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ABSTRACT: Aminoacyl-tRNA synthetases (aaRS) join amino acids to their cognate transfer RNAs,
establishing an essential coding relationship in translation. To investigate the mechanism of aminoacyl
transfer in class IEscherichia colihistidyl-tRNA synthetase (HisRS), we devised a rapid quench assay.
Under single turnover conditions with limiting tRNA, aminoacyl transfer proceeds at 18.8vkereas

in the steady state, the overall rate of aminoacylation is limited by amino acid activation to a raté'of 3 s

In vivo, this mechanism may serve to allow the size of amino acid pools and energy charge to control the
rate of aminoacylation and thus protein synthesis. Aminoacyl transfer experiments using HisRS active
site mutants and phosphorothioate-substituted adenylate showed that substitution of the nonbridging Sp
oxygen of the adenylate decreased the transfer rate at least 10 000-fold, providing direct experimental
evidence for the role of this group as a general base for the reaction. Other kinetic experiments revealed
that the rate of aminoacyl transfer is independent of the interaction between the carboxyamide group of
GIn127 and thex-carboxylate carbon, arguing against the formation of a tetrahedral intermediate during
the aminoacyl transfer. These experiments support a substrate-assisted concerted mechanism for HisRS,
a feature that may generalize to other aaRS, as well as the peptidyl transferase center.

The formation of aminoacyl-tRNA for protein synthesis and indicated that noncognate tRNAs are rejected during
occurs in two steps, the first of which entails activation of steps that make a greater contributiontgy thanKy, (10).
the amino acid to form a high energy anhydride aminoacyl Other early work showed that tRNA binding involves
adenylate, followed by a transfer step in which the amino multiple steps 11—-13). However, the nature of the rate-
acid is attached to the 8erminal adenosine of the cognate determining step, and the role, if any, of a general base in
tRNA. Accurate selection of cognate amino acid and tRNA facilitating aminoacyl! transfer, remains to be determined.
by aminoacyl-tRNA synthetases (aaR&)ring this reaction  While initial studies on the class | isoleucyl enzyme
is an important contributor to the fidelity of translatiot).( suggested that release of the aminoacylated tRNA is the rate-
The aaRSs can be divided into two classes of enzy@es (  determining step14, 15), Fersht and colleagues argued in
4), each of which is organized around its own unique catalytic subsequent work that aminoacyl transfer is rate limiti).(
domain fold, enforces a different conformation of bound |n contrast, work on the representative class Il seryl- and
ATP, and exhibits distinct regiospecificity with respect to phenylalanyl systems suggested that aminoacyl transfer and
the use of the 2or 3 OH of A76 during aminoacyl transfer  amino acid activation can both serve as rate-determining
(5). The mechanistic basis of aminoacylation, as well as the steps, depending on substrate conditidr®s 13). With regard
specific contributions of enzyme and substrate, is still a to the identification for a general base in the aminoacyl
matter of active investigation. transfer reaction, a role for the nonbridging oxygens of the

Early studies on the adenylation reaction showed that aaRSadenylate has been invoked but without any direct supporting
bring amino acid and ATP substrates into reactive conforma- experimental evidencel, 18).

tions, strengthening transition state binding to provide a
significant rate enhancemer@<9). In contrast, the amino-

acyl transfer half reaction is much less well-understood. Early
studies focused on the molecular basis of tRNA recognition

With these questions in mind, we set out to address the
mechanism of the aminoacyl transfer reaction, employing
Escherichia colihistidyl-tRNA synthetase (HisRS) as a
model system. HisRS is suitable for these studies because
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enosine thiotriphosphate; DTT, dithiolthreitol; HEPES(2-hydroxy- Here, we used a rapid chemical quench assay to isolate the
ethyl)piperazineN'-(2-ethanesulfonic acidq, dissociation constant; aminoacyl transfer step and thereby determine the rate of

kons Observed rate constant; MgCmagnesium chloride; PEI, poly- — ransfer for wild-type HisRS, selected active site mutants
ethyleneimine; KClI, potassium chloride; NaOAc, sodium acetate; TLC, : ! .
thin-layer chromatography; TEAB, triethylammonium bicarbonate; and phosphorothioate substituted adenylates. On the basis

TCA, trichloroacetic acid. of these studies, we show that the rate of aminoacyl transfer
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is faster than the steady-state rate of aminoacylation, whichmM. All HisRS proteins were purified by NiNTA affinity

appears to be limited by the rate of amino acid activation.

chromatography27), making use of the Hisaffinity tag

Furthermore, the aminoacylation reaction is shown to be encoded by pwWY-1 and its derivatives. An earlier study
substrate assisted and concerted, features that can readily béemonstrated that the presence of thesH@y does not

identified in other aaRS systems.

