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ABSTRACT: Aminoacyl-tRNA synthetases (ARSs) enhance the fidelity of protein synthesis through multiple
mechanisms, including hydrolysis of the adenylate and cleavage of misacylated tRNA. Alanyl-tRNA
synthetase (AlaRS) limits misacylation with glycine and serine by use of a dedicated editing domain, and a
mutation in this activity has been genetically linked to a mouse model of a progressive neurodegenerative
disease. Using the free standmg Pyrococcus horikoshii AlaX editing domain complexed with serine as a model
and both Ser-tRNA** and Ala-tRNA™™ as substrates, the deacylation activities of the wild type and five
different Escherichia coli AlaRS edmn% site substltutlon mutants were characterlzed The wild-type AlaRS
editing domain deacylated Ser- tRNAAR with a k.. ot/ Kn 0f 6.6 x 10° M~ 5!, equivalent to a rate enhance-
ment of 6000 over the rate of enzyme-independent deacylation but only 12 2- fold greater than the rate with
Ala-tRNA*™ While the E664A and T567G substitutions only minimally decreased k.,,/ Ky, Q584H, 1667E,
and C666A AlaRS were more compromised in activity, with decreases in k¢, /Ky in the range of 6-, 6.6-, and
15-fold. C666A AlaRS was 1.7-fold more active on Ala-tRNA™ relative to Ser-tRNA™, pr0v1d1ng the only
example of a true reversal of substrate specificity and highlighting a potential role of the coordinated zinc in
editing substrate specificity. Along with the potentially serious physiological consequences of serine
misincorporation, the relatively modest specificity of the AlaRS editing domain may provide a rationale
for the widespread phylogenetic distribution of AlaX free-standin edltmg domains, thereby contributing a

further mechanism to lower concentrations of misacylated tRNA™!

Aminoacyl-tRNA synthetases (ARS)' join amino acids to
their cognate tRNAs in a two-step ATP-dependent reaction:

RS/Mg**

A
AA +ATP ———— AA~AMP + PP, (1)

AA~AMP 4 tRNA 25 AARNA +AMP  (2)

The amino acid is first condensed to form an enzyme-bound
adenylate, accompanied by release of pyrophosphate. In the
second step, the amino acid undergoes transfer to the tRNA.
The aminoacylation reaction is catalyzed by two evolutionarily
unrelated classes of ARS enzymes, and these are distinguished
by a unique catalytic fold, characteristic signature sequences,
and regiochemistry of aminoacyl transfer (/). In a typical cell,
there are generally at least 20 such enzymes, one for each of the
standard amino acids in protein synthesis. The existence of two
distinct classes of enzymes that catalyze the same reaction
raises the issue of whether common or distinct mechanisms are
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in place to maximize both catalytic efficiency and substrate
specificity.

The translation process is characterized by a defined error rate
of 10°=10 per site per generation, with the decoding process
representing the step with the highest frequency of errors (2).
Despite the presence of highly evolved proofreading activities,
errors with significant physiological consequences can still oc-
cur (3) (4). The aminoacylation reaction also introduces errors
into translation, albeit at a lower error frequency (5). Mistransla-
tion can arise as a consequence of mistakes during the selection of
either tRNA or amino acid (6), but proofreading of tRNA appe-
ars not to be necessary for accurate aminoacylation (7). The
discrimination by ARSs between related amino acids, by con-
trast, is much more difficult. For pairs of amino acids like valine/
isoleucine and glycine/alanine, which differ by only a single
methyl group, the amount of binding free energy available for
discrimination is in the range of 1 kcal (8), equivalent to an error
rate of no better than 1 in a 100. Under physiological condi-
tions, the observed error of misacylation is closer to 1 in > 50000,
or ~0.0001% (9).

The enhanced fidelity of ARSs relative to their theoretically
predicted accuracy is rationalized by specialized editing domains
that exist in both class I (e.g., IleRS, ValRS, and LeuRS) and
class II (e.g., ThrRS, ProRS, PheRS, and AlaRS) ARS enzy-
mes (10, 11). By virtue of its two-step nature, the aminoacylation
reaction affords two specific branch points where errors can be
corrected (12). Preferential hydrolysis of misactivated near-cognate
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amino acids can be removed prior to aminoacyl transfer by a
process referred to as “pretransfer editing” (13, /4). Alternatively,
near-cognate amino acids can be removed from the cognate
tRNA 3 end after aminoacyl transfer by a deacylation activity
that resides in the specialized editing domain distinct from the site
of aminoacylation chemistry (15, 16). This latter mechanism is
referred to as “posttransfer editing.” The existence in numerous
taxa of proteins that recapitulate the isolated editing domains of
class 1T aminoacyl-tRNA synthetases suggests that posttransfer
editing can occur subsequent to product release of the misacy-
lated tRNA from the cognate ARS (17—19). In support of this
hypothesis, recent work suggests that “resampling” (i.e., disso-
ciation of misacylated tRNA, followed by rebinding to the
original ARS) can contribute to overall fidelity (20).

