15102 Biochemistry2003,42,15102-15113

Induced Fit and Kinetic Mechanism of Adenylation CatalyzedBsgherichia coli
Threonyl-tRNA Synthetade

Michael L. Bovee), Melissa A. Piercé,and Christopher S. Franckly#*

Department of Biochemistry, The Usrsity of Vermont Health Sciences Complex, Burlington, Vermont 05405-0068, and
Saint Anselm College, Box 1828, 100 St. Anselmdé&rManchester, New Hampshire 03102

Receied September 2, 2003; Reed Manuscript Recegéd October 21, 2003

ABSTRACT: Threonyl-tRNA synthetase (ThrRS) must discriminate among closely related amino acids to
maintain the fidelity of protein synthesis. Here, a pre-steady state kinetic analysis of the ThRS-catalyzed
adenylation reaction was carried out by monitoring changes in intrinsic tryptophan fluorescence. Stopped
flow fluorimetry for the forward reaction gave a saturable fluorescence quench whose apparent rate increased
hyperbolically with ATP concentration, consistent with a two-step mechanism in which rapid substrate
binding precedes an isomerization step. From similar experiments, the equilibrium dissociation constants
for dissociation of ATP from the Hhr complex Kz = 450 + 180 «M) and threonine from the &ATP

complex K's = 135uM) and the forward rate constant for adenylatikns(= 29 + 4 s) were determined.

A saturable fluorescence increase accompanied the pyrophosphorolysis ofTtire-&AMP complex,
affording the dissociation constant for RRs = 170 4+ 50 uM) and the reverse rate constakt{ = 47

+ 4 s'1). The longer side chain g-hydroxynorvaline increased the apparent dissociation constant

= 6.8+ 2.8 mM) with only a small reduction in the forward raté gng = 20+ 3.1 s'1). In contrast,

two nonproductive substrates, threoninol and the adenylate analégdgNs(L-threonyl)sulfamoyl]-
adenosine (Thr-AMS), exhibited linear increasedg with ligand concentration, suggesting that their
binding is slow relative to isomerization. The proposed mechanism is consistent with steady state kinetic
parameters. The role of threonine binding loop residue Trp434 in fluorescence changes was established
by mutagenesis. The combined kinetic and molecular genetic analyses presented here support the principle
of induced fit in the ThrRS-catalyzed adenylation reaction, in which substrate binding drives conformational
changes that orient substrates and active site groups for catalysis.

The ability of aminoacyl-tRNA synthetases (aaRSs) to active sites that exploit the unique steric and chemical
distinguish among closely related amino acids is essentialproperties of their amino acid substrates, conferring the
for accurate protein synthesis. In the first phase of the two- required accuracy of the cognate amino acid selection in one
step aminoacylation reaction, an aaRS will activate its amino step, namely, the adenylation reaction. However, an aaRS
acid substrate by condensation with ATP to form an enzyme- that must discriminate between two amino acids that are
bound aminoacyl adenylate, and then transfer it to the 3 isosteric, or differ by no more than a single methyl group,
terminal adenosine of its cognate transfer RNA ). faces a more challenging taskd. As the first step toward
Remarkably, there are two distinct classes of aaRSs, eachachieving the low error rate 0f~104—107° found in
of which is characterized by a unique catalytic fold archi- proteins, these enzymes employ pre- or post-transfer editing
tecture, signature sequence motifs, and regiochemistry ofmechanisms to specifically reduce the inappropriate activa-
aminoacylation -5). Unlike other biosynthetic enzymes,  tion of noncognate amino acids. Such a mechanism was first
aaRSs face the special task of recognizing specific aminodemonstrated for isoleucyl-tRNA syntheta4é)( where the
acid and transfer RNA substrates, as well as the universalgifference in enzymatic efficiencyk{/Kwv) for amino acid
substrate, ATP. How the aaRSs discriminate among closely activation of isoleucine versus valine by IleRS is only 180-
related amino acids during the adenylation reaction remainsto|d (17). This is even poorer than the overall error rate in
a topic of continuing interest, particularly in light of efforts protein synthesis of 1 in 3000 suggested in an earlier work
to expand the repertoire of amino acids inserted into proteinsinat examined the rates of misincorporation of leucine and
(6). valine for isoleucine in ovalbuminl@). The editing mech-

A number of aaRSs, such as TyrRH,(AspRS 8, 9), anism employed by IleRS and the closely related enzymes
LysRS (@0, 11), and HisRS 12—-14), are characterized by  valRS and LeuRS relies on two distinct active sites, the first
being responsible for the initial adenylate synthesis and the
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Threonyl-tRNA synthetase (ThrRS) confronts a similar mechanism in which a fast binding step is followed by a
challenge in discriminating threonine from isosteric valine slower, isomerization step associated with induced fit con-
and chemically related serine. Recently determined crystalformational changes in the active site.
structures of complexes with cognate tRNA or a threonyl-
adenylate analogu@{—23) show that ThrRS consists of a MATERIALS AND METHODS

catalytic domain based on the characteristic class Il fold, 2  cpemicals and ReagenfEhe nonhydrolyzable adenylate

C-terminal domain re;ponsible for bindir)g. the .tRNA antj— analogue 50-[N-(L-threonyl)sulfamoyl]adenosine was syn-
codon, and an N-terminal extension (subdivided into domains thesized by B. Sproat (RNA-TEC, Leuven, Belgium) and

N1 and N2)_ joined to the patalytic domair_l by a Ic_mgwelix. generously provided by A.-C. Dock-Bjeon (IGBMC,

The selection of threonine by ThrRS is mediated by an jirch, France). Amino acids and amino acid analogues
essential pentacoordinately bound zinc ion in the active site o purchased from Sigma and FluReHydroxynorvaline
that interacts with the threonine hydroxyl group, thereby pas previously been described as a specific threonine
promoting rejection of valine22). Amino acid activation antagonist47). Pyrophosphatase was obtained from Roche
experiments indicate that the active site zinc and other activep;giecular Biochemicals. Nucleotides were purchased from
site residues of ThrRS provide a greater than 1000-fold A mersham Biosciences. Radiolabelé@P|pyrophosphate

preference for threonine over serine, but only a 70-fold 55 hurchased from Perkin-Elmer Life Sciences-NTA
preference for threonine over the non-natural amino acid agarose was purchased from Qiagen.

