. If left unchecked, these mistakes lead to errors in

protein synthesis, and accumulation of such errors can be del-
eterious to cells (2, 3).
To ensure high fidelity in translation, aaRSs have evolved

several proofreading mechanisms (4–7). In the first type of
proofreading, misactivated aminoacyl-adenylates are enzymat-
ically hydrolyzed or selectively released from the active site fol-
lowed by solvent hydrolysis, in a process termed “pretransfer”
editing. Another mechanism of proofreading known as “post-
transfer” editing is generally believed to function via the so-
called “double-sieve”mechanism (8). Themodel predicted that,
whereas one active site could not completely discriminate Ile
and Val, two separate active sites with distinct strategies for
recognition could significantly enhance fidelity. The aminoacy-
lation active site of the aaRS would act as a “coarse” sieve for
adenylate synthesis, activating the cognate amino acid but also
allowing, to a lesser extent, activation of isosteric or smaller
amino acids that could fit into the amino acid binding pocket.
The second “fine” sieve would selectively bind misactivated
amino acids for editing while excluding the original cognate
amino acid. Thus, substrates synthesized in the first sievewould
be further screened by the second sieve to enhance fidelity.
Subsequently, biochemical and structural data validated this
steric exclusion mechanism for valyl-tRNA synthetase and iso-
leucyl-tRNA synthetase (9, 10). Indeed, members of both
classes of synthetases are now known to possess a second active
site spatially separated from the ancient catalytic core to carry
out post-transfer editing. Structures of class I isoleucyl-tRNA
synthetase (10), leucyl-tRNA synthetase (11), and valyl-tRNA
synthetase (12) reveal the highly conserved connective peptide
1 domain that functions in editing. Class II alanyl-tRNA syn-
thetase (AlaRS) (13, 14), threonyl-tRNA synthetase (15), prolyl-
tRNA synthetase (ProRS) (16, 17), and phenylalanyl-tRNA syn-
thetase (18, 19) also possess distinct domains for post-transfer
editing. A recent study of AlaRS revealed an exception to the
size exclusion-based double-sievemodel of editing. In this case,
a coordinated zinc ion in the editing site of AlaRS may help
provide specificity for non-cognate serine, which is larger than
cognate alanine (20, 21). Insights into the relative contributions
of pre- and post-transfer editing have also begun to emerge in
several Class I and Class II synthetase systems (22–26).
Due to its unique side chainwith special chemical properties,

cysteine should be relatively easy for synthetases to discrimi-
nate. Similarly, proline is the only imino acid and would not be
predicted to be especially problematic. Paradoxically, ProRSs
from all domains of life confuse cysteine for proline (27, 28).
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ProRSs also misactivate alanine, and the majority of bacterial
ProRSs possess an editing domain (INS) that can edit mis-
charged Ala-tRNAPro but not Cys-tRNAPro (17, 29). We imag-
ine that the smaller size of alanine relative to proline facilitates
binding and catalysis by INS, whereas the editing domain
rejects cysteine, which is very similar to proline in molecular
volume (30). Consistent with this idea, theMethanobacterium
thermoautotrophicus (31) and Rhodopseudomonas palustris
(16) ProRS structures solved in complex with Cys- and Pro-
sulfamoyl-adenylates showed that the aminoacylation active
site of ProRS could accommodate both adenylates in a very
similar manner. Thus, it is likely that a distinct post-transfer
editing mechanism that does not rely on steric exclusion is
needed to clear mischarged Cys-tRNAPro. Indeed, the latter
is hydrolyzed by a freestanding domain known as YbaK, which
is proposed to function in collaborationwith ProRS in trans (29,
32, 33).
YbaK belongs to a larger protein superfamily that is widely

distributed among all three kingdoms. Members of the YbaK
superfamily share significant sequence and structural homol-
ogy with the INS domain of bacterial ProRS (16, 34–36). Inter-
estingly, in contrast to YbaK, the freestanding PrdX domain
within theYbaK superfamily possesses the same substrate spec-
ificity for Ala-tRNAPro as the INS domain (37). Freestanding
editing domains have also been identified based on homology
to the AlaRS and threonyl-tRNA synthetase editing domains.
AlaXs generally display the same Ser- and Gly-tRNAAla editing
specificity as the AlaRS protein (20, 37–39), and ThrX pos-
sesses Ser-tRNAThr specificity similar to threonyl-tRNA syn-
thetase (40). Thus, to date, YbaK is the only known editing
domain homolog with distinct substrate specificity relative to
the homologous synthetase domain.
Although the phenomenon of post-transfer editing in aaRSs

is well established, relatively little is known about the detailed
hydrolysis mechanism of freestanding editing proteins like
YbaK at the molecular level (6, 41–44). We were especially
interested in understanding the basis for the unique Cys-tRNA
specificity of YbaK and howdiscrimination of similar sized Pro-
tRNA is achieved. The x-ray crystal structures of several mem-
bers of the YbaK superfamily (PrdX, ProX, YbaK, and ProRS
INS) from a variety of organisms (Protein Data Bank codes
2DXA, 1DBX, 1VJF, 1WDV, 1VKI, 2CX5, 2ZOX, 2ZOK and
2J3L) have been solved (16, 35, 36). However, no structures of
these proteins bound to post-transfer editing substrates are
available to date. To understand the chemical basis of the dis-
tinct substrate specificities of these homologous editing
domains, we investigated the mechanism of YbaK hydrolysis.
Collectively, our experimental and computational data support
a mechanism of catalysis that exploits the special side chain
chemistry of cysteine.