As a consequence of the requirement to reject amino acids that
are both smaller (i.e., glycine) and larger (i.e, serine) than the
cognate, alanyl-tRNA synthetase (AlaRS) is among the ARSs
that exhibit amino acid proofreading. Notably, a “double
sieve” (21) that functions purely on the basis of the volume of
the side chain would not be expected to provide the requisite
specificity. AlaRS readily activates both glycine and serine,
although substantially higher concentrations of the noncognate
amino acids are required to detect adenylation activity (22). This
property provides a presumptive requirement for editing function
to eliminate glycyl- and seryl-tRNA* from entering protein
synthesis.

AlaRS from Escherichia coli is a tetramer of four identical
subunits, each of which is 875 residues in length (23, 24). AlaRS
also possesses a modular structure of linear domains (25—27) and
retains the defining motifs of the class IT ARSs (28). The tRNA
recognition properties of AlaRS have been well studied (29, 30).
The anticodon of tRNA™ is not recognized (37), and a strictly
conserved G3-U70 base pair in the acceptor stem represents a
dominant recognition element for both aminoacylation (32, 33)
and editing (34). The determination of the structure of the
ThrRS—tRNA™™ complex revealed significant sequence similar-
ity between the editing domain of ThrRS and the C-terminal
region of AlaRS, implicating the latter as a potential editing
domain (35). Subsequent biochemical analysis confirmed that the
editing activity of AlaRS is localized to this domain, particularly
to residues 553—705 (34, 36). In addition, free-standing versions
of the AlaRS editing domain (referred to as AlaX proteins) have
been identified, several of which exhibit the ability to deacylate
mischarged tRNA™* in vitro (18, 37) and minimize the toxicity
associated with mistranslation in vivo (38). It has also been
reported that a mutation in the AlaRS editing domain (A734E) is
genetically linked to degeneration of the Purkinje cell region of
the brain in a mouse model of neurodegenerative disease, the so-
called “sticky mouse” (39). That study concluded that a modest
(~2-fold) defect in editing by AlaRS is sufficient to bring about
the observed neurodegenerative phenotype.

Here, we examined the amino acid selection properties of
alanyl-tRNA synthetase, focusing on the properties of the AlaRS
editing domain active site. To guide the design of mutagenesis
experiments, we used the related AlaX—serine complex (37) as a
model for interactions of the AlaRS editing domain with its
amino acid substrate. While the isolated editing domain of E. coli
AlaRS and the stand-alone AlaX proteins both exhibit robust
deacylation function in vitro (18, 37), for neither has editing
function been fully characterized with respect to steady-state
kinetics. Employing structure-based alignments of full-length
AlaRS and AlaX proteins, residues predicted to be important
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for distinguishing between serine and alanine were identified.
Substitutions were introduced at these residues, and then the
resulting mutant proteins were characterized in deacylation assays
employing both misacylated Ser-tRNA™?* and cognate Ala-
tRNA™? substrates. The results of these studies, coupled with
a reexamination of AlaRS structural alignments, suggest a new
model for how AlaRS achieves discrimination between serine and
alanine.

EXPERIMENTAL PROCEDURES

Protein Mutagenesis, Purification, and Characteriza-
tion. The plasmid encoding for histidine-tagged AlaRS was the
kind gift of Karin-Musier Forsyth. Mutagenesis of AlaRS was
carried out using the QuickChange system (Stratagene), and
oligodeoxynucleotides were purchased from Operon. Mutagen-
esis results were confirmed by sequencing at the Vermont Cancer
Center DNA Analysis Facility (University of Vermont). Histi-
dine-tagged AlaRS was expressed and purified as described (30).
Active site concentrations were determined by the active site
titration assay (Supporting Information Figure S1) (40).

tRNA Transcription. The basic procedures for transcription
and purification have been described previously (40, 41). A
plasmid carrying the tRNA™® gene under the T7 RNA poly-
merase (RNAP) promoter was the kind gift of Karin-Musier
Forsyth. Plasmids were purified from E. coli with the Giga kit
system (Qiagen) and restricted with BstN1 (New England Bio-
labs). Transcription reactions were composed of 40 mM Tris-
HCI (pH 7.8 at 37 °C), 22 mM MgCly, 0.1% Triton X-100, 1 mM
spermidine, 10 mM DTT, 1.5 mM each ATP, CTP, GTP, and
UTP, 50 nM DNA template, and 50 nM T7 RNAP (40). RNA
transcripts were precipitated with ethanol, resuspended in TE/
formamide, and purified on 12% acrylamide (1:19 acrylamide:
bisacrylamide), 6 M urea, Tris—borate—EDTA gels. RNAs were
eluted from gel slices with an Elutrap apparatus (Whatman/
Schleicher & Schuell). The concentration of functional tRNA
was determined according to eq 1.

