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ABSTRACT: Enzymes regulated by allostery undergo conformational rearrangement upon binding effector
molecules. For modular proteins, a flexible interface may mediate reorientation of the protein domains and
transmit binding events to activate catalysis at a distance. Aminoacyl-tRNA synthetases (aaRSs) that use
tRNA anticodons as identity elements can be considered allosteric enzymes in which aminoacylation of the
tRNA acceptor stem is enhanced upon anticodon binding. We reasoned that anticodon-triggered conforma-
tional change might be restricted upon introduction of a disulfide linkage near the core of an aaRS. Here we
show that a double cysteine mutation engineered at the Escherichia coli MetRS domain interface
spontaneously generates a disulfide linkage. This disulfide clamp has no effect on methionyl adenylate
formation but reduces the level of tRNAM®" aminoacylation ~2-fold. Activity is restored upon chemical
reduction of the disulfide, demonstrating that E. coli MetRS requires a flexible interface domain for full

catalytic efficiency.

Proteins are dynamic macromolecules that undergo structural
rearrangement to bind ligand, regulate access to a catalytic site,
or release product. Conformational flexibility is essential for
Koshland’s classical “induced fit” model of enzyme regulation, in
which ligand binding alters protein structure to promote cata-
lysis (/). Despite numerous high-resolution structures that sam-
ple a protein’s conformational landscape upon ligand binding,
the energetic contribution of protein flexibility to catalysis is
poorly understood. Furthermore, the physical and energetic
paths of long-range communication are characterized for few
enzymes. Here we report the contribution of conformational
flexibility to catalytic activation in an aminoacyl-tRNA syn-
thetase.

Aminoacyl-tRNA synthetases (aaRSs) catalyze the attach-
ment of amino acids to their cognate tRNAs, thereby establishing
the rules of the genetic code (2). Synthetases are modular
proteins, with distinct polypeptide elements contributing cataly-
tic, tRNA binding, and editing functions. Biochemical and
structural analyses reveal that tRNA aminoacylation has features
of allosteric catalysis, such that binding of an effector (for
example, the tRNA anticodon) results in a change in shape from
an inactive to active enzyme. It is particularly clear that for
enzymes using nucleotide determinants outside the acceptor arm,
communication between protein domains contributes to efficient
tRNA aminoacylation (3). aaRS conformational changes ob-
served or predicted upon tRNA binding include rearrangement
of surface loops (4), rotation of domains relative to one
another (5—7), hinge-bending reorientation of domains (8, 9),
and assembly of the catalytic domain (10, 11).

Methionyl-tRNA synthetase (MetRS) has a strong depen-
dence on the CAU anticodon of its isoaccepting tRNAs, such

"This work was supported by Grant MCB-0448243 from the National
Science Foundation and by the National Foundation for Cancer
Research.

*To whom correspondence should be addressed. E-mail: alexanr@
wfu.edu. Phone: (336) 758-5568. Fax: (336) 758-4656.