EXPERIMENTAL PROCEDURES

Materials—All amino acids and chemicals were purchased
from Sigma unless otherwise noted. [3H]Alanine (54 Ci/mmol),
[3H]proline (99 Ci/mmol), [3H]serine (33 Ci/mmol), and
�-[32P]ATP were from Amersham Biosciences, and [35S]cys-
teine (1075 Ci/mmol) was from PerkinElmer Life Sciences.

Multiple-sequence Alignments—Multiple-sequence align-
ments were performed using the ClustalW multiple-sequence
realignment program (45).
Molecular Modeling of CCA-Cys Bound to H. influenzae

YbaK—The crystal structure ofmonomericH. influenzaeYbaK
was used as the starting structure (Protein Data Bank entry
1DBX) (35). Missing residues 25–29 (NNQHF) in the flexible
loop region were added using the template-based loop struc-
ture prediction server ArchPRED (46). The protonation states
of the residues were calculated by PropKa (47). To relax the
resulting structure and to sample the flexibility of the protein,
15 ns ofmolecular dynamics (MD) simulationwas performed in
explicit solvent (TIP3P) (48) using AMBER 9 (49). Twenty-five
snapshots of the protein structure from the resulting MD tra-
jectory were extracted at equal time intervals and used for
molecular docking. The structure of the 5�-CCA-Cys ligand
was generated using the xleapmodule of AMBER 9. This ligand
was docked onto the 25 structures of YbaK using AutoDock 4.0
(50). All of the ligand torsions were kept flexible, whereas the
protein torsions were fixed. Each docking simulation involved
generation of 200 different conformers, which were then clus-
tered using a root mean square deviation cut-off of 2.0 Å.
Resulting clustersweremanually inspected, and the five docked
structures most consistent with available mutagenesis data
were chosen for further analysis. These structures were mini-
mized using the ff99 force field in AMBER 9, followed by 15 ns
of MD simulation. The complex structure displaying the most
stable trajectory was selected for further analysis. The final
complex structure was subjected to 15 ns ofMD to obtain time-
averaged distance information and identify long livedH-bonds.
These analyses were performed using the ptraj module in
AMBER 9.
Protein and tRNAPreparation—All of the proteins and tRNA

substrates were prepared using published protocols as
described in the supplemental Methods.
Aminoacylation Assays—To test the ability of YbaK to pre-

vent mischarging of �-aminoalanine (�-Aa) onto tRNAPro, 1.5
�M editing-defective Escherichia coli K279A ProRS was incu-
bated with 10 �M 3�-32P-labeled tRNAPro and 150 mM �-Aa in
50 mM HEPES (pH 7.5), 4 mM ATP, 20 mM KCl, 50 mM dithio-
threitol, 25 mM MgCl2, and 0.1 mg/ml BSA at 37 °C, in the
absence or presence of 6�MYbaK. For each time point, 1.5�l of
reaction mixture was quenched into 4.5 �l of 200 mM NaOAc
containing 0.4 unit/�l P1 nuclease at 4 °C.After digestion for 20
min at room temperature, 1 �l of quenched mixture was spot-
ted onto a polyethyleneimine-cellulose TLC plate prerun with
water. Separation of�-Aa-AMPandAMPwas accomplished by
developing the TLC in 0.1 M ammonium acetate and 5% acetic
acid. The radioactivity was analyzed by using a Typhoon Phos-
phorImager, and data were analyzed using Bio-Rad Quantity
One software. The fraction of free tRNA was determined from
the ratio of AMP formed over the total AMP plus �-Aa-AMP.

Preparation of aminoacyl-tRNAs for use in deacylation
assays was carried out as described (29). Briefly, [3H]Ser-
tRNAPro was prepared by incubating 2 �M E. coli AlaRS-CQ
and 8 �M E. coli G1:C72/U70 tRNAPro in a reaction mixture
containing [3H]serine (9.1�M) and unlabeled serine (0.5mM) in
50 mM HEPES (pH 7.5), 4 mM ATP, 20 mM KCl, 20 mM �-mer-
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captoethanol, 25 mM MgCl2, and 0.1 mg/ml BSA. [3H]Ala-
tRNAPro was prepared using E. coli WT AlaRS and G1:C72/
U70 tRNAPro in a similar manner. [35S]Cys-tRNAPro was
prepared by incubating E. coli ProRS (8 �M), E. coli tRNAPro (8
�M) with [35S]cysteine (0.9 �M) and unlabeled cysteine (50 �M)
in a reaction buffer containing 20mMTris-HCl (pH 7.5), 20mM

KCl, 10 mM MgCl2, 25 mM dithiothreitol, and 2 mM ATP as
described previously. [35S]Cys-tRNACys was prepared by incu-
bating E. coli cysteinyl-tRNA synthetase (CysRS) (30 nM) and
E. coli tRNACys (8 �M) in the same reaction buffer. 3�-End-
modified (2�-dA76 or 3�-dA76) E. coli tRNACys was charged
with [35S]cysteine in a similar manner, except a higher concen-
tration of E. coli CysRS (5 �M) was used. Sec-3�-[32P]tRNACys

was prepared by incubating E. coli CysRS (2 �M) and E. coli
tRNACys (10�M)with freshly prepared 50mM selenocysteine in
a reaction buffer containing 20 mM Tris-HCl (pH 8.0), 20 mM

KCl, 10 mM MgCl2, 0.1 mg/ml BSA, 2 mM ATP, and 50 mM

tris-(2-carboxyethyl)phosphine in 0.1 M Tris-HCl buffer (pH
9.0) at 37 °C for 1 h. A fresh solution of 140 mM selenocysteine
was prepared immediately prior to use by dissolving seleno-L-
cystine (Fluka) (11.7 mg, 0.035 mmol) in �40 �l of 0.2 N HCl.
The diselenide bond was reduced in situ by the addition of an
equal volume of 0.2 M tris-(2-carboxyethyl)phosphine in 0.1 M