tRNA Labeling and Aminoacylation Assays. tRNAs were
labeled at A76 with P as described (42). Alanyl-tRNA® was
prepared in reactions composed of 50 mM Hepes (pH 7.5), 10
mM MgCl,, 100 mM KCI, 5 mM p-mercaptoethanol, 2 mM
ATP, 20—30 uM tRNA, 0.5 pM *?P-labeled tRNA™, 2 mM
alanine, and 100 nM AlaRS. Reactions were incubated at 37 °C
for 15 min and extracted with phenol and then with chloroform.
The aminoacyl-tRNA was purified by gel filtration chromatog-
raphy (Illustra NAP-5; GE Healthcare) and then stored at
—80 °C. To determine the concentration of tRNA in the
fractions, aliquots from the aminoacylation reaction (before
extraction with phenol) and each column fraction were spotted
on TLC plates and quantitated using a Bio-Rad model FX phos-
phorimager. To determine the concentration of aminoacylated
tRNA, aliquots were treated with S1 nuclease in 10 uL reactions
composed of 40 mM sodium acetate (pH 5.0), 300 mM NaCl,
2mM ZnSOy, and 1 unit/mL S1 nuclease (Fermentas). Reactions
were incubated at 22 °C for 1 h, and then 1 uL aliquots were
analyzed by thin-layer chromatography on PEI cellulose plates
(Sigma or EMD). The mobile phase consisted of 0.1 M ammo-
nium acetate/5% acetic acid. The concentration of aminoacy-
lated tRNA was determined according to eq 1:

aa-Ap[tRNA]
ARNA] = —————toal 1
a2 ] (aa-Ap+Ap) (1)
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where aa-Ap is the amount of aminoacylated A76 and Ap is the
amount of nonaminoacylated A76, both quantified by phos-
phorimager analysis. [tRNA],,1 Was measured by optical ab-
sorbance at 260 nm. Seryl-tRNA™? was prepared by amino-
acylation reactions as described above, except that 0.75 M serine
was substituted for alanine and 300 nM AlaRS C666A was
substituted for AlaRS WT.

Aminoacyl-tRNA Deacylation Assays. Deacylation as-
says included 50 mM HEPES (pH 7.5), 10 mM MgCl,, 100
mM KCI, 5 mM 2-mercaptoethanol, aminoacylated tRNA*®
(prepared as described in the text), and 5 nM AlaRS. Reactions
were incubated at 37 °C. Aliquots were quenched in 3—35 volumes
of 3 M sodium acetate (pH 5.0) and precipitated with 3 volumes
of ethanol. Pellets were washed with 75% ethanol, dissolved in
10 uL of S1 nuclease reaction mix, and analyzed by TLC as
described above. The amount of aminoacylated tRNA remaining
at time ¢ was calculated by eq 2:

aa-Ap;(aa-tRNA) o)
(aa-Apy +Apy)

aa"Appmol =

where aa-Appmol is the amount of acylated A76 (in picomoles)
remaining at a given time point, Apy is the intensity in phos-
phorimager units of the spot corresponding to deacylated A76,
(aaAp; + App) is the sum of the intensities of the spots
corresponding to aminoacylated and deacyalated A76, and
(aa-tRNA);o1 is the amount of aminoacylated tRNA at time
zero in the reaction. Equation 2 takes into account our observa-
tions that aminoacyl-tRNA stored at —80 °C underwent some
degree of deacylation. To determine initial reaction velocities,
time course data (corresponding to the first 1—2 min of the
reaction for Ser-tRNA™? and the first 5—7 min for Ala-
tRNA) were fit to a linear regression using Microsoft Excel
version 12.2.5 or KaleidaGraph version 4.03. The initial rates in
picomoles per second were divided by the concentration of
enzyme in the reaction to generate final velocities, which then
were plotted against substrate concentrations and fit to the
Michaelis—Menten equation. For a number of the mutants,
and for all reactions with Ala-tRNA™?, saturating velocities
were not reached at the highest concentrations of the aminoacy-
lated tRNA substrate, implying an increase in the Ky; parameter
to values far in excess of 15 uM. Therefore, for these cases, only
the apparent second-order rate constants (k,/Ky) are reported,
which were derived from the slopes of the velocity versus [tRNA]
plots. Deacylation rates of Ser-tRNA™™ and Ala-tRNA* in the
absence of enzyme were determined by fitting the progress curves
to equations describing a first-order decay.

RESULTS

Modeling the E. coli AlaRS Editing Active Site. The
complex of Pyrococcus horikoshii AlaX with serine (37) provides
a model of the AlaRS editing domain with noncognate serine
(Figure 1). We created a manual 3-D alignment of this structure
with the editing domains of full-length P. horikoshii AlaRS (27)
and full-length Archaeoglobus fulgidis (26) AlaRS, minimizing
the rmsd of the conserved secondary structures in the domain
using Pymol (43). This structural superposition was then used to
manually edit a ClustalW sequence alignment of the above
referenced sequences with those corresponding to P. horikoshii
AlaRS, E. coli AlaRS, and Homo sapiens AlaRS. The end result
was essentially equivalent to the alignment published in ref 26.
This information allowed us to predict, relative to the AlaX
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FIGURE 1: Mutagenesis of the AlaRS editing active site. The active
site of P. horikoshii AlaX complexed with zinc (orange sphere) and
serine (space-filling model) is shown. Side chains adjacent to the
serine are labeled in black for P. horikoshii AlaX, while their inferred
equivalents in E. coli are indicated in blue. Structural overlays of the
AlaX with P. horikoshii AlaRS and A. fulgidis AlaRS, along with
sequence alignment of P. horikoshii AlaRS, E. coli AlaRS, and H.
sapiens AlaRS, were used to identify comparable E. coli AlaRS
residues at the editing active site (also see ref 37).