©2009 American Chemical Society

that anticodon substitutions decrease aminoacylation efficiency
(keat/Kyv) as much as 6 orders of magnitude (/2). Because
anticodon nucleotides are critical for tRNAM®" aminoacylation,
small RNA substrates that recapitulate the tRNA acceptor stem
but lack the anticodon are poor substrates for MetRS (13, 14).
The C-terminal anticodon binding domain of Escherichia coli
MetRS (Figure 1) is an o-helical bundle containing Trp-461,
which contacts the CAU anticodon and is essential for cognate
tRNA selection (15, 16). The extreme C-terminal portion of
MetRS contains a dimerization domain that is dispensable for
activity in vitro (/7). The crystal structure of the Aquifex aeolicus
MetRS—tRNAM® complex demonstrated that Trp-422 (which
aligns with E. coli Trp-461) stacks on C34 (7). While the extreme
3'-terminus of tRNAM®" was disordered in the crystal structure,
biochemical evidence (/8) suggests that cognate anticodon bind-
ing triggers unwinding of the tRNA acceptor stem to produce the
acceptor stem hairpin observed for tRNAs aminoacylated by
class I ArgRS, CysRS, GInRS, GluRS, and LeuRS (10, 19—22).
The N-terminal catalytic domain of E. coli MetRS synthesizes
methionyl adenylate and aminoacylates small RNA substrates
even with an anticodon binding domain rendered inactive by
mutations (23). Likewise, the anticodon binding domain retains
nucleotide discrimination despite mutations that diminish tRNA
aminoacylation activity (24). It is clear that for MetRS, efficient
aminoacylation requires functional communication between
these protein modules, and that conformational change is a likely
mechanism for interdomain communication (25—27). We hypo-
thesized that if anticodon-triggered conformational change is
important for efficient tRNAM®' aminoacylation, mutations that
limit the flexibility of MetRS should inhibit catalysis.
Introduction of non-native disulfide bonds within proteins
thought to undergo conformational change has proven to be
informative for a variety of systems, including RNA poly-
merase (28—31), E. coli 5'-nucleotidase (32), and a cold-adapted
alkaline phosphatase (33). We sought to use an engineered
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FIGURE 1: E. coli MetRS showing the locations of cysteine mutants
generated. Monomeric E. coli MetRS [Protein Data Bank (PDB)
entry 1QQT]is shown with the Rossmann nucleotide binding domain
(active site) colored red, the connective polypeptide green, the stem
contact fold gold, and the anticodon binding domain blue. Substitu-
tions to cysteine are colored orange at residues 361 (stem contact fold)
and 438 (anticodon binding domain).

disulfide linkage to probe the conformational flexibility of the
interdomain region of MetRS and determine the contribution of
flexibility to tRNAM®" aminoacylation efficiency.

MetRS contains a helical subdomain between its anticodon and
catalytic domains that includes a helix—turn—strand—helix motif
also observed for GInRS (34) and other class I aaRSs. In the
GInRS—tRNAS™ complex, the loop of this motif is directed at the
inner corner of tRNAS™, likely mediating the proper orientation of
tRNAS™ into the enzyme’s active site (/9). Modeling analysis
predicted a similar orientation for the MetRS—:tRNAM® com-
plex (34), and we reasoned that the structurally similar peptide at
MetRS’s interface might serve a functional role in the induced fit
mechanism of cognate tRNA selection. Guided by the E. coli
MetRS crystal structure (PDB entry 1QQT), we identified four
pairs of amino acids that span the stem contact fold and the anti-
codon binding or catalytic domain with a Ca separation of <7 A.
We show that substitution of Ala-361 and Gly-438 with cysteine
residues results in spontaneous formation of a non-native disulfide
bond that reversibly inhibits anticodon-triggered tRNAM<" amino-
acylation ~2-fold without altering methionyl adenylate formation.

MATERIALS AND METHODS

Cloning and Purification of E. coli Methionyl-tRN A Syn-
thetase Variants. The portion of the metS gene corresponding to
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the 547 N-terminal amino acids of E. coli MetRS was cloned into
pET28a (Novagen, Gibbstown, NJ) to generate pSW101, which
encodes an N-terminally Hiss-tagged MetRS monomer. A
similar Hiss-MetRS monomer was previously shown to be fully
active in functional assays (/8). Pairs of residues chosen for
disulfide engineering were Ile-367 and His-323, Asp-368 and
Gly-324, Asn-329 and Asn-373, and Ala-361 and Gly-438.
Single-cysteine substitutions at each position and the double
mutants Asn-329 — Cys/Asn-373 — Cys and Ala-361 — Cys/
Gly-438 — Cys were generated by QuikChange mutagenesis
(Stratagene, La Jolla, CA) of pSW101. The presence of mutations
was confirmed by DNA sequencing. Wild-type and mutant
proteins were purified to homogeneity from Rosetta 2 (DE3)
cells (Novagen) by nickel affinity chromatography according to
the manufacturer’s protocol (Qiagen, Valencia, CA). Purified
MetRS variants were flash-frozen and stored in 20 mM HEPES-
KOH (pH 7.5), 100 mM NacCl, 10 mM KCI, 10 mM MgCl,, and
40% glycerol at —80 °C and used directly for assays. Protein
concentrations were measured by a microplate Bradford assay
(Bio-Rad) using BSA as the standard.