EXPERIMENTAL PROCEDURES

General Chemicals and Reageritgless otherwise noted,
chemicals were provided by Fisher Scientific and Sigma.

significantly alter the catalytic properties of HisR35].
Purified HisRS fractions from nickel affinity chromatography
were pooled, concentrated, and dialyzed into storage buffer
(50 mM Tris-HCI [pH 7.5], 100 mM KCI, 5 mMg-mer-
captoethanol, 45% glycerol). The resulting preparations were
greater than 95% pure, and the concentration of HisRS was

Most restriction endonucleases and enzymes for molecularyatermined from its absorbance at 280 nm using an
biology were supplied by New England Biolabs. The gyiinction coefficient of 127 097 M cm 2 (25). Transcripts

oligonucleotides for site-directed mutagenesis were obtained ¢ 1o wild-type tRNAfs
from Operon Technologies. The restriction endonuclease

EcoT22l was purchased from Amersham, as was {f&5
3H] histidine. The specific activity of the latter was typically
40—-70 Ci/mmol. The Protein Quick Spin columns and
ATPaS (Sp isomer) were purchased from Roche. ASP
(Rp isomer) was a gift from Fritz Eckstein. The-NNTA

agarose was purchased from QIAGEN. All reagent solutions

were prepared in filtered milliQ water.
Synthesis of ATdS (Rp) The protocol for synthesis of

were produced by in vitro tran-
scription, using T7 RNA polymerase. Two different plasmid
constructs were used for production of templates. The initial
guench flow studies utilized templates produced by EcoT221
digestion of plasmid pWY-4025). This restriction enzyme
generates a’'dverhang that must be filled in by use of the
Klenow fragment of DNA Pol | and dNTPs. To obviate the
need for this additional step, a new plasmid was constructed
with a Fokl site located at the' @nd of tRNA gene. The
procedures employed for in vitro transcription reactions and

the ATRuS Rp stereoisomer has been described previously purification of transcripts scheme have been described

(29). The ADRiS Rp isomer was obtained from Fritz

previously @7).

Eckstein as the TEAB salt. The material was washed twice Steady-State Kinetics of Pyrophosphate Exchange and
with 1.0 mL aliquots of methanol and then evaporated to Aminoacylation The steady-state kinetic parameters of
dryness in a Speed-Vac. In a typical phosphorylation reaction, pyrophosphate exchange for the wild-type and mutant
0.4 umol of ADPaS (Rp) was resuspended in 15 mM Tris-  enzymes were determined by retention of radiolabeled ATP
HCI (pH 8.9), 0.75 mM DTT, 1.5 mM MgG| and 4.5 mM  on activated carbon, as described previougy, 8, 30).
creatine phosphate. The reaction was initiated by the additionThe in vitro aminoacylation assays were carried out using
of 20 U of creatine kinase and then allowed to proceed for methods published previouslg 27). The concentrations

3 h at room temp. The progress of the conversion of ADP of active tRNA from the transcript preparations were
to ATP was monitored by thin-layer chromatography (TLC) determined from the plateau values of aminoacylation and
on PEl-cellulose, employing 0.75 M KRO; as the mobile  \vere typically at least 50% of the theoretical maximum based
phase. Although-50% of the ADP appeared to be hydro- on absorbance. Aminoacylation reactions were incubated at
lyzed to AMP, the majority of ADP was converted within 3 37 °C and pH 7.5, with the duration of the time courses
h. ATP was purified from the resultant mixture by DEAE dependent on the activity of the mutant, and chosen to
chromatography. AMP, ADP, and ATP were eluted sequen- emphasize the linear phase of product formation. Kinetic
tially from the DEAE column in a linear gradient of 6:1  parameters were determined from plots featuring at least five
0.6 M TEAB. The identity of the eluted nucleotides was different tRNA Concentrations] genera”y spanning—%z
confirmed by thin-layer chromatography; the fractions times K,. The data were fit to the Michaelidvienten

Containing ATP were essentially homogeneous. Pooled equation using the Ka|eidaGraph software package (Synergy
fractions containing ATP were evaporated to dryness and software, version 3.08d)

washed three times in methanol as stated previously o/STP Pre-Steady-State and Single Tureo Kinetics The