structure, residues in the E. coli AlaRS editing active site that may
be involved in contacts to the a-carboxylate and the 5-hydroxy
groups of the serine substrate (Table 1). The latter would be
predicted to be important in differentiating alanine from serine.
In addition, we identified Ile677 in E. coli AlaRS as the specific
residue that aligns with Ala734 in mouse AlaRS; the A734E
mutation is associated with the “sticky mouse” phenotype (39).

The mutant substitutions were chosen to prevent the targeted
residues from making the predicted contacts suggested by the P.
horikoshii AlaX structure (Figure 1). Among those contacts,
Thr30 is predicted to be a critical discriminating interaction for
the f-hydroxy moiety of serine. In E. coli AlaRS, GIn584 is
predicted to be the residue that aligns with AlaX T30, and this
motivated the construction and characterization of Q584N,
Q584H, and Q584A AlaRS. In AlaX, Leul2 is predicted to
make a close contact with the a-carbon of serine, thereby defining
part of the steric features of the substrate binding pocket for the
amino acid (Figure 1). In the E. coli enzyme, the corresponding
residue is Thr567, which also has the potential to engage in a
hydrogen bond with the B-hydroxyl of serine. To test the
importance of this interaction, T567 was substituted with glycine.
Asnl14 of P. horikoshii AlaX makes a steric contact with another
face of the serine substrate. Because Glu664 represents the
equivalent residue in E. coli, it was substituted with alanine.
The remaining substitutions introduced into the E. coli enzyme
were Cys666A and 1677E. The former abolishes one of the
residues predicted to coordinate the zinc atom in the editing site,
while the latter substitutes the residue in E. coli AlaRS which
aligns with Ala734 in mouse and human AlaRS.

Deacylation Assays. Each of the resulting mutant enzymes
was then tested for deacylation function, employing tRNAA?
aminoacylated with either cognate amino acid substrate alanine
or with the near-cognate substrate serine. The preparation of
Ala-tRNA*® deacylation substrates was accomplished using
wild-type AlaRS, while Ser-tRNA*!® was produced using C666A
AlaRS, which prior work had suggested is severely reduced for
editing function (36). To maximize the amount of tRNA*? pro-
duced and the sensitivity of the quantitation, all tRNAs were
labeled at their 3'-terminal adenosine (A76) nucleotide with **P
using the Wolfson—Uhlenbeck method (42, 44). Deacylation
assays were then performed under steady-state conditions using
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Table 1: Equivalent Positions in the AlaRS Editing Active Site As Inferred from Multiple Sequence Alignments®

predicted contact P. horikoshii E. coli H. sapiens P. horikoshii A. fulgidis
to Ser-tRNA™? substrate AlaX full-length AlaRS full-length AlaRS full-length AlaRS full-length AlaRS

main chain

o-amino group His13 His568 His609 His617 His604

o-carboxyl group Asnl14 Glu664 (Ala) Glu721 GIn715 GIn701

a-carboxyl group Cysll6 Cys666 (Ala) Cys723 Cys717 Cys703

o-carboxyl group Thr33 Ser587 Ser627 Ser636 Ala623

o-carbon Leul2 Thr567 (Gly) Thr608 Thr616 Thr603
side chain

contacts hydroxyl R-group Thr30 GIn584 (His, Asn, Ala) Gln624 GIn633 GIn620

contacts hydroxyl R-group) Asp92 Phe645 Phe686 GIn695 GIn682

“sticky mouse” linked mutation Ile127 11e677 (Glu) Ala734 Val728 Ile714

“Substitutions introduced into the residues of interest examined in this study are indicated in parentheses.

varying tRNA concentrations, with the extent of deacylation being
determined by separation and quantitation of the reaction products
by TLC. This experimental design permitted the Ky; and k., para-
meters to be determined independently, except for those mutants
where [tRNA] saturation could not be achieved at concentrations
up to 15 uM.