Liquid Chromatography— Mass Spectrometry (LC—
MS) Identification of Disulfide. Mass spectrometry analysis
was conducted at the Protein Analysis Core Laboratory of the
Cleveland Clinic Research Foundation (Cleveland, OH). Purified
wild-type MetRS and the G438C/A361C variant were electro-
phoresed on a 10% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS—PAGE) gel and stained with Coomassie
blue. Protein bands were cut into small pieces, washed with water,
and dehydrated in acetonitrile. Samples were alkylated with
iodoacetamide before in-gel trypsin digest. The peptides were
extracted from the polyacrylamide in two aliquots of 30 uL of
50% acetonitrile with 5% formic acid. These extracts were
combined and evaporated to <10 uL and then resuspended in
1% acetic acid, yielding a final volume of ~30 uL for LC—MS
analysis. The LC—MS system is a Finnigan LTQ linear ion trap
mass spectrometer interfaced with an Eksigent splitless nanoflow
HPLC system [self-packed 9 cm x 75 um (inside diameter)
Phenomenex Jupiter C18 reversed-phase capillary chromatogra-
phy column]. The peptides from 10 uL of tryptic digest eluted
from the column by an acetonitrile/0.05 M acetic acid gradient at
a flow rate of 200 nL/min were introduced directly into the
microelectrospray ion source (2.5 kV) of the mass spectrometer.
The digest was analyzed, and peptides were identified by full
scanning of the mass spectra. Peptide coverage was 76% for wild-
type MetRS and 77% for the A361C/G438C variant (51 peptides
each). Further confirmation of peptide identity was achieved by
collision-induced dissociation (CID).

Quantification of Reactive Thiols. The number of free
sulfhydryl groups present in MetRS variants was determined
using DTNB [5,5'-dithiobis(2-nitrobenzoic acid)], Ellman’s re-
agent (Pierce/ ThermoScientific, Rockford, IL), which undergoes
disulfide exchange with protein thiols to release 2-nitro-5-thio-
benzoate (NTB) (Amax = 412 nm; e415 = 14150 M~ " em ™) (35).
MetRS (18 uM) was incubated at room temperature for 15 min
with 0.18 mM DTNB in 0.1 M sodium phosphate (pH 8.0), | mM
EDTA, and 8 M urea. The concentration of reactive thiols
present in each sample was calculated from NTB absorbance
at 412 nm using Beer’s law. Determinations were performed in
triplicate.

Reduction of the Disulfide Bond. The engineered disulfide
in the A361C/G438C variant was reduced by incubation at 25 °C
for 45—60 min with tris(2-carboxyethyl)phosphine hydrochloride
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(TCEP-HCI) agarose (Pierce/ThermoScientific) according to the
manufacturer’s protocol. Following removal of the reductant
using a spin column, reduced protein was used within 30 min for
either thiol quantification or tRNA aminoacylation.

Preparation of RNA Substrates. tRNAM® was generated
by in vitro transcription of overlapping oligonucleotides (36)
using T7 RNA polymerase, NTPs (5 mM each), 40 mM DTT,
250 mM HEPES-KOH (pH 7.5), 30 mM MgCl,, and 0.1 mg/mL
bovine serum albumin at 37 °C for 2 h. Transcription products
were purified on 16% denaturing polyacrylamide gels and
electroeluted using an Elutrap device (Schleicher & Schuell,
Keene, NH). The concentration of tRNAM®" was determined
by the absorption at A, (1 OD unit = 40 mg/L; tRNAM®
molecular mass of 23480 Da), and the chargeability was deter-
mined by a plateau charging assay. Purified tRNA was typically
aminoacylated at >80% of the A,sp-determined RNA concen-
tration.