Tris-HCl (pH 9.0) (51). The final volume (500 �l) was made up
with 0.1 M tris-(2-carboxyethyl)phosphine in 0.1 M Tris-HCl
(pH 9.0), and the pH of the resulting solution was adjusted to
�7.5–8.0 with a few drops of 14 N NaOH. During ethanol pre-
cipitation of the Sec-tRNA, 50 �l of 0.1 M tris-(2-carboxyethyl)-
phosphine solution was added to prevent auto-oxidation.
2-aminobutyric acid (2-Abu)-3�-[32P]tRNAPro was prepared by
incubating 1.5 �M E. coli K279A ProRS with 10 �M 3�-32P-la-
beled tRNAPro and 150 mM 2-Abu in 50 mM HEPES (pH 7.5), 4
mM ATP, 20 mM KCl, 50 mM dithiothreitol, 25 mM MgCl2, and
0.1 mg/ml BSA at 37 °C.
Deacylation Assays—Deacylation assays were generally car-

ried out at 37 °C according to published protocols. Reactions
contained �1.0 �M G1:C72/U70 [3H]Ala-tRNAPro, 1.0 �M

G1:C72/U70 [3H]Ser-tRNAPro, 0.5 �M [35S]Cys-tRNAPro, 1.0
�M [3H]Pro-tRNAPro, 0.7 �M [35S]Cys-2�-dA76-tRNACys, and
0.5 �M [35S]Cys-3�-dA76-tRNACys. Reactions were initiated
with 0.5–1.0 �M WT or mutant YbaK, quenched, and worked
up as described (29). A background reaction was carried out in
which buffer (0.15 M KPO4, pH 7.0) was used to initiate the
reaction for each substrate. For competition assays, various
concentrations of G1:C72/U70 Ser-tRNAPro were mixed with
0.5 �M [35S]Cys-tRNAPro, and reactions were initiated by the
addition of 0.1 �M YbaK. In other competition assays, Sec-
tRNACys, Cys-2�-dA76-tRNACys, or Cys-tRNACys (�6–8 �M

each) were mixed with 0.5 �M [35S]Cys-tRNACys, and reactions
were initiated by the addition of 0.5 �M YbaK. 2-Abu-
[32P]tRNAPro, Sec-[32P]tRNACys, andCys-[32P]tRNACys deacy-
lation assays contained a 1 �M concentration of each tRNA and
0.5–5�MYbaK. Reactionswere quenched by adding 0.4 unit/�l
P1 nuclease in 200 mM NaOAc, and the deacylation level was
analyzed using polyethyleneimine-cellulose TLC, as described
previously (52). The fraction of aminoacyl-tRNA remaining
was plotted as a function of time and fitted to a single-exponen-
tial equation to obtain kobs. All assays were carried out in trip-

licate. In some cases, analysis of reaction products was per-
formed by electrospray ionizationmass spectrometry (ESI-MS)
and LC/MS as described in the supplemental Methods.

RESULTS

Sequence Analysis of the YbaK Superfamily—Freestanding
domainswith homology to the ProRS editing domain have been
identified across a variety of species and can be grouped
together to constitute a “YbaK superfamily.” In addition to the
INS domain of bacterial ProRS, phylogenetic analysis using
available sequences in the Protein Data Bank indicates that
members of this superfamily include at least five distinct free-
standing protein domains designated YbaK, YeaK, ProX, PrdX,
and PA2301. Despite their relatively low sequence identity,
these proteins possess high structural homology (16, 34, 35).
Interestingly, members of the YbaK superfamily investigated to
date show distinct substrate specificities. Whereas the INS
domain specifically hydrolyzes Ala-tRNAPro, bacterial YbaK
possesses post-transfer editing activity against Cys-tRNA in
vitro and in vivo (29, 32). In contrast, Clostridium sticklandii
PrdX has been reported to display Ala-tRNAPro deacylation
specificity (37). The chemical basis for the altered substrate
specificity within the YbaK superfamily is not understood.
To begin to address this question, amultiple-sequence align-

ment of YbaK superfamily members with known function,
including YbaK, the INS domain of ProRS, and PrdX, was per-
formed using the ClustalW multiple-sequence realignment
program (Fig. 1). A separate alignment of the 105-member
YbaK subfamily was also carried out (supplemental Fig. 1). As
noted previously (35), a Lys residue (Lys-46 in H. influenzae
YbaK) and a GXXXP motif are almost universally conserved in
the YbaK superfamily (Fig. 1). TheGXXXPmotif, which resem-
bles a common sequence element in serine proteases (35) and
D-Tyr-tRNATyr deacylases (53), forms part of a flexible loop in
the x-ray crystal structures of Enterococcus faecalis ProRS (16)
and H. influenzae YbaK (35). In addition, several other highly
conserved residues in the YbaK subfamily include surface-ex-
posed lysines and glycines in the flexible random coil regions of
YbaK.
ComputationalModeling of CCA-Cys Bound toH. influenzae

YbaK—There are presently no available structures of post-
transfer editing substrates or substrate analogs bound to the
active site of H. influenzae YbaK or its homologs. To begin to
probe the chemical basis of substrate recognition and the
mechanism of Cys-tRNAPro hydrolysis by YbaK, we used com-
putational approaches to generate a docking model of a
5�-CCA-Cys substrate mimic in the H. influenzae YbaK active
site. The model of the YbaK�CCA-Cys complex was generated
using a judicious combination of molecular docking (AUTOD-
OCK 4) and MD simulations (AMBER 9), as described under
“Experimental Procedures.” Stability of the complex, distances
between important functional groups, and the occupancy (life-
times) of the H-bonds were assessed by analyzing the MD tra-
jectory of the complex structure.
Themodeled complex shows an extended active site binding

pocket that accommodates the three nucleotides of the ligand
(Fig. 2A). The cysteinemoiety binds in a deep cleft and interacts
directly with several functionally important residues identified
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by the mutagenesis studies described below (Fig. 2B, purple
residues). The Phe-29 of the NNQHF loop (Fig. 2B, yellow),
which is missing in the x-ray structure of H. influenzae YbaK
and was therefore built into the model, is positioned on top of
the bound ligand and presumably stabilizes the complex. The
O1P and O2P oxygen atoms of the A76 phosphate form
H-bonds with the Lys-46 amine with 96.8 and 65.6% occu-
pancy, respectively (Fig. 3A). These interactions are consistent
with the critical nature of this lysine residue for activity (29) as
well as with the x-ray structure of apo-E. faecalis ProRS, where
the equivalent lysine is bound to a solvent SO4