The results of these assays for deacylation of Ser-tRNA*" are
shown in Figure 2 and Table 2. Wild-type (WT) AlaRS exhibited
well-behaved Michaelis—Menten kinetics with respect to increas-
ing mischarged tRNA substrate concentrations, allowing appar-
ent Ky (5.0 uM) and ke, (3.3 s~") parameters to be determined
(Table 2). The AlaRS mutants could be divided into two groups
on the basis of their deacylation activities. Two of the mutants,
T567G and E664A AlaRS, exhibited near wild-type levels of
deacylation function. Both showed saturation behavior with
respect to increasing tRNA™* concentrations, and their sec-
ond-order rate constants were less than 2-fold changed relative to
wild-type AlaRS. The individual parameters for E664A AlaRS
(Kv = 6.3 uM and ke, = 4.6 s~") were not more than 2-fold
greater than those of wild type, while the individual k., and Ky
parameters of T567G (Ky = 1.9 uM and ke = 0.8 sfl) were
both reduced in the range of 3—4-fold relative to wild-type
AlaRS. Thus, among the two mutants, the T567G mutation
had the greater effect, increasing the apparent substrate binding
affinity and decreasing the rate of hydrolysis.

The mutant proteins Q584H, C666A, and 1667E AlaRS were
all significantly less active in deacylation function than T567G
and E664A. None of them exhibited saturation behavior with
respect to increasing concentrations of tRNAAR effectively
preventing the determination of individual Ky; and k., para-
meters (Figure 2). However, the linear response of velocity to
increasing tRNAA® concentrations allowed the second-order
rate constant k., /Ky to be derived from the slopes of these
plots. Q584H, Q584A, and 1677E AlaRS returned k,/ Ky values
of 1.1 x 10°,2.9 x 10°, and 1.0 x 10° M™" 57", which are
approximately 3—6-fold lower than the corresponding value of
6.6 x 10°s~' M~" determined for wild-type AlaRS. By contrast,
Q584N AlaRS was more active, with a ke, /Ky of 6.1 x 10° M ™!
s~!, which was close to the value recorded for wild-type AlaRS
(Supporting Information Figure S2, Table 2). Similar to Q584H,
C666A, and 1667E AlaRS, however, the velocity versus [S] plot
for this mutant did not show saturation behavior with respect to
increasing tRNA. The C666A mutant also did not exhibit
saturating Michaelis—Menten kinetics, and a value of 4.4 x
10* M~' 57" was determined for ke/Ky (Table 2). This

represents a 15-fold decrease relative to the value for wild-type
AlaRS.

Specificity of the AlaRS Editing Domain. The catalytic
efficiency of deacylating Ser-tRNA*® represents one metric for
assessing the functional contributions of the residues substituted
in these experiments. However, this parameter alone provides no
information about the deacylation of Ala-tRNA*?, which is not
expected to be a substrate for wild-type AlaRS editing. To assess
the editing specificity of the various mutants, deacylation experi-
ments were also performed using Ala-tRNA®? as substrate.
Relative to the activity on near-cognate seryl-tRNA™? the
hydrolysis of cognate Ala-tRNA™® was slower with the wild
type and, with the exception of C666A AlaRS, all mutant AlaRS.
In all cases, including wild-type AlaRS, a saturating velocity was
not reached at tRNA concentrations up to and including 12 uM,
indicating that the affinity of the AlaRS editing site for cognate
Ala-tRNA™ is relatively poor (Figure 3). With exception of
Q584N AlaRS, the second-order rate constants for the deacyla-
tion catalyzed by wild-type AlaRS and the mutants were in the
range of 4.9—7.4 x 10* M ™" s~" (Table 2). Notably, Q384N and
C666A AlaRS both showed a high rate of deacylation of Ala-
tRNA relative to their activity on Ser-tRNA™,

The availability of these parameters allowed the specificity of
the editing function of the wild-type and the mutant AlaRS to be
calculated directly from the ratio of (kcay/Kni)ser/(Keat/ Kn)Alas
which would be unity if AlaRS editing lacked specificity for
mischarged tRNA. The calculated specificity values range from a
high of 12.2 for wild-type AlaRS to a low of 0.6 (Table 2). Two
mutants, T567G and E664A AlaRS, exhibited values (9.2 and
11.2, respectively) that were quite similar to wild type, while the
ratio for 1677E and Q584H AlaRS was reduced to just 1.5 and
1.9, respectively. C666A AlaRS, the least active in deacylation of
Ser-tRNA™, was the sole mutant with a ratio less than 1,
representing the only instance where Ala-tRNA™® is the pre-
ferred substrate.

To permit calculation of the rate enhancement provided by the
enzyme, relative to the uncatalyzed reaction, the rates of enzyme-
independent solution hydrolysis of Ala-tRNA** (Figure 4) and
Ser-tRNA (not shown) were determined. The measured first-
order rate constants of enzyme-independent deacylation for Ser-
tRNA* and Ala-tRNA* were 1 x 10*s " and 4 x 107*s7,
respectively. Relative to the uncatalyzed reaction, therefore, AlaRS
at a concentration of 1 uM enhances the rate of Ser-tRNAA®
hydrolysis by a factor of only 6000. This can be compared to the
value of 100 calculated for the rate enhancement of AlaRS-catalyzed
deacylation of Ala-tRNA™? relative to the uncatalyzed solution
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FIGURE 2: Editing of seryl-tRNA*!™ with AlaRS WT and editing mutants. Measurements of editing initial rates with AlaRS WT, T567G, and
E664A versus [seryl-tRNA™] were fit to the Michaelis—Menten equation, whereas data obtained with AlaRS Q584H, C666A, and 1677E were fit
by linear regression. The resulting ko, Ky, and/or ke, / Ky parameters are reported in Table 2. The rates shown represent an average of two to four
independent measurements. Error bars, when shown, represent the standard of at least three independent measurements. When no errors bars are

shown, each rate represents the average of two independent experiments, with a variance of no more than 25%.