Methionyl Adenylate Assay. Enzyme-catalyzed formation
of methionyl adenylate was monitored in a **PP,— ATP exchange
assay as described previously (24). The reaction mixture con-
tained 100 mM Tris-HCI (pH 7.5), 2 mM NaPP;, 10 mM
2-mercaptoethanol, 0.1 mg/mL BSA, 10 mM KF, 5 mM MgCl,,
2 mM ATP, 20 «uM methionine, and [**P]NaPP; (1—60 Ci/mmol).
Reactions were performed at 25 °C and initiated by addition of
enzyme (final concentration of 50 nM). Aliquots (10 uL) were
removed at 2 min intervals and reactions quenched with 500 uL
of charcoal suspension (3% charcoal in 7% HCIO4 and 0.2 M
PP;). The quenched reaction mixture was spun twice at 16000 rpm
with 0.2 mL of wash buffer (10 mM PP; and 0.5% HCIOy). The
[y-**PJATP generated by the exchange reaction and trapped in
the charcoal was collected in a spin column and quantified by
scintillation counting.

Aminoacylation of tRNA. tRNA aminoacylation assays
were conducted as described previously (24). We annealed
samples by heating them to 80 °C in 20 mM HEPES-KOH
(pH 7.5), slowly cooling them to 60 °C, adding MgCl, to a final
concentration of 1 mM, and then cooling them to room
temperature. Annealed tRNA (1—-100 xM) was incubated with
MetRS (50 nM) in 150 mM NH4CI, 20 mM HEPES-KOH (pH
7.5), 10 mM MgCly, 4 mM ATP, 0.1 mM EDTA, 100 uM
methionine, and [*>SJmethionine (> 1000 Ci/mmol). Assays to
determine kinetic parameters of tRNA aminoacylation were
performed at least in duplicate with 50 nM wild type and tRNA
concentrations ranging from 2 to 20 uM tRNAM®. Kinetic
parameters were generated from hyperbolic fits of the initial
velocity of tRNA aminoacylation versus tRNAM® concentration
using Origin 8.0 (OriginLab Corp., Northampton, MA).

RESULTS

Preparation of MetRS Variants. Single-cysteine variants of
His-MetRS at His-323, Gly-324, Asn-329, Ala-361, Ile-367,
Asp-368, Asn-373, and Gly-438 were prepared by QuikChange
mutagenesis of the pET28-cloned MetRS monomer (pSW101)
and verified by DNA sequencing. Proteins were soluble on
expression in Rosetta 2 (DE3) cells and were purified by nickel
affinity chromatography to homogeneity. Activity assays re-
vealed that His-323 and Gly-324 were sufficiently impaired in
activity that double-cysteine variants including these residues
were not constructed. Double mutants Asn-329 — Cys/Asn-
373 — Cys (N329C/N373C) and Ala-361 — Cys/Gly-438 — Cys
(A361C/G438C) were generated by the QuikChange method.
The N329C/N373C variant was insoluble under growth
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conditions used and was not pursued. The A361C/G438C
double-cysteine variant, verified by sequencing the entire gene,
was solubly expressed in Rosetta 2 (DE3) cells.

Presence of a Disulfide Bond. It was not clear from the
outset whether merely introducing proximal cysteine residues
into the MetRS sequence would generate a disulfide bond or
whether external oxidants or cross-linking agents would be
necessary. The presence of a spontaneously formed disulfide
bond in affinity-purified A361C/G438C MetRS was suggested by
the reaction of MetRS variants with DTNB. The native E. coli
MetRS monomer (547 N-terminal residues) has eight cysteine
residues and no disulfide bonds (75). Four of these cysteines
chelate a Zn®' in the connective polypeptide motif inserted
between halves of the Rossmann fold domain (37, 38) and are
not reactive to DTNB even under moderate denaturing condi-
tions (8 M urea). Thus, only 4 equiv of thiolate ion is produced
upon treatment of wild-type MetRS with DTNB under denatur-
ing conditions (Figure 2). Incubation with DTNB revealed five
reactive thiols for the Gly-438 — Cys mutant but only four for the
A361C/G438C double mutant. This spectroscopic analysis sug-
gested the presence of a spontaneously formed disulfide bond in
the A361C/G438C variant. The disulfide could be reduced by
treatment with agarose-immobilized TCEP, resulting in six thiols
per protein detected upon reaction with DTNB (Figure 2).
Reduced protein reoxidized within 30 min at ambient tempera-
ture, indicating that the engineered cysteine thiols were ideally
oriented for disulfide formation.