(Rp) was reconstituted in ddB, the pH was adjusted to  general approaches for these assays were described in work
7.0 with NaOH, and then its concentration was determined py Fersht and co-workersl§, 31). As a prelude to rapid

by absorbance at 260 nm, using a molar extinction coefficient kinetic assays, large quantities of the HisRS histidyl

of 15 500 M cm™. adenylate complex were prepared as follows. A typical 300
Preparation of Aminoacyl- tRNA Synthetases and tRNA uL reaction contained HisRS at a final concentration of 30
The wild-type and mutant HisRSs were produced from uM, in the presence of 2.5 mM ATP and M [°H]-
expression strains containing derivatives of pWwY-1, a HisRS histidine, incubated in a standard adenylation reaction buffer
expression plasmid featuring the strong T6 promoter and a(10 mM HEPES [pH 7.5], 100 mM KCI, 1 mM DTT, and
lac operator to permit induction by IPT@%). The E83A, 10 mM MgCL). The inclusion of 0.2 U of yeast inorganic
E83Q, and Q127A mutations were introduced into pWY-1 pyrophosphatase (PPi-ase) ensured that the adenylation
by use of the Quick Change protocol (Stratagene), asreactions were effectively irreversible. Following a 30 min

described previously2). Mutagenic primers were 3336

incubation, the enzyme bound adenylate complex was

nucleotides in length and were designed to obtain targetseparated from unincorporated substrates by G25 spin column

melting temperatures of 7Z5 °C. The mutations were
confirmed by DNA sequencing d@fisS The construction of
the R259H mutant was described previoug$)(To express
wild-type and mutant proteins, late log cells were induced
for 4 h by addition of IPTG to a final concentration of 0.5

chromatography (Roche) using columns preequilibrated with
adenylation reaction buffer. The isolated enzyme:adenylate
complex was then stored on ice for immediate use in single
turnover or pre-steady-state quench flow assays. For single
turnover experiments, the spin column purified adenylate
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complex was used in one syringe of the KinTek RQF-3 rapid rate is at least 6-fold higher than the steady-state rate of
guench apparatus, while the second syringe contained tRNAhistidylation, previously determined to be 2.5 $27). The

in adenylation reaction buffer. The reaction time courses were amplitude of tRNA charged in some pre-steady-state experi-
constructed by the reaction being sampled over a time ments was less than the theoretical maximum predicted based
interval of 0.01-5 s (representing-10 half-lives) and being ~ on aminoacylation plateaus, reflecting either sequestration
quenched wh 3 M sodium acetate (pH 4.5). For slow of competent tRNA by nonadenylated active sites or a
mutants, aliquots of the reactions were removed by manualsubpopulation of misfolded tRNA with a reduced rate of
sampling over an interval that ranged from 10 to 120 min. aminoacylation.

To ensure dissociation of enzyme and substrates, the col- |s the Rate of Aminoacylation Limited by Product Release?
lection tubes contained SDS to a final concentration of 1%. The observed discrepancy between single turnover and
Aminoacylated tRNA in reaction aliquots was precipitated steady-state rates of aminoacylation could reflect a rate-
on 5% TCA soaked Whatman filter pads according to the determining step after aminoacyl transfer, such as the release
standard procedur@Y). The amount of aminoacylated tRNA  of aminoacylated tRNA from the enzyme. To further
product was plotted versus time and fit to the first-order distinguish between the actual transfer step and the product

exponential equation release step, a preformed HisRRNAS complex (at a 10:1
tRNA:enzyme ratio) was mixed with ATP antH]-histidine
y=a-+b(l- expﬁkt) under pre-steady-state condition$6,( 32). Under these

) . conditions, the observation of burst kinetics would indicate
wherea = they interceptb = the scaling constank = the  that release of product occurs more slowly than the actual
observed rate, antl= time in seconds. _ transfer step; if transfer is slower, then the pre-steady-state

For pre-steady-state reactions where the tRNA was in rate should approximate the steady-state rate. As shown in
excess over the adenylate complex, one syringe containedrigyre 1B, however, the steady-state rate (3.19 was
HisRS and tRNA (2«M HisRS, 20uM tRNA™S, 10 MM reached during the first turnover of the enzyme, with no
HEPES [pH 7.5], 100 mM KCI, 1 mM DTT, and 24 mM  gpparent break in the curve. This experiment was extended
MgCl,), while the second contained 6 mM ATP, 20M from the pre-steady state through five turnovers, with no
[*H]- histidine, 10 mM HEPES [pH 7.5], 100 mM KCl, 1 gecrease in the rate of product production. Hence, product
mM DTT, 24 mM MgChL, and 4 units/mL inorganic  yelease is not rate limiting for aminoacylation and thus cannot
pyrophosphatase. Reaction aliquots of20were collected ~  account for the discrepancy between the rate of aminoacyl
at time points from 10 ms to 30 s and then quenched astransfer and the overall rate of aminoacylation measured by
stated previously. The procedure was repeatedob¥?P] steady-state kinetics.