Table 2: Steady-State Kinetic Parameters for Deacylation of aa-tRNA*™ at 37 °C and pH 7.5¢

seryl-tRNAAM seryl-tRNAAM seryl-tRNAM, alanyl-tRNAM?, (kcar/ Kni)ser/
AlaRS Kear (s™") Ky (107° M) kear/Kna (10° M™'s71) keat/ K (10° M™'s71) (Keat/ KnAla
WT 33+03 5.0+1.4 6.6 0.54 12.2
E664A 46+04 63+ 1.1 7.3 0.65 11.2
T567G 0.8£0.1 1.9+0.3 4.5 0.49 9.2
Q584N ND? ND 6.1 5.0 1.2
Q584A ND ND 2.9 1.4 2.1
Q584H ND ND 1.1 0.57 1.9
1677E ND ND 1.0 0.67 1.5
C666A ND ND 0.44 0.74 0.6

“For the WT, T567, and E664 enzymes with the noncognate seryl-tRNAA® editing substrate, the ke and Ky values were obtained from the
Michaelis—Menten plot. For the 1677E, C666A, Q584H, Q584N, and Q584A AlaRS mutants, the k.,,/Ky constants were derived from the slopes of the
versus [tRNA] plots. For all experiments employing the cognate alanyl-tRNA* as substrate, the kc,/ Ky constants were derived from the slopes of the ¥ versus
[tRNA] plots. ’ND, not determined, owing to failure to reach saturation with respect to tRNA binding.

value. The modest nature of these values has interesting biological
and evolutionary implications.

DISCUSSION

Steady-State Parameters of Ser-tRNA' Editing by
AlaRS. By its use of *?P-labeled tRNA substrates instead of
the more common *H- or 'C-labeled amino acids, the Wolfson—
Uhlenbeck assay allows higher concentrations of misacylated
tRNA to be prepared and allows deacylation kinetics to be
quantitated accurately. Employing this assay, the steady-state
parameters of AlaRS deacylation were readily determined
(Table 2). For Ser-tRNA, the observed values (ke = 3.35

and Ky = 5.0 uM) are close to the k¢, of 1.4 s 'and 2.8 uM
reported for the Ky for aminoacylation of tRNAM by
AlaRS (45), and the Kp of 3 uM for tRNA™* from the full-
length AlaRS recently reported (30). The similarity in values for
the Ky for tRNAM* in the aminoacylation and deacylation
reactions may not be overly surprising, given that the tRNA
structure is likely to provide the majority of ground state binding
free energy in both reactions.

It should be noted, however, that the parameters reported here
refer only to the deacylation reaction, which may not be equi-
valent to a cis-editing reaction in which the aminoacyl-CCA end
of misacylated tRNA formed in situ is translocated to, and then
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FIGURE 3: Deacylation of alanyl-tRNA*! with the AlaRS WT and editing mutants. The data for each protein were plotted as in Figure 2 and fit

by linear regression as described in Experimental Procedures.

deacylated in, a specialized editing site. For all ARSs, and AlaRS
in particular, the degree to which editing in cis (i.e., direct trans-
location of the misacylated CCA end between the synthetic and
editing site) predominates over editing in trans (i.e., through the
sequence of dissociation, rebinding, and catalytic process recently
referred to as “resampling”) has not been clearly resolved (46).
Nevertheless, the near equivalence of the parameters measured
here to the previously measured k., for aminoacylation indicates
that, for AlaRS, “resampling” could plausibly occur in a kine-
tically competent manner. The determination of similar para-
meters for the isolated AlaX domains will be valuable in assessing
whether or not they can perform a similar function (7).

The data reported here contribute new insights into the issue of
catalytic efficiency and substrate specificity of the editing domain
of AlaRS. Based on the comparison of enzyme-catalyzed to solu-
tion-catalyzed deacylation of Ser-tRNA™?, the rate of enhance-
ment of editing by AlaRS is a relatively modest 6 x 10°, some six
logs decreased relative to the rate enhancement of the aminoa-
cylation reaction (47). The relatively inefficient nature of the
AlaRS editing reaction may account for the widespread distribu-
tion of AlaX proteins, which are AlaRS-related stand-alone
editing domains found in all three kingdoms of life (/7). A fur-
ther notable observation is the relatively modest ratio (i.e., 12.2)
of the deacylation efficiency of Ser-tRNA*? relative to that of
the cognate reaction product (Table 2). Comparable values are
only available for a few systems (e.g., class I LeuRS), but the
trend is also toward modest specificity (48, 49). While this pheno-
menon deserves further study, it may be that there are enough
mitigating factors in vivo that the evolutionary selection pres-
sure for increased discrimination power at the editing site is
minimal. Specifically, the high Ky of Ala-tRNA”" in the deacyla-
tion reaction, relative to its affinity for elongation factor (50),