To determine whether the disulfide was formed between the
engineered cysteine side chains, mass spectrometric analysis was
conducted. Trypsin digestion of the A361C/G438C variant
followed by LC—MS revealed mass peaks at [M + 2H]*" —
H,0 (673.25 Da) and [M + 3HP’" — H,O (449.06 Da) corre-
sponding to the disulfide-linked peptide *7YYYTCK?¢2-4%
EFCK*” (1365 Da) (Figure 1 of the Supporting Information).
This peptide was not detected in wild-type MetRS. Given the rate
of reoxidation of the disulfide, mass spectroscopy analysis of the
reduced protein was not pursued.

Methionyl Adenylate Formation. Ala-361 and Gly-438 are
remote from MetRS’s active site, with their o-carbons 25.2 and
26.0 A, respectively, from the carbon representing the reactive
carbonyl in the methionyl adenylate analogue of PDB entry
IPGO (39). To determine whether substitution of either residue
with cysteine would affect catalysis in the active site, we mon-
itored methionyl adenylate formation using a >?P isotope
exchange assay (40). As expected, methionyl adenylate formation
was unaffected by the disulfide bond formed in the A361C/
G438C variant (Figure 3).

tRNAM" Aminoacylation. In vitro-transcribed initiator
tRNAM® was used as a substrate for MetRS variants in the
standard trichloroacetic acid precipitation assay under multiple-
turnover conditions (50 nM enzyme and 2 uM tRNA). Substitu-
tion of either Ala-361 or Gly-438 with cysteine had no effect on
tRNA aminoacylation, while the A361C/G438C disulfide-
containing variant demonstrated a modest reduction in activity
(Figure 4). Kinetic analysis of the wild-type and A361C/G438C
enzymes indicated that k., decreases ~2-fold, while Ky, values
are not statistically different (Table 1). While modest, the
decrease in the level of tRNA aminoacylation can be attributed
to the presence of the engineered disulfide. Treatment of A361C/
G438C MetRS with TCEP reductant immediately prior to the
aminoacylation assay resulted in full recovery of activity without
affecting wild-type MetRS activity (Figure 5).
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FIGURE 2: Quantitation of reactive thiols using Ellman’s reagent.
MetRS variants were reacted with 5,5'-dithiobis(2-nitrobenzoic acid)
(DTNB, Ellman’s reagent) under denaturing conditions to determine
the number of solvent-accessible thiol groups. Error bars indicate
standard deviations from three determinations.
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FIGURE 3: Methionyl adenylate formation by MetRS variants. Wild-
type or A361C/G438C MetRS (50 nM each) was assayed for
methionyl adenylate activity by monitoring enzyme-dependent in-
corporation of the **P label from radiolabeled inorganic pyropho-
sphate into ATP.

DISCUSSION

The functional polypeptide modules of aaRSs adopt a variety
of conformations depending on the presence of tRNA or small
molecule substrates and the catalytic state of the enzyme. For
example, the connective polypeptide (CP) domain of Thermus
thermophilus leucyl-tRNA synthetase (LeuRS), responsible for
hydrolytic editing of misaminoacylated tRNA™, rotates 35°
away from the LeuRS core upon forming an editing complex (41).
Flexibility of this hinge is necessary for the editing activity of
LeuRS (42). The short f-strand linkers connecting the CP
domains of several class I aaRSs are hinge points for conforma-
tional reorientation, as demonstrated biochemically (42) and
computationally (25, 43). The C-terminal domains of some
aaRSs, such as CysRS (21) and TyrRS (44), are also attached
by flexible linkers. Similarly, flexibility of the class I-defining
KMSKS surface loop is critical for aminoacyl adenylate forma-
tion, as demonstrated for MetRS via replacement of glycine
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FIGURE 4: tRNAM®" aminoacylation by MetRS variants. tRNAM®
(2 uM) was incubated at 25 °C with 50 nM wild-type MetRS, single
variant Ala-361 — Cys or Gly-438 — Cys, or the disulfide-containing
A361C/G438C variant.