ATP being substituted as the radiolabeled substrate, and HisRS-catalyzed pyrophosphate exchange occurs at a rate
[a-*2P] AMP production being monitored by PEI-cellulose 4 120 s (30), suggesting that the isolated half reactions
TLC with 0.75 M KPQ, as the mobile phase. To improve o 5denylate formation and aminoacy! transfer are both faster
the sensitivity, enzyme and tRNA concentrations in the first (1o the overall steady-state rate of aminoacylation. With
syringe were raised to 5 and @0/, respectively, while the  proquct release eliminated as a limiting step for the overall
concentration of ATP in the second syringe was decreasedate of aminoacylation, we considered the possibility that
to 100uM. In both syringes, the MgGlconcentration was  the rate of the adenylation reaction is influenced by the
lowered to malntz_iln a 4:_1 rat|_o with ATP. TLC plates Were presence of excess tRNA. To address this possibility,
developed on a Bio-Rad imaging screen K and scanned using,qqitional HisRS pre-steady-state experiments were con-
a Bio-Rad FX molecular imaging system. The Quantity One qcted to monitor the adenylation process. In these experi-
software package. (B!o—Rad, Hercules, CA) was used t0 pents conversion off3%P] ATP to AMP—adenylate was
analyze the resulting images. followed by thin-layer chromatography (TLC). As seen in
RESULTS experiments monitoring the production of aminoacylated
tRNA under pre-steady-state conditions (Figure 1B), a linear

Single Turneer Rate of Aminoacyl Transfer Is Faster than accumulation of AMP in the first and successive turnovers
the Steady-State Rate of Aminoacylatidbn determine the  was observed when tRNA was present in the reaction, and
rate of aminoacyl transfer, we employed the rapid chemical no evidence for a burst was observed in the first turnover
quench method3Q). To achieve single turnover conditions, relative to those that followed (filled circles, Figure 1C).
histidyl-adenylate was preformed on the enzyme in the Parallel experiments monitoring the production of PPi gave
presence of pyrophosphatase and then separated from unreessentially the same result (data not shown). When tRNA
acted substrates by size exclusion chromatography. Awas omitted from the reaction, the initial rate of AMP
quantification of the ratio of preformed adenylate to HisRS formation was faster than the reaction containing tRNA, and
enzyme by scintillation counting showed a consistent stoi- the production slowed dramatically at a stoichiometry of
chiometry of one adenylate molecule bound per dimer (data approximately one adenylate formed per dimer (open circles,
not shown). The titration of a fixed concentration of Figure 1C). These experiments provide direct evidence that,
preformed HisRS adenylate (M) with tRNAMS (0.2—5 in the histidine system, the presence of tRNA reduces the
uM) produced progress curves that readily fit to a single rate of adenylation below that of the tRNA-independent
exponential equation and indicated thaf5% of adenylate  reaction. However, the tRNA clearly facilitates multiple
is chemically competent for transfer (data not shown). When turnovers in the adenylation reaction, providing a clear
excess enzyme:adenylate complex and tRNA were rapidly illustration of how the two processes are coupled. Without
mixed, the resulting first-order progress curves were fit to a tRNA in the reaction, the adenylation reaction catalyzed by
single exponential with &ps0of 18.8 s* (Figure 1A). This HisRS may be limited by the dissociation constants for
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Ficure 1: Aminoacyl transfer at 37C, pH 7.5, under single turnover and pre-steady-state conditions. (A) Single turnover ass&Zat 37

pH 7.5, for aminoacyl transfer catalyzed by HisRS. The wild type enzyme:adenylate complex was produced as described in Experimental
Procedures and then rapidly mixed with tRN¥®(8 uM) in the quench flow apparatus. (B) Product release is not rate limiting under
pre-steady-state conditions. HRSy(®1) and tRNA"s (20 uM) were rapidly mixed with equal volumes of ATP (6 mM), [2B] histidine

(200 «M), and PPiase (4 U/mL). Reactions were terminatedh\8itM NaOAc. Data were collected to at least 1.5 s, which &5 half-

lives. (C) Pre-steady-state time course of aminoacylation, monitoring the production3&?][AMP. The reaction conditions were as
described above (B) save for an increase in HRENB and tRNA (50uM) and a decrease in ATP (1Q0M). The assay was performed

with tRNA (closed circles) and without (open squares). The data without tRNA, representing a single turnover of adenylate production, is
fit to a single exponential.