2� moiety (16).
Thus, the highly conserved lysine in the YbaK superfamily
appears to play a general role in stabilizing the bound confor-
mation of the tRNA in the active site. The C75 phosphate also
forms strong H-bonds (greater than 90% occupancy) with the
protein. The O1P oxygen forms an H-bond with the side chain
N�H of His-28, whereas the O2P oxygen forms two H-bonds
with the backbone NH groups of Phe-29 and Gly-30 (Fig. 3B).
One of the most stable binding interactions between YbaK

and CCA-Cys involves the adenine base A76. Our analysis
showed three long lived H-bonds, one between the N7 of A76
and the Leu-49 backbone NH and two between the N6 hydro-
gens of A76 and the backbone carbonyls of Leu-49 and Ala-87
(Fig. 3C). These interactions appear to play a critical role in
properly orienting the substrate in the active site.
The orientation of the cysteine was highly stable over the

course of the MD simulation. Two H-bonds form between the
amine of the substrate cysteine moiety and the side chain oxy-
gen atoms of Tyr-20 and Ser-129 (Fig. 3D). The substrate amine
group also formsH-bonds with backbone carbonyls of the KRG
loop (Lys-132, Arg-133, and Gly-134; Fig. 2B, cyan). The car-
bonyl oxygen of the cysteine moiety points to the center of a
cluster of hydroxyl groups belonging to A76 (2�-OH), Thr-47,
and Ser-129, with average distances (to the oxygen of the

hydroxyl groups) of 3.3, 2.9, and 3.6 Å, respectively (Fig. 3D).
Although the modeling results support close interactions
between the carbonyl and amine groups of the substrate amino
acid with the YbaK active site, the position of the side chain
thiol, which lies in a rather large active site pocket, is notable for
its lack of direct interaction with protein residues. Three polar
residues, Ser-44, Thr-66, and Ser-136, in this active site pocket
surround the thiol group, with their side chain hydroxyl oxygen
atoms located 4.1, 5.3, and 4.3 Å away from the thiol proton,
respectively.
Cys-tRNAPro Deacylation by WT and Mutant H. influenzae

YbaK—To probe the role of conserved positions in the YbaK
subfamily, as well as residues in the substrate binding pocket
based on the computational modeling, 22 residues were indi-
vidually mutated to alanine. These were chosen based on the
sequence alignments described above. Residues in four catego-
ries were chosen for alanine-scanning mutagenesis: 1) residues
highly conserved within the entire YbaK superfamily (Lys-46
and Gly-101; numbering based on H. influenzae YbaK); 2) res-
idues highly conserved in the YbaK subfamily only (Thr-47,
Thr-96, Gly-97, Tyr-98, Ser-129, Gly-131, and Gly-134); 3) res-
idues only partially conserved in the YbaK subfamily (Tyr-20,
Phe-29, Gln-108, Thr-114, Asn-117, Tyr-127, Lys-132, and
Arg-133); and 4) residues not conserved but close to the pre-
dicted substrate-binding pocket based on modeling studies
(Asp-31, Glu-32, Ser-44, Thr-66, and Ser-136).
Initial assays were performed using 1 �M WT or mutant

H. influenzae YbaK and 1 �M E. coli Cys-tRNAPro, and relative
deacylation activity was calculated based on the level of deacy-
lation at 30 min (supplemental Fig. 2). Most of the mutants
tested in these assays (D31A, E32A, S44A, T66V, T96A, G97A,
Q108A, T114A, N117A, Y127A, K132A, R133A, G134A, and
S136A) displayed robust deacylation activity (�50% of WT
YbaK). For the mutants that showed lower than 50% activity, a

FIGURE 1. Multiple-sequence alignment of YbaK superfamily. Multiple-sequence alignment of members of the YbaK superfamily performed using the
ClustalW multiple-sequence realignment program (45). The alignment of YbaK, INS domain of prokaryotic-like ProRS, and PrdX is shown. Functionally impor-
tant residues in E. coli ProRS for editing are indicated by a dagger (42). The residues in H. influenzae YbaK investigated by mutagenesis in this study are indicated
by an asterisk. Residues are colored as follows. Red, strictly conserved in YbaK, INS, and PrdX; pink, highly conserved in YbaK/INS; green, highly conserved in INS;
blue, highly conserved in YbaK; yellow, partially conserved in YbaK; gray, not conserved but selected for mutagenesis. Ec, E. coli; Hi, H. influenzae; Ef, E. faecalis
V583; Cc, Caulobacter crescentus CB15; At, Agrobacterium tumefaciens.