Table 1: Steady-State Kinetic Parameters for tRNAM®* Aminoacylation®

enzyme Knm (;uM) kcat (Sil)
wild-type MetRS 46£1.7 0.9240.25
G438C/A361C 6.1£2.0 0.4640.10

“Enzymes were assayed at 50 nM, with saturating concentrations of ATP
and methionine. The tRNAM® concentration was varied from 0.2 to 20 uM.
Kinetic parameters were determined by nonlinear curve fitting using Origin
8.0 (OriginLab Corp.). Errors in Ky; and k., are standard deviations of five
measurements.
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FIGURE 5: Recovery of catalytic activity upon disulfide reduction.
tRNAM® (2 4uM) was incubated at 25 °C with 50 nM wild-type
MetRS or A361C/G438C variant. Proteins were used as purified
(nonreducing conditions) or following treatment with agarose-im-
mobilized TCEP.

residues at the ends of the KMSKS loop with proline resi-
dues (49).

A crystal structure of E. coli MetRS complexed with its
cognate tRNAM® remains elusive, although the 2.7 A structure
of the corresponding 4. aeolicus complex allows predictions to be
made concerning the conformational changes likely to occur
upon cognate tRNA binding. (4. aeolicus and E. coli MetRS
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Tyr-399  Gly-438

9.21 A

FIGURE 6: Inferred MetRS conformational changes upon tRNA
binding. E. coli MetRS [PDB entry 1QQT (green)] is superimposed
with A. aeolicus tRNAM-bound MetRS [PDB entry 2CSX (blue)]
using the MultiProt alignment server. In the inset, residues Ala-361
and Gly-438 of E. coli MetRS are shown with the corresponding
AaMRS Arg-324 and Tyr-399 residues (in italics) of A. aeolicus
MetRS. For the sake of clarity, the inset figure is rotated —75° around
the protein’s long axis relative to the full protein structure shown at
the right. Distances shown are between Co. atoms.

exhibit 25% identical and 43% similar amino acids, excluding the
C-terminal dimerization domain idiosyncratic to E. coli MetRS.)
In the A. aeolicus structure, the MetRS CP domain and tRNA
3'-end are disordered, suggesting high mobility in these regions.
High mobility of the CP domain was also observed in all-atom,
explicit solvent molecular dynamics simulations of ligand-free
E. coli MetRS (25). It remains to be seen whether the CP domain
of MetRS, variable in length and zinc content among MetRS
phylogenetic clusters (15), rearranges in a defined way upon
tRNAM® binding. Comparison of the (4. aeolicus) tRNA-bound
protein with its (E. coli) apo form suggests that the C-terminal
anticodon binding domain rotates approximately 15° relative to
the protein’s catalytic core upon tRNA binding (7). Molecular
dynamics simulations indicated that the rotated conformation is
accessible even without tRNA, suggesting inherent deformability
of the protein at the domain interface (25).

Given that the catalytic and anticodon binding domains of
MetRS likely undergo a rigid body rotation that is stabilized by
tRNA binding (rather than a hinge-bending reorientation as seen
or predicted for tethered CP and C-terminal domains of other
aaRSs), it was not clear whether introduction of a disulfide at the
core of the enzyme would have any impact on catalysis. If the two
major domains rotate relative to one another, the domain inter-
face where cysteine residues were introduced can be considered
the pivot point and undergo only minimal displacement upon
domain rotation. Alignment of the active sites of A. aeolicus
MetRS (from PDB entry 2CSX) and E. coli MetRS (from PDB
entry 1QQT) produces a root-mean-square deviation of 1.29 A
over 242 N-terminal residues [MultiProt alignment server (http://
bioinfo3d.cs.tau.ac.il/MultiProt/)]. The residues of A. aeolicus
MetRS in positional correspondence with Ala-361 and Gly-438
of E. coli MetRS are Arg-324 and Thr-399, respectively. With the
active sites of each protein aligned, Ala-361 and Gly-438 are 4.44
A apart in 1QQT, and the corresponding residues are 5.01 A
apart in 2CSX (Figure 6, in which all distances refer to Ca
positions). The absolute change in position of these residues,
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representing the rotation of the anticodon binding domain
relative to the active site domain, is somgwhat greater. With
active sites aligned, Arg-324 moves 1.27 A from Ala-361 and
Tyr-399 moves 2.27 A from Gly-438. The greatest absolute
positional change observed upon tRNA binding occurs at the
distal end of the protein’s helical bundle domain. The highly
conserved tryptophan residue that mediates C34 recognition
(Trp-461 in E. coli and Trp-422 in A. aeolicus) moves 9.21 A
(Figure 6).