histidine, ATP, or HisxAMP adenylate and thus display The contributions of these individual contacts (save for
apparent single turnover kinetics. Nonetheless, the initial Arg113) were assessed by mutagenesis, followed by steady-
portions of both traces describe the adenylation reaction priorstate and pre-steady state kinetics analysis. Steady-state
to aminoacylation and are thus comparable. kinetic data for R259H HisRS were reported previougly) (
Mutations in Histidyt-tRNA Synthetase Differentially and showed that pyrophosphate exchange and aminoacylation
Affect Single Turnger and Steady-State Rat€khe active are reduced by factors of 1000- and 3000-fold, respectively
site of the HisRS histidytadenylate complex can be readily (Table 1). Notably, the overall steady-state rate of R259H
superimposed on those of the ThrRS:tRNAand AspRS: pyrophosphate exchange was only 2-fold greater than the
tRNA”P complexes 3, 34), providing a basis for modeling  rate of aminoacylation. An even greater decrease (4500-fold)
the position of A76 (Figure 2). Previously, we used this in steady-state aminoacylation kinetics was observed for
model to derive predictions about contacts betweenBhe E83A HisRS. This decrease was partially, but not entirely,
coli HisRS and the CCA end of the cognate tRNA and then rescued by the E83Q mutation. In contrast to the R259H
tested these by mutagenesis and kinetic analyis48). and E83A substitutions, the Q127A substitution caused a
This docking model indicates that residues important for much smaller effect, decreasing pyrophosphate exchange 54-
aminoacyl transfer likely include Arg259, which interacts fold and aminoacylation 70-fold. Q127A was also seen to
with the Sp nonbridging oxygen of the adenylate; Arg113, provide a 40-fold increase ik, for histidine. Thus, loss of
which interacts with the Rp nonbridging oxygen; GIn127, contacts to charged groups on the adenylate (i.eqiNéls
which contacts the-carbonyl of the adenylate; and Glu83, and -phosphate) were associated with much greater decreases
which interacts with thex-amino group. The position of in activity than contacts to the unchargeetarbonyl.
Glu83 would also allow it to fix the position of the terminal To more precisely assess the role of these side chains in
A76 in the reaction via a hydrogen bond to th®©#, or the aminoacy! transfer step, product formation rates for these
alternatively, serve as a general base by abstracting a protormutants were measured in single turnover quench experi-
from the 30H. ments. Although reduced adenylation efficiency in the
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Table 1: Steady-State Rates of Pyrophosphate Exchange and Aminoacylation along with Single Turnover Rates of Aminoacylation of HiSRS
Mutants

steady state single turnover
pyrophosphate exchange aminoacylation aminoacylation
Km (uM) histidine Km (uM) ATP Keat (573 Km (M) tRNAHS Keat (571 Kerans (571)
WT 30+£5 890+ 64 130+ 5 0.34 2.02 18.8 2.5
R259H 25+5 370+ 12 0.103+ 0.010 3.30 0.006 0.0066 0.00031
E83A 134+ 18 N.DP 0.201+ 0.001 5.15 0.004 0.0026 0.00011
E83Q 35.3+4.4 N.DP 0.329+ 0.010 0.17 0.01 0.005% 0.00053
Q127A 996+ 131 N.DP 2.24+0.083 0.48 0.048 9211

a Steady-state kinetic data for R259H were published ir2def Not determined. Steady-state and single turnover measurements were carried
out at 37°C, as described in Experimental Procedures. At least three independent experiments were averaged to give the values. Standard deviations
for replicate experiments were within 10%. For steady-state measurements on mutant enzymes, 100 nM enzyme concentrations and extended time
courses were employed.

the single turnover rate of aminoacyl transfer by wild-type
HisRS (9 vs 18 %) but considerably faster than the steady-
state rate of either pyrophosphate exchange (212 er
aminoacylation (0.04878). The preferential effect of the
Q127A mutation on the adenylation reaction was therefore
unique to this mutant protein and suggests that the contact
between GIn127 and-carbonyl is not important for the
transition state for aminoacyl transfer.

Aminoacyl Transfer with Phosphorothioate Substituted
AdenylatesSingle turnover aminoacy! transfer and steady-
state aminoacylation are therefore limited at different steps,
a difference that was uncoupled by some but not all of the
active site mutants. To gain further insight into the nature
of the chemical step for aminoacyl transfer, the effect of
modifying leaving group chemistry was investigated. His-
tidyl—adenylate complexes using both Ad® (Sp) and
ATPaS (Rp) were assembled on the wild-type, R259H, and
E83A HisRS enzymes, and then the rates of single turnover
transfer to tRNA's were determined in the quench apparatus

o . - or by manual sampling. Despite differences in the relation-
Ficure 2: Active site of the HisRShistidyl adenylate complex . . .
(PDB ID: 1KMM) with the position of A76 ?nodeleéll in Secoﬁdary ship of single turnover to steady state, as well as differences

structures that make up the histidine binding loop @rstrands in absolute rates, wild-type, R259H, and E83A HisRS alll
that comprise the floor of the class Il active site are depicted as exhibited identical stereochemical preferences with respect

cyan colored ribbons. Selected active site side chains and the boundg the two adenylate diastereomers (Figure 4A,B, summarized

adenylate are stick rendered in CPK coloring. The position of A76 ; ;
(also in CPK coloring) was modeled based on superposition of HRS in Table 2). In each case, the rates of aminoacyl transfer of