Substrate-mediated Fidelity Mechanism

SEPTEMBER 9, 2011 • VOLUME 286 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 31813

http://www.jbc.org/cgi/content/full/M111.232611/DC1


more detailed kinetic analysis was performed, wherein the rate
of deacylation was measured as a function of time (kobs) and
compared with that of WT YbaK (Table 1). In addition, some
positions close to the substrate binding pocket were probed in
more detail, and in a few cases,mutants to non-alanine residues
were made and tested.
Previously, we showed that Lys-46 of H. influenzae YbaK is

critical for Cys-tRNAPro deacylation activity (29). The kinetic
analysis performed here showed a 66-fold decrease in deacyla-
tion efficiency for the K46A variant relative toWTYbaK (Table
1). To gain further insights into the role of this key residue, K46I
and K46R variants were tested. Both the hydrophobicmutation
(K46I) and the conservative mutation (K48R) significantly
reduced activity (38- and 44-fold, respectively). Due to its crit-
ical nature, the Lys-46 residue was earlier suggested to play a

catalytic role in Cys-tRNAPro deacylation (29). In contrast, our
modeling suggests that Lys-46 is involved in binding tRNAPro

and positioning the 3�-end into the substrate binding pocket
(Fig. 3A). This second hypothesis is supported by the mutagen-
esis data showing sensitivity to even a conservative arginine
substitution. A similar role for the corresponding Lys-279 res-
idue has been postulated for Ala-tRNAPro hydrolysis by the INS
domain of E. coli ProRS (16). We also probed Gly-101, which is
a part of the GXXXP motif proposed to be analogous to the
“oxyanion hole” found in serine proteases and D-Tyr-tRNATyr

deacylases (35, 53). The G101A mutation results in a 36-fold
reduction in deacylation activity, consistent with a possible role
in stabilizing the oxyanionic tetrahedral intermediate gener-
ated during ester bond hydrolysis.
In addition to Lys-46 and Gly-101, which are almost univer-

sally conserved in the YbaK superfamily (Fig. 1 and supplemen-
tal Fig. 1), several other highly conserved residues in the YbaK
subfamily were probed in more detail. Alanine substitutions of
Thr-47, Ser-129, Gly-131, and Gly-134 resulted in 6–28-fold
decreases in deacylation efficiency. Upon mutation to alanine,
semiconserved aromatic residues in the YbaK subfamily,
Tyr-20 and Phe-29, displayed 45- and 29-fold decreases in
activity, respectively. Although Ser-44, Thr-66, and Ser-136 are
not conserved in the YbaK subfamily, these residues were
selected for mutation due to their location proximal to the sub-
strate-binding pocket. Whereas a S136A substitution resulted
in 4-fold reduced activity, S136H displayed a 16-fold reduction.
The greater effect of histidine substitution implies that YbaK
catalysis is sensitive to the substrate binding pocket size or
polarity. Alanine and valine substitutions of hydrophilic Ser-44
and Thr-66 side chains, respectively, resulted in small (�2.1-
fold) reductions in activity compared withWT YbaK (Table 1).
In summary, the mutagenesis study provided experimental
support for the computationally derived docking model, iden-
tifying functionally important interactions in and around the
substrate binding pocket (Fig. 2B).
Substrate Specificity and Role of Substrate Functional Groups

inYbaKCatalysis—YbaKcatalyzes hydrolysis ofCys-tRNAand
does not show activity against isosteric substratesAla-tRNAPro,
Gly-tRNAAla, and Ser-tRNAAla (Fig. 4A) using 1 �M protein
(29). At very high enzyme concentration (21 �M), weak hydrol-
ysis of these substrates was observed (29). To determine
whether any of the YbaK mutants display altered substrate
specificity, we tested the ability of the majority of the YbaK
variants to hydrolyze nonspecific substratesAla-, Ser-, and Pro-
tRNAPro. In all cases, the substrate specificity of the mutants
was similar to that of WT YbaK (i.e. none of the mutants dis-
played significantly enhanced ability to hydrolyze the nonspe-
cific substrates even in the presence of very high concentrations
of mutant proteins (21 �M) (supplemental Table 1)).

We also tested two non-natural amino acids, 2-Abu and
�-Aa (Fig. 4A), for hydrolysis by WT YbaK. These substrates
are isosteres of cysteine where the thiol group is replaced by
either a methyl or amine group, respectively. As shown in Fig.
4B, 2-Abu-tRNAProwas not a substrate for deacylation byYbaK
(0.5�M). In the case of�-Aa, sufficient quantities ofmischarged
tRNA could not be readily generated for deacylation assays;
however, a mischarging assay conducted in the presence and

FIGURE 2. Computational model of H. influenzae YbaK�CCA-Cys complex.
A. The electrostatic potential surface of YbaK was generated by APBS software
(65). The cysteine moiety of the substrate (yellow) is located in a deep cleft in
the active site. B, ribbon representation of YbaK structure with CCA-Cys sub-
strate shown primarily in black. The NNQHF loop, GXXXP loop, and KRG loop
are highlighted in yellow, red, and cyan, respectively. Residues changed in this
study are highlighted in purple (deacylation rate decreased �5-fold upon
mutagenesis) or green (deacylation rate affected �3-fold upon mutagenesis).
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absence of YbaK is consistent with a lack of hydrolysis activity
(Fig. 4C). Taken together, our data suggest that the substrate
cysteine thiol side chain is required for catalysis by YbaK.