0.5
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Ala-tRNA*"® |

04

0.3

0.2 -

0.1

Fraction Ala-tRNA""” remaining

0 . . . ]
0 10 20 30 40 50 60

Time, min

FIGURE 4: Uncatalyzed deacylation of alanyl-tRNA™™, Fraction of
alanyl-tRNA™™ remaining (circles) is plotted as a function of time,
and the data are fit to the first-order equation (shown as a line).

may discourage the occurrence of “resampling” of the cognate
aminoacyl-tRNA product (46).

Analysis of the AlaRS Editing Site. The editing sites of
ThrRS and AlaRS are both characterized by conserved HXXXH
and CXXXH motifs, and the introduction of mutations into
these motifs decreases editing function in both systems (36, 51, 52).
While there is crystallographic evidence that these motifs colla-
borate to constitute a zinc-binding motif in AlaRS, evidence for
bound zinc is decidedly equivocal in ThrRS (52). In the mechan-
ism proposed for the ThrRS-catalyzed deacylation, His73 func-
tions as general base, while other residues in the ThrRS editing
site, including Lys156 and Asp180, contribute to catalytic func-
tion through direct contacts to the A76 or seryl moieties (52, 53).
For AlaRS, the soaking of serine and ZnCl, into crystals of the
isolated AlaX protein has provided a model for serine binding to
the editing domain, although an explicit editing mechanism was
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not proposed (37). In addition to density for the zinc atom, a
bound water molecule is observed, although not at either of the
positions reported for the catalytic water molecules in the ThrRS
editing domain (37, 52).

In the work reported here, the contacts predicted in the P.
horikoshii AlaX complex were used to guide the mutagenesis
targets in the editing site of E. coli AlaRS, with the expectation
that the properties of the resulting mutants would validate the
AlaX model. Glu664 was predicted to occupy the same position
in the AlaRS editing site that Asnll14 occupies in the AlaX
structure, nesting directly adjacent to the serine substrate and
making hydrogen bonds to the o-carboxylate and the 5-hydro-
xyl. In view of the minimal effect on catalytic function associated
with the E664A substitution (Table 2), this contact in E. coli
AlaRS is either absent or makes no contribution to the ground or
transition states. In contrast, the Thr567G substitution led to a
modest decrease in k., and Ky (Table 2). As the equivalent
residue in AlaX (Leul2) is predicted to make a van der Waals
contact to the other face of serine, the glycine substitution may
increase the included volume of the editing site, increasing the
potential for nonproductive binding and thereby lowering both
Ky and keye (54).

In the AlaX structure, the most important residue for provid-
ing specificity for Ser-tRNA*" is Thr 30, which is equivalent to
GIn584 in E. coli AlaRS. Here, we tested three different sub-
stitutions at this position, Q584H, Q584N, and Q584A. Of the
three mutants, Q584N AlaRS was the most active, with a deacy-
lation activity on Ser-tRNA™® that was essentially equivalent
to that of the wild-type enzyme (Table 2). Notably, this mutant
also displayed an elevated activity on the cognate product Ala-
tRNA™® which is consistent with the prior observation by
Sokabe et al., who reported that the T30V AlaX mutation inc-
reased the hydrolysis of Ala-tRNA™? without significantly
affecting the hydrolysis of Ser-tRNA™ (37). By comparison,
the other two mutants, Q584H and Q584A AlaRS, were less
active than Q584N AlaRS and exhibited slightly higher specifi-
city ratios. The failure to observe saturating velocities with all
three mutants argues that Q584 is likely to be important in deter-
mining the affinity for tRNA substrate, either directly or indi-
rectly. A direct role in catalysis is also possible. Both our results
and those of Sokabe et al. differ from previous work that
concluded that the Q584H mutation alone does not have signi-
ficant effects on editing (36). It is possible that the detailed kinetic
treatments of the mutants in our study may have uncovered
effects missed in the previous work. While our results thus pro-
vide support for the importance of Q584 in the editing reaction,
any detailed conclusions should include the caveat that our study
focused on the full-length AlaRS, while the work of Sokabe et al.
addressed AlaX, whose active site might be distinct from that of
AlaRS.