with the ThrRS (PDB ID: 1COA) an. coli AspRS (PDB ID: the Rp adenylates were (_)nly&BO-foId slower than the all-
1QF6) complexes with cognate tRNA. During the course of the 0Xxygen adenylates. While the rates of turnover of the Sp
formation of the adenylation reaction, thephosphate undergoes  adenylates could not be reliably fitted as first order expo-
stereochemical inversion, such that AT®(Sp) gives rise to sulfur  npentials, an analysis of initial rates of transfer indicated that,
:2 tt?fa Fé% ”p%r;ti’trig?_'”g oxygen, and ATB (Rp) gives rise to sulfur 1 the wild-type enzyme, the oxygen to Rp thio-substitution
reduced the rate 50-fold, while the Sp thio-substitution
mutants did lead to a decrease in the formation of stable reduced the rate at least 10 000-fold. In comparison, 17- and
enzyme adenylate that could be isolated (yields of 5, 8, 40, 400-fold reductions were observed for the R259H enzyme
and 50% were obtained for E83A, E83Q, R259H, and using the Rp and Sp diastereomers, respectively. The
Q127A HisRS, respectively, relative to the wild-type en- magnitude of this thio effect suggests that the rate of
zyme), first-order progress curves were observed in all cases@minoacyl transfer is limited by the rate of aminoacyl transfer
Manual sampling of product formation catalyzed by R259H, chemistry and is consistent with the involvement of the
E83A, and E83Q HRS mutants provided fitted rates of 0.005, honbridging Sp oxygen in that chemistry.
0.007, and 0.01°8 (Figure 3A-C), respectively, which were
in close agreement with the steady-state rates. As in the cas(,P ISCUSSION
of the steady-state kinetics, the deleterious effects of EB3A  Overall Rate of Aminoacylation Is Limited by the Rate of
were not significantly rescued by E83Q. Thus, mutations at Adenylate FormationA surprising conclusion from our study
Glu83 and Arg259 limited both pre-steady-state and single is that the overall rate of aminoacylatidk) is slower than
turnover aminoacylation to a maximum rate~e®.005 s*, the individual rates of either amino acid activation or
which was at least 17-fold slower than the rate of pyrophos- aminoacy! transfer. The rate of 18.8'smeasured in our
phate exchange (Table 1). In contrast, Q127A HisRS single turnover experiments likely reflects the rate of
exhibited a rate of transfer that was only 2-fold less than aminoacyl transfer chemistry, both because no lag or multiple

Glu 270
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Ficure 3: Single turnover progress curves for aminoacyl transfer catalyzed by HisRS active site mutant€apB77.5. Q127A (A),
R259H (B), E83A (C), and E83Q (D). Enzyme:adenylates were preformed, isolated, and rapidly mixed wittist@MM) as described

in the legend for Figure 1. Reaction times smallemtsas were carried out in the rapid quench apparatus, while longer time-points were
obtained by manual sampling, terminating the reaction by being spotted onto TCA saturated filters.

exponentials were seen (indicating that tRNA binding is not proposed herel@, 13, 37). A survey of more recent literature
limiting) and because a previous rate versus pH profile arguesindicates that faster rates of aminoacyl transfer relative to
against a rate-limiting conformational chang&5) The the steady-statie,:are characteristic of all the dimeric class
phosphorothioate substitution experiments are also consistent and Il enzymes for which detailed pre-steady-state kinetic
with chemistry being rate limiting. The overall rate of measurements have been reported (Table 3). While a rate-
aminoacylation cannot be limited by the rate of product limiting step involving release of aminoacylated product can
release because no burst of aminoacylated tRNA wasaccount for the overall slower rate kfy in class | systems
observed under pre-steady-state conditions (Figure 1B).(38, 39), the same cannot be said of class Il enzymes.
When the production of aminoacylated tRNA and the Previously, Fersht et al. rationalized the discrepancy between
production of adenylate were monitored in parallel, no burst pre-steady-state and steady-state kinetics on the basis of
of adenylate production accompanied production of the first subsaturating substrate concentrations ane-site interac-
equivalent of tRNA (Figure 1C), and tRNA explicitly tions @0). Neither of these explanations can account for the
depressed the rate of adenylate formation (Figure 1C). Thebehavior observed with HisRS as the pre-steady-state experi-
simplest explanation for these observations is that presencements in Figure 1B were carried out with saturating
of the tRNA limits the rate of amino acid activation, a substrates, and HisRS does not exhibit classical half-of-sites
conclusion also drawn from a previous study of the yeast behavior in reactions where tRNA is present.