Although Ser-tRNA is not a substrate for YbaK deacylation,
we wanted to test whether Ser-tRNA binds to the same active
site as Cys-tRNA. To address this question, Cys-tRNAPro

deacylation assays were performed in the presence of various
concentrations of Ser-tRNAPro (Fig. 4D). These studies showed
that YbaK deacylation of Cys-tRNAPro was inhibited in the
presence of Ser-tRNAPro, with �65% inhibition observed at 1
�MSer-tRNAPro. These results support the conclusion that cys-
teine and serine occupy the same active site, but onlyCys-tRNA
is a substrate for YbaK deacylation, suggesting a critical role for
the cysteine thiol group in catalysis.
We next wanted to establish whether the specificity for cys-

teine over serine was conferred by the presence of a zinc ion in
the active site. A similar role for zinc has been demonstrated in
the case of CysRS (54). Atomic absorption spectroscopic anal-
ysis revealed that purified H. influenzae YbaK did not contain
bound zinc ions, as expected from the available H. influenzae
YbaK crystal structure (35).Nevertheless, we tested the effect of
zinc on YbaK deacylation by supplementing the reaction buffer
with 5mMZnCl2. The results showed that the zinc addition had
no effect on deacylation activity (supplemental Fig. 3). Further-

FIGURE 3. Views of Docked YbaK�CCA-Cys complex showing predicted H-bonds (dashed lines) between YbaK and the substrate. A, H-bonds between
Lys-46 and A76 phosphate; B, H-bonding interactions of C75 phosphate; C, H-bonding interactions of A76 adenine; D, H-bonds between the amino group of
substrate cysteine and Tyr-20 and Ser-129 hydroxyl groups. Colors for atoms used are as follows. Black, carbons of CCA-Cys substrate; cyan, phosphorus; red,
oxygen; white, hydrogen; gray, carbons of YbaK residues; yellow, sulfur.

TABLE 1
Observed rate constants (kobs) for Cys-tRNAPro deacylation by WT and
mutant H. influenzae YbaK

Mutant kobs � 102a Decrease

min�1 -fold
WT 31.6 � 0.74
Y20A 0.70 � 0.02 45
F29A 1.09 � 0.03 29
S44A 24.74 � 2.66 1.3
K46A 0.48 � 0.08 66
K46R 0.71 � 0.16 44
K46I 0.83 � 0.07 38
T47A 1.53 � 0.03 21
T66V 15.30 � 1.23 2.1
G101A 0.89 � 0.08 36
S129A 5.68 � 0.13 5.6
G131A 1.14 � 0.03 28
G134A 4.29 � 0.08 7.4
S136A 8.67 � 0.12 3.6
S136H 1.93 � 0.03 16

aThe kobs (min�1) values were calculated by fitting the percentage of Cys-tRNAPro

remaining as a function of time to a first order exponential decay equation, y �
Ae�kobs � t 	 B. Values represent the average of three trials with the S.D. indicated.
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more, EDTA treatment to chelate any residual zinc following
protein purification also failed to alter catalysis by YbaK (sup-
plemental Fig. 3).
Previous studies have shown that the cis-hydroxyl groups of

the terminal A76 of tRNA are critical for deacylation by aaRSs
(44, 55–57). To examine the role of the 3�-terminal hydroxyl
groups in YbaK deacylation, Cys-tRNA analogs lacking either
the 2�- or 3�-hydroxyl group were prepared. Due to poor levels
of cysteine charging onto dA76 tRNAPro variants by ProRS,

dA76 tRNACys variants were used for this study. CysRS has
previously been shown to aminoacylate cysteine on 2�-dA76- or
3�-dA76-tRNACys (58). As shown in Fig. 4E, neither the 2�- nor
the 3�-dA76 Cys-tRNACys variant was hydrolyzed by YbaK,
whereasWTCys-tRNACyswas readily deacylated. Based on our
level of detection, we estimate that the single deoxy substitu-
tions result in at least a 100-fold decrease in deacylation effi-
ciency.We showed that Cys-2�-dA76-tRNACys serves as a com-
petitive inhibitor of Cys-tRNACys deacylation by YbaK (Fig. 4E,

FIGURE 4. Substrate specificity of H. influenzae YbaK. A, structures of amino acids tested as substrates for post-transfer editing by H. influenzae YbaK. 		,
hydrolyzed; 	, hydrolyzed (deacylation activity is �10-fold reduced relative to Cys-tRNA); �, not hydrolyzed (deacylation activity �100-fold reduced relative
to Cys-tRNA). B, deacylation of 2-Abu-tRNAPro by H. influenzae YbaK (0.5 �M). Hydrolysis in the absence of protein or in the presence of 2 M NaOH is also shown.
C, mischarging of �-Aa onto 10 �M tRNAPro by 1.5 �M E. coli K279A ProRS in the absence or presence of WT H. influenzae YbaK (2 �M). D, YbaK (0.1 �M)
deacylation of 0.5 �M Cys-tRNAPro in the absence (YbaK only) and presence of increasing concentrations of Ser-tRNAPro. E, deacylation of 2�-dA76 or 3�-dA76
Cys-tRNACys by WT H. influenzae YbaK (1 �M). Hydrolysis of WT Cys-tRNACys by YbaK or 2 M NaOH is also shown. Inset, deacylation of [35S]Cys-tRNACys by E. coli
YbaK (0.5 �M) in the absence (YbaK only) and presence of Cys-tRNACys (WT) and Cys-2�-dA76-tRNACys (2�dA76) at 30 °C. Axis labels are the same as in the main
panel. Error bars, S.D.
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inset), indicating that binding is not significantly affected by the
deoxy substitution. These data suggest that the hydroxyl group
proximal to the site of esterification plays a critical role in catal-
ysis by YbaK.
Role of Cysteine Thiol Group in Hydrolysis by YbaK—A pre-

vious study demonstrated that E. coli CysRS displays weak
hydrolysis of Cys-tRNACys in the aminoacylation site and sug-
gested that this may occur via cysteine-thiolactone formation
(59). To test this as a possiblemechanism for YbaK deacylation,
we analyzed the YbaK-catalyzed [35S]Cys-tRNAPro deacylation
products using cellulose TLC. A major species (Fig. 5A, lane
3–5, Product) is observed with an Rf value that is distinct from
that of free cysteine (Fig. 5A, lane 6). In the absence of YbaK,
this compoundwas not detected byTLC (Fig. 5A, lanes 1 and 2),
suggesting that this compound is generated during YbaK catal-
ysis. We also showed that the major YbaK product does not
co-migrate with cystine (Fig. 5A, lane 7).