A Conserved Cysteine in the AlaRS Editing Site Is
Critical for Function. Among all substitutions tested, C666A
conferred the most severe decrease in the deacylation rate for Ser-
tRNA™® but did not decrease the rate of deacylation of the
cognate product Ala-tRNA™® (Table 2). Further, the rate of
deacylation catalyzed by C666A AlaRS showed no saturation at
concentrations up tol4 M in Ser-tRNA** indicating that one
consequence of the mutation is reduced ground state affinity for
tRNA. In view of previous work showing that C666S displays an
increased propensity to release bound zinc in response to chelat-
ing agents (55), we hypothesize that the zinc atom may participate
in interactions that stabilize aminoacyl-tRNA binding. Were loss
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FIGURE 5: Model of seryl-adenosine in the editing active site. A
structural overlay of the P. horikoshii AlaX (blue backbone) and E.
coli ThrRS (green backbone) editing active sites is used to show the
posttransfer editing substrate analogue serine 3-aminoadenosine in
the active site of AlaX. The zinc atom, oriented toward the fS-
hydroxyl of serine, is shown as an orange sphere. The AlaX side
chain identifiers are indicated in black type, while the corresponding
E. coli AlaRS residues are indicated in blue.

of the zinc atom to merely destabilize local protein structure, a
commensurate decrease in the deacylation of Ala-tRNA™ might
be expected, in contrast to our results. In the crystal structures of
P. horikoshii AlaX, A. fulgidus AlaRS, and P. horikoshii AlaRS,
the zincion is coordinated to three histidine side chains and a con-
served cysteine that is equivalent to C666 in E. coli AlaRS (26, 27).
In the P. horikoshii AlaX structure, the zinc is closest to the o-
carboxylate and nearly 7.25 A from the seryl 5-hydroxyl group.
Based on the AlaX model, the zinc would be predicted to have
little or no role in providing specificity for Ser-tRNA* over Ala-
tRNA™?, The switch in substrate specificity observed here for
C666A (Table 2) is at odds with this prediction.

The AlaX editing domain (IWNU) and the editing domain of
E. coli ThrRS in complex with the posttransfer editing substrate
serine 3-aminoadenosine (1TKY) (35) can be superposed with a
rmsd of 2.8 A over 149 residues. When the secondary structures
of the two editing sites are overlaid, the seryl moiety in the ThrRS
editing domain is reversed relative to its orientation in IWNU
(Figure 5), creating a different set of predicted interactions. In
this alternative orientation, Cys666, which serves as a coordinat-
ing ligand for the zinc atom, recognizes both the a-amino group
and the 2’-OH of the ribose ring. The seryl moiety’s a-carbonyl
group is predicted to contact GIn584 and Ser587. In addition, the
revised model predicts that the zinc atom and Thr567 recognize
the seryl S-hydroxyl group.

Located in this fashion, the zinc ion could contribute to
catalytic function by either (i) providing specificity for the f-
hydroxyl or (ii) polarizing the o-amino group to provide catalytic
assistance. The use of the zinc to provide amino acid discrimina-
tion provides an excellent chemical solution to the problem of
achieving specificity for serine, which is larger and chemically
distinct from alanine. (Our studies do not address the question of
how glycine is specifically recognized.) Notably, specificity for
threonine over valine in the ThrRS aminoacylation site is also
dictated by a coordinated zinc atom (35), and a coordinated zinc
atom contributes to the amino acid specificity of the atypical
SerRS from Methanosarcina barkeri (56).

This alternative model for the orientation of the misacylated
substrate in the AlaRS editing site is also more congruent with the
results of the mutagenesis and functional analysis reported here.
For example, Cys666 is now seen to participate in three distinct



Article

interactions: two are with the substrate (i.e., the 2’-OH of A76
and the o-amino group of serine), and a third is to the zinc. In
view of prior data indicating that C666S may more easily release
zinc, the switch in specificity seen with C666S may reflect the loss
of zinc in a reasonable fraction of ARS molecules and, with it, the
ability to discriminate the aminoacyl moiety at the editing site.
This rationalizes the observation that C666A is the only mutant
in which amino acid specificity was inverted. An important
caveat is that AlaRS and AlaX may interact with Ser-tRNA*®
and other potential deacylation substrates in different fashions,
accounting for the discrepancy between the contacts predicted by
the AlaX superposition and our functional data. Additional
quantitative studies on AlaX editing will be useful in testing this
model.

The Sticky Mouse Mutation. 1le677, the E. coli residue that
corresponds to the “sticky mouse” mutation, aligns with Ile127 in
P. horikoshii AlaX (Figure 1). The 1127 d carbon is some 13.2 A
distant from the serine 5-oxygen, which is too far to exert a direct
effect on either substrate binding or chemical catalysis of editing.
The change in side chain polarity associated with the 1677E
mutation may result in an altered spatial arrangement of
neighboring residues and perhaps the overall structure of the
editing domain of the enzyme. Our experiments and the structur-
al information are consistent with the interpretation that 1677 has
a structural role in AlaRS editing, perhaps in stabilizing a
conformation (or conformations) of AlaRS that can bind seryl-
tRNA with appropriate affinity and specificity. We therefore
confirm the previous conclusion that the “sticky mouse” muta-
tion affects editing function (39), observing that, in the context of
the E. coli AlaRS structure, the effect appears to be enhanced.
The modest rate enhancement of AlaRS-catalyzed deacylation,
along with the significant structural consequences of substituting
serine for alanine, may confer more deleterious physiological
consequences for mutations on this domain than similar domains
in other ARSs.
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