seryl-tRNA synthetase systei®6). Early work in the SerRS Mechanisms in which the overall rate of aminoacylation
and PheRS systems also suggested that adenylate formatiois limited by amino acid activation have important implica-

is rate limiting in the presence of tRNA, much as we have tions for the regulation of the rate of protein synthesis by
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Ficure 4. Aminoacylation stereospecificity of thio-substituted histidyl-adenylates. Aminoacyl transfer catalyzed by wild-type HisRS (A)
and R259H HisRS (B), using Rp and Sp phosphorothioate substituted histigighylates. Wild-type or mutant enzyme (8®1) was
preincubated with3H] histidine, ATRxS (Rp or Sp isomer), and PPi-ase oh at 25°C. Enzyme-adenylate complexes were then isolated

and rapidly mixed with tRNA's (8 uM) before the reaction was terminated by being quenchet @iM NaOAc (rapid quench flow
apparatus) or by being spotted on 5% TCA soaked filter paper (manual sampling). For the Rp diastereomer, the solid lines represent the
best fit to a single exponential equation. Sp isomer data could not be reliably fitted to a single exponential and instead were fitted to a
straight line by linear regression. Inset shows wild-type enzyme with Sp thioisomer at later time points.

Table 2: Stereochemical Effect of Phosphorothioate Adenylate on Aminoacyl Transfer

ATP ATPaS Rp ATRxS Sp thio effect [O]/[S] Rp thio effeg{O]/[S] Sp
WT 18.8+ 2.5 0.63+0.21 N.DP 50.1 10000
E83A 0.0026+ 0.0001 0.001% 0.0001 N.D? 2.4 200
R259H 0.0066+ 0.0003 0.001% 0.0003 N.DP 6 400

2Based on estimates fitting to the initial linear portions of progress cubwst determined.

Table 3: Comparison of Rate Constants for Steady-State Substrate Assisted Catalysis and the Nature_ of the Gsneral
Aminoacylation k) and Pre-Steady-State/Single Turnover Base for Aminoacyl TransfelfThe aminoacylation reaction
Aminoacyl Transfer Kyand in Different Class | and Class Il aaRS involves decomposition of a mixed anhydride (the aminoacyl
Systems adenylate) to form an aminoacyl ester, a thermodynamically
method of favorable process. The rate of this reaction should nonetheless
_pre-steady be enhanced by the action of a general base. By virtue of its
AGRS system Krans(S") kear(s™) kinetic analysis ref position in the active site (Figure 5), the significant conse-
EcHisRS 188 25  rapid quench this paper  quences of its substitution by alanine or glutamine, and the
BBPTyrRS ~ 28-30 3.7 stopflow/quench 31 likely pK, of its y-oxygens ¢4—5), Glu83 would appear
BOPTrpRS 44 29 stop flow 56 upon first inspection to be a good candidate for the general
Ec®SerRS 35 2.4 rapid quench 12 . . - :
SEPheRS 35 24 stop flow 13 base. Yet Glu83 is also situated to neutralize ¢hamino

group of the substrate histidin2(@, 21), an interaction that
would increase the nucleophillicity of histidinedscarboxy-

late in the adenylation reaction, while also positioning the
aminoacylation. Notably, the pre-steady-state experimentsadenylate for the subsequent aminoacyl transfer reaction. The
described in Figure 1B were performed at micromolar low levels of recoverable HisRS adenylate with both alanine
concentrations of aaRS with tRNA in excess, which reflect and glutamine substitutions testify as to the importance of
physiological concentrations and aaRS:tRNA ratios in vivo the salt bridge in binding and retaining the adenylate prior
(41). Enzyme-tRNA ratios are constant under a wide variety to transfer. This suggests that the dependence of the rate of
of physiological conditions, where ratios of aaRS to ATP the aminoacyl transfer reaction on Glu83 can be rationalized
and to amino acid are likely to fluctuate on the basis of the on the basis of electrostatic grounds (as opposed to a direct
size of individual amino acid pools and cellular energy role as general base), which would also account for the
charge. Notably, early work showed that HisRS activity is observed conservative substitution of Glu83 by aspartate in
sensitive to the cellular energy chargi®) Thus, coupling  eukaryotic versions of HisSRS3().

the overall rate of aminoacylation to the rate of amino acid  As there are no other side chains with ionizable groups at
activation is logical because it allows aaRSs to provide a an acceptable i, in the immediate vicinity of thex-car-

level of control over protein synthesis by serving as sensorsboxylate carbon (Figure 5), the most plausible candidates
of ATP levels and amino acid pool43). remaining as general base are the nonbridging phosphate

aE, coli. ® B. stearothermophilus S. cereisiae.




3792 Biochemistry, Vol. 44, No. 10, 2005

NH,

X

J

o tRNA </N ‘
BIVIRS

Gln 127

NH;
H,C—CHz 2

N

1

N

-

N

Glu 270

HZC/C -
\

Ficure 5: Concerted, substrate assisted mechanism for amino-
acylation by histidy-tRNA synthetase.