To identify the product formed upon YbaK catalysis, we ana-
lyzed the crude reaction mixture using high resolution ESI-MS
with methanol as a carrier solvent (supplemental Fig. 4). The
major species in the spectrumwas observed at 158.0246 atomic
mass units and was assigned as the Na	 adduct of cysteine
methyl ester (theoreticalm/z� 158.0246). This assignmentwas
further validated with an authentic sample of cysteine methyl
ester.We propose that the cysteinemethyl ester is produced by
methanol-activated transesterification of a thiolactone inter-
mediate formed upon YbaK-catalyzed hydrolysis of Cys-tRNA
(Fig. 6B). A similar esterification reaction between free cysteine
and methanol is kinetically less feasible and thus not observed
(Fig. 6A). Reaction mixtures were also analyzed by tandem
LC/MS. In the presence of YbaK, a distinct peak was observed
at 3.5min that is well separated from free cysteine at 1min (Fig.
5B), and this major peak was confirmed to be the cysteine
methyl ester by MS/MS analysis (M 	 H � 136). YbaK-inde-
pendent transesterification of Cys-tRNAPro bymethanol can be
ruled out because only free cysteine is observed in the absence
of YbaK (Fig. 5B). In a control reaction, free cysteine was ana-
lyzed in methanol solution, and no cysteine methyl ester peak
was detected. These data support the conclusion that YbaK-
catalyzed Cys-tRNAPro hydrolysis proceeds via a cysteine-thio-
lactone intermediate.
Based on the chemical similarity between cysteine and sel-

enocysteine, we hypothesized that substitution of the side chain
sulfur for a selenium atomwould support deacylation by YbaK.
To test this hypothesis, we misacylated tRNACys with seleno-
cysteine using CysRS and measured the rates of deacylation by
YbaK. YbaK deacylates Sec-tRNACys, albeit with an �10-fold
reduced rate relative to Cys-tRNACys (Fig. 7A). Nevertheless,
these results further support the mechanism shown in Fig. 6B.

DISCUSSION

Several biochemical, computational, and x-ray crystallo-
graphic studies examining post-transfer editingmechanisms of
aaRSs have proposed water-mediated cleavage of the amino-
acyl-tRNA ester bond (Fig. 6A) (43, 44, 55–57). Class I leucyl-
tRNA synthetase and isoleucyl-tRNA synthetase and class II
threonyl-tRNA synthetase and phenylalanyl-tRNA synthetase
activate water molecules via interaction with conserved resi-
dues in their editing active sites. In addition, editing often
occurs via substrate-assisted catalysis involving the hydroxyl
groups of the A76 ribose on tRNA (44, 56, 57). In all of these
systems, a double-sieve mechanism is used, involving steric
exclusion of the cognate aminoacyl-tRNA from the editing
domain. In contrast, our data are consistent with an alternate
mechanism that exploits the unique chemistry of the thiol side
chain.
The thiol group of free cysteine is a strong nucleophile with a

pKa value of 8.3. Furthermore, the pKa of cysteine in the active
site of a protein may be suppressed by as much as 2 units when
close to polar or charged residues (60). In ourmodel ofH. influ-
enzae YbaK, the substrate cysteine thiol is located close to sev-
eral non-conserved polar residues (Ser-44, Thr-66, and Ser-
136) (Fig. 8). In E. coli YbaK, Ser-136 is replaced by a charged
aspartate residue. As expected, mutation of these non-con-
served residues is not critical for hydrolysis. Nevertheless, the

FIGURE 5. Analysis of deacylation reaction by TLC and LC/MS. A, reaction
products of [35S]Cys-tRNAPro deacylation by H. influenzae YbaK detected by
cellulose TLC. Eluent and carrier solvents were n-butanol/acetic acid/water
(4:1:1, v/v/v) and methanol, respectively. A unique product band (Rf � 0.21,
lanes 3–5, Product) distinct from free cysteine (Rf � 0.15, lane 6) is observed.
Lane 1, deacylation reaction in the absence of YbaK; lanes 2–5, deacylation
reaction in the presence of YbaK at 0, 10, 20, and 30 min; lane 6, authentic
[35S]cysteine; lane 7, [35S]cystine. B, LC traces of crude reaction mixtures fol-
lowing H. influenzae YbaK-catalyzed Cys-tRNAPro deacylation (black) or a con-
trol reaction in the absence of YbaK (gray). Free cysteine eluted at 1 min, and
cysteine methyl ester eluted at 3.5 min.
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environment of the active site may lower the cysteine pKa,
resulting in thiolate attack of the carbonyl center and formation
of a four-membered thiolactone intermediate (Fig. 6B). Inter-
estingly, the average side chain dihedral �1 of cysteine in our
model is 54.2°, which brings the thiol sulfur in close proximity
to the carbonyl carbon (3.3 Å) at an angle of 105°, making it
facile for nucleophilic attack. Cyclization would be less favor-
able for a serine substrate because of the higher pKa (�13) of its
hydroxyl side chain. In addition, a four-membered lactone
would be highly constrained due to the shorter C–O bond
length. On the other hand, selenocysteine was found to be a
substrate for YbaK. Given the lower pKa of the selenol group
(�5.2), the apparent 10-fold reduction in rate for the Sec-
tRNACys substrate is somewhat surprising. Computational
studies showed that the selenolactone ring strain is actually
lower than that of the thiolactone (supplemental Table 3), sup-
porting the prediction that selenocysteine should be a better
substrate than cysteine. In addition, using a competition assay,
we showed that �6 �M Cys-tRNACys or Sec-tRNACys both
competitively inhibit YbaK deacylation of Cys-tRNACys (Fig.
7B), suggesting that there is not a significant tRNA binding
defect. Thus, although global tRNA binding is not affected, we
hypothesize that the larger selenocysteine group may perturb
the active site leading to slight destabilization of the transition
state and decrease the rate of catalysis.