Given the limited degree of conformational change in E. coli
MetRS predicted to occur upon tRNAM® binding in light of the
Agquifex complex structure (7), it is perhaps surprising that even a
modest, reversible reduction in the level of tRNA aminoacylation
is observed upon introduction of an interdomain disulfide bond.
The negligible distance change between the corresponding resi-
dues of A. aeolicus MetRS would not be precluded by the
presence of a disulfide, as the distance threshold for disulfide
cysteine Cot atoms is 7 A (46). Furthermore, disulfide bonds limit
but do not prevent protein mobility. In other enzymes where the
quantitative effects of disulfide bond formation have been
measured, a wide range of activity decreases are reported
depending on the magnitude of conformational change in the
native catalytic system. For example, the periplasmic E. coli
5'-nucleotidase is predicted to undergo a dramatic domain
rotation (up to 96°) to bring the catalytic and substrate sites into
the proximity of one another for phosphate ester hydrolysis (32).
Engineering a disulfide that locks the enzyme into a conforma-
tion intermediate between its inactive (open) and active (closed)
states results in 2-fold reduction in k., for catalysis (with no effect
on Ky), while a separate disulfide that locks the enzyme open
results in complete inactivation of the enzyme (32). For a cold-
adapted Vibrio sp. alkaline phosphatase, introduction of disulfide
bonds reduces k., 6—16-fold (33). Thus, the 2-fold decrease in
keq for the disulfide-containing A361C/G438C MetRS variant is
consistent with the magnitude of motion likely to occur at the
core of MetRS. The conformational rearrangement of anticodon
binding and catalytic domains impaired here by an engineered
disulfide represents only a small component of anticodon-trig-
gered aminoacylation of the tRNA acceptor stem. In contrast,
removal of the anticodon—MetRS interaction through a
Trp-461 — Ala substitution (47) or use of small RNA substrates
lacking the anticodon (I3, 4) results in a dramatic 10°-fold
decrease in catalytic activity. It should be noted that RNA
binding is impaired for both the microhelix substrate and the
Trp-461 substitution, while introduction of the interdomain
disulfide affects only k., of the tRNA aminoacylation reaction,
not Ky (Table 1).

In the absence of a tRNAM®'—MetRS cocrystal structure that
would reveal interactions between the tRNA acceptor stem and
CP domain, it is difficult to predict where a single disulfide
clamp would elicit a more dramatic effect on tRNA aminoacyla-
tion, either by reversibly diminishing activity to a greater degree
than shown here or by enhancing activity by locking the protein
in a “tRNA-bound” conformation. Other than the zinc-binding
CP domain, there are not appended protein modules connected
by a flexible tether as with other aaRSs such as the leucine-
specific domain of T. thermophilus LeuRS (41), the extreme
C-terminal anticodon-binding domain of CysRS (2/), the
N-terminal tRNA binding domain of Methanosarcina barkeri
SerRS (48), or the C-terminal tRNA binding domain of human
mitochondrial PheRS (9). It is likely that the catalytic activity of
one or more other aaRSs may be more severely impaired upon
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introduction of an engineered disulfide than what is seen here
for MetRS.
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SUPPORTING INFORMATION AVAILABLE

One figure showing mass spectroscopic analysis of trypsin-

digested A361C/G438C MetRS. This material is available free of
charge via the Internet at http://pubs.acs.org.

NOTE ADDED IN PROOF

A disulfide bond engineered at the interface of functional

domains in human mitochondrial PheRS has recently been demon-
strated to impair amino acid transfer to tRNA without affecting
adenylate formation, as shown here for E. coli MetRS (49).
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