Guth et al.

dependent on the unique Arg259 of HisRS. The generality

of this observation is therefore an interesting question to be

pursued in other systems; the absence of an appropriately
positioned general base in both class | and class Il enzymes
certainly raises the possibility of generalized substrate

assisted catalysis in many aaRSs.

Is a Concerted Transition State General for Aminoacyl
tRNA Synthetas®@sIn classical enzymology, information
about transition state structure is obtained from kinetic
isotope effects or measurement of Brgnsted linear free energy
relationships. The high specificity of aaRSs for their sub-
strates prevents systematic leaving group modification, and
kinetic isotope effect experiments would be complicated by
the solvent exchangeable nature of the key protons. With
the caveat that our argument relies on the results of
mutagenesis experiments, we find a dissociative transition
state for aminoacyl transfer unlikely, as it would require
formation of a carbocation at the-carboxylate carbon and
a negatively charged AMP leaving group. In the absence of
side chains to stabilize these charged intermediates, this
would be thermodynamically unfavorable. A dissociative
transition state would further require buildup of charge on
the bridging oxygen axial to the phosphate group, one of
the few polar groups in the histidinyl adenylate not contacted
by HisRS. Chemical activation of the nucleophile, an event
of importance in HisRS, should not significantly affect the
rate in a dissociative mechanism. Hence, a dissociative
mechanism can be ruled out for HisRS.

oxygens of the adenylate. The phosphorothioate experiments An associative mechanism for aminoacyl transfer was

reported here constitute the first direct experimental test of
this concept, which had been proposed earliEr, @4).

initially proposed by Perona et all{) and endorsed by
others (8, 51). This mechanism entails formation of a stable

Previous studies employing phosphorothioate substitutedtetrahedral intermediate that, by analogy with serine pro-
substrates indicate that these experiments need to be interteases, would include contacts to neutralize the oxyanion.
preted carefully45—47), both due to the potential for altered  |n HisRS, the carboxyamide group of GIn127 contacts the
geometry and as a consequence of chemical differencesy-carboxylate oxygen, an interaction that does not appear
related to the PS bond §8). Our comparison of the effects o make a significant contribution to the transition state for
of both diastereomers essentially rules out these trivial aminoacyl transfer (Table 2). Accordingly, we favor a

explanations and serves to implicate the Sp oxygen as aconcerted mechanism for aminoacy! transfer (Figure 5), as
putative general base: Ii the basis O.f the phosphgrothloateit provides a better explanation for the key observations
effect were purely steric, then dramatic decreases in transfer,

- reported here. In this mechanism, bond formation between
rates for both diastereomers would have ensued, and rescug, - 5~ anda-carboxylate carbon would be concerted with

of the Sp phosphorothioate adenylate by the R259H substltu-the cleavage of the bond joining thecarboxylate carbon

tion might well have been observed, by analogy to other to the axial oxygen of the-phosphate, thereby rationalizing
systems 45, 49). Although the Rp and Sp oxygens of the the considerablelf, difference between theé GH of tRNA

adenylate are both in contact with arginines (Arg 113 and (PKa = 16) and the nonbridging sp oxyge ~1). As

Arg259, respectively), the latter interaction is chemically :
distinct: thee nitrogen of Arg259 makes a salt bridge with  the ond between the tRNA nucleophile and ¢hearboxy-

Glu270 in the adenylate complex. Consequently, the Arg259- 1ate is formed, the g, of the 3OH proton would be expected
pro-S oxygen interaction is likely to be weakened in the 0 drop sharply, while the i, of the nonbridging oxygen

adenylate complex, relative to that made by Argl13, would tend to rise as the bond to thecarboxylate begins
facilitating protonation of the pr&oxygen. to lengthen and break. Thus, a concerted mechanism provides

A conserved arginine in motif 2 makes a universal contact & Means to enhance the substrate assisted nature of catalysis

to the proR nonbridging oxygen in all class Il enzymes, N th.is reaction. More re_cently, it has been propo§ed that
while contacts to the pr& oxygen are idiosyncratic to peptidyl transfer by the ribosome is substrate assisted and
different families 6). Many class Il enzymes employ a features the enhancement of catalysis by the P-site tRNA
coordinated magnesium ion for this interaction, while HisRS (52—54). Should such mechanisms be verified for both the
is unique in making this contact with an arginine. PheRS aaRS and the ribosome, it would suggest that -abakse
likely employs a catalytic Mg2 for contacting the pr& catalysis of these fundamental reactions is largely provided
oxygen, yet exhibits the same stereospecificity with respect by the substrates and that the major role of the aaRS and
to utilization of the Rp and Sp isomers of A@B as HisRS ribosome is to guide their respective substrates into position
(50). Therefore, the thio stereospecificity we observe is not for catalysis §5).
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