The formation of cyclized adducts in the active sites of aaRSs
is not unprecedented. Studies of aaRSs that utilize amino acids
featuring nucleophilic side chains as substrates have demon-
strated that in addition to Cys-tRNACys hydrolysis by CysRS
(59), adenylates of homocysteine and ornithine can be hydro-
lyzed in the activation sites of MetRS, and LysRS, respectively
(59, 61, 62). The latter reactions have been proposed to occur
via cyclization mechanisms that result in the formation of
homocysteine thiolactone and ornithine lactam.
In addition to the substrate thiol, the 2�-hydroxyl group of

A76 is also crucial for YbaK-catalyzed deacylation of Cys-
tRNA. This supports our proposedmechanism that YbaK func-
tions by binding the substrate in an orientation that facilitates
cyclization of the substrate cysteine while excluding watermol-
ecules from the active site. It is noteworthy that all of the func-
tionally important conserved residues in the YbaK subfamily
examined here appear to either play a structural role (Gly-131
and Gly-134) or are involved in the stabilization of the amino-
acyl-tRNA (Lys-46 and Ser-129) or the oxyanionic reaction
intermediate (Thr-47 and Gly-101) (Fig. 8). Although none of
these residues provide specificity for cysteine per se, this is con-
sistent with the proposed catalytic role of substrate cysteine.
Our proposed mechanism is also consistent with the observa-
tion that none of the active site mutations result in a complete
loss in enzymatic activity. The most deleterious mutation

FIGURE 6. Possible Cys-tRNAPro hydrolysis mechanisms. A, water hydrolysis pathway. The free product cysteine formed does not react with methanol (carrier
solvent in ESI-MS). B, hydrolysis by cyclization of cysteine. The cysteine thiolactone intermediate reacts with methanol to form cysteine methyl ester.

FIGURE 7. Deacylation of aminoacyl-tRNAs by E. coli YbaK. A, deacylation of �1 �M Cys-3�-[32P]tRNACys and Sec-3�-[32P]tRNACys by 5 �M WT E. coli YbaK at
25 °C. A representative buffer (0.15 M KPO4, pH 7.0) hydrolysis is also shown. B, deacylation of [35S]Cys-tRNACys by E. coli YbaK (0.5 �M) in the absence (YbaK only)
and presence of Cys-tRNACys and Sec-tRNACys at 25 °C.
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occurs at a residue (Lys-46) that is present in all members of the
YbaK superfamily (Fig. 1) and that has been proposed to play a
general role in positioning the catalytically competent orienta-
tion of the substrate in the active site of the enzyme (Fig. 8).
Editing defects in AlaRS are toxic to bacteria and linked to

neurodegeneration in mice that harbor a gene encoding the
mutant synthetase (2, 13). Although AlaRSs edit both Gly- and
Ser-tRNAAla, freestanding AlaXps co-evolved as a second
checkpoint to ensure editing of Ser-tRNAAla, which poses a
greater challenge than glycine (38, 63). Although even mild
editing defects have been linked to serious pathology in the
mouse (2), the presence of �10%mismade protein is not detri-
mental to E. coli (64). Thus, different organisms and cellular
environments display different requirements with respect to
error rate tolerance.
The widespread occurrence of a Cys-tRNA deacylase in bac-

teria (Fig. 1) is consistent with the importance of proline and
cysteine residues for protein structure and function. Proline to
cysteine mutations can potentially result in drastic conse-
quences as a result of protein misfolding or disruption of regu-
latorymechanisms in the cell. The distinct mechanism of YbaK
catalysis offers insights into the evolutionary pressure to evolve
andmaintain a separate trans-editing domain to clear mistakes
made by ProRS. During aminoacylation, ProRS cannot effec-
tively discriminate between proline (90Å3) and cysteine (86Å3)
due to their similar Van der Waals volumes (30). This is also
evident from the overlapping orientations of the corresponding
aminoacyl-adenylates bound in the amino acid activation site of
ProRS (16, 31). The INS domain of ProRS (and the homologous

PrdX domain (32, 37); see Fig. 1) selectively clears Ala-tRNAPro

based on the double-sieve mechanism of editing that functions
via steric exclusion of proline. A model of the E. faecalis
INS�CCA-Ala complex (supplemental Fig. 5) generated by
homology modeling using our final YbaK�CCA-Cys complex
model as a starting structure predicts that themethyl side chain
of substrate alanine binds in a small hydrophobic pocket
formed by conserved residues Ile-263 and Val-266. This pocket
is too small to accommodate the larger amino acids proline and
cysteine without disrupting active site geometry.4 Had the INS
domain evolved a larger binding pocket to accommodate and
edit cysteine in addition to alanine, it would have been more
challenging to discriminate against cognate proline.
In addition, computational studies showed that CCA-Pro

can bind YbaK with an orientation similar to that of CCA-Cys,
albeit with somewhat lower affinity (supplemental Results and
Table 2). Therefore, if YbaK had evolved to clear cysteine via a
general water-mediated mechanism rather than via thiol-spe-
cific chemistry, cognate proline would also be hydrolyzed. We
propose that the INS domain and YbaK co-evolved distinct
mechanisms involving the use of steric exclusion and thiol-
specific chemistry, respectively, to prevent nonspecific hydrol-
ysis of correctly charged Pro-tRNAPro. In this manner, the fine
sieve of the ProRS INS domain and the chemical sieve of YbaK
collaborate to ensure accurate decoding of proline codons.
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