B-hydroxynorvaline 22). While the extent of specificity for ThrRS Qerexpression and PurificatiofE. coli threonyl-

threonine over serine manifested by ThrRS at the level of \p\A synthetase (ThrRS) was overexpresse.inoli strain
adenylation is greater than that exhibited by 1leRS in the |gpce881 transformed with plasmid pTettStag1, which
selection of isoleucine over valine, it is not sufficient to  oncodes the enzyme with a C-terminal hexahistidine tag. The
accommodate the accuracy required for protein synthesis.chromosomal copy of thehrS gene was insertionally
Consistent with this view, it was subsequently shown that ;- tivated by a kanamycin resistance casset8. (This
the ThrRS N-terminal extension contains an editing site that o sured that all ThrRS arose from the plasmid-bats
serves to hydrolyze misacylated serine by use of a post-gene, which simplified purification and confirmed enzymatic
transfer editing mechanism2g). When this domain is  nction of the ThrRS mutant. The transformgdcoli strain
deleted, the editing function is abolished and the level of |, - grown at 32C in LB medium supplemented with 10
a_mlnoacylatlon is decreased, but adenylation of threonine IS yg/mL tetracycline, anthrSwas under continuous induction
virtually unaffected 22, 23). Other class Il enzymes for \yih 0.5 mM IPTG. Bacteria were harvested by centrifuga-
which editing funcpons ha_ve been reportgd include ProRS i afte 6 h and lysed by sonication in low-ionic strength
(24, 25) and, bY. virtue of' its homology with ThrRS over |y tfer A [25 mM Tris (pH 8) at 4°C, 50 mM KCI, 5 mM
parts of the editing domain, AlaR2%, 26). _ MgCl,, and 3 mM DTT]. The lysate soluble fraction was
The most detailed picture of the adenylation reaction has jsp|ated by centrifugation at 100§0and nucleic acids were
been provided by the use of rapid kinetics, coupled with fyrther precipitated from the soluble fraction by dropwise
analysis of relevant crystal structures. In particular, pre-steady aqdition of protamine sulfate to a final concentration of 0.1%,
state kinetics experiments conducted on ligdlillus stearo-  followed by centrifugation. The resulting supernatant was
thermophilusand human TyrRS provided direct estimates jncubated with 5 mL of NENTA affinity resin in batch mode
of the energetic contributions of individual enzyreubstrate iy puffer B (buffer A with 20 mM imidazole) to bind ThrRS
contacts 7—32). Other class | aaRS systems on which pre- gpecifically, and then transferred & 5 mL polypropylene
steady state kinetic analyses have been performed includggiumn. Other proteins were removed by exhaustively
lleRS 33-36), TrpRS B7—39), MetRS @0), and ValRS  yashing the resin with buffer B. Pure ThrRS was eluted from
(41). The work on the tyrosyl systems, as well as that on the column in buffer C (buffer A with 150 mM imidazole),
other systems, has contributed to the prevailing view that dialyzed into buffer D [20 mM Tris (pH 7.5), 150 mM KCl,
catalysis by the aaRS depends significantly on the develop-gnd 15 mm MgCJ], and then stored on ice prior to use in
ment of binding energy between the enzyme and the experiments.
transition state, with little contribution from covalent and Stopped Flow and Steady State Fluorescence Measure-
acid/base catalysis. In contrast, pre-steady state kinetiCmentsSteady state measurements were taken using a Photon
analysis of amino acid activation by class Il systems has Technology International (Lawrenceville, NJ) spectrofluo-
been less extensive, with only limited Work_ repor'ted inthe imeter equipped with a water-cooled 150 W xenon arc lamp.
PheRS 42) and LysRS 43) systems. Insights into the  gamples were analyzed in a 0.4 ol cm quartz cuvette,
mechanism of adenylate formation have been largely deduceohsirg a 4 nmexcitation bandwidth (29at 2 nm), and
from crystallographic analyses of SerR&) HisRS (3, emission was collected above 320 nm by using a WG320
45), and AspRS9). By analogy to that of class | enzymes, nigh-pass filter. Steady state fluorescence assays were
catalysis appears to be promoted through the developmenperformed in buffer D by titrating substrates over a range
of binding energy to the transition state. However, class Il gstimated from 0.2 to 5 times the dissociation constant into
enzymes appear to share the common feature of stab|I|zat|onenzyme at a concentration of 0:25 uM (calculated as
of the presumed pentacoordinatghosphate transition state dimer). Intrinsic tryptophan fluorescence of the Wand

by a coordinated metal ion or a basic residue, which is not \y434y ThrRS enzymes was measured by wavelength
seen in class | enzymed®). Here, we have applied pre-

steady .Sta.te km.etlcs to the study of the class I.I ThrRS from 1 Abbreviations: Thr, threonine; HN\j3-hydroxynorvaline; Thr
Escherichia coli The results from these experiments show amp, threonyl-adenylate; Thr-AMS, 8-[N-(L-threonyl)sulfamoyl]-
that the adenylation reaction is best described as a two-stemdenosine; WT, wild type.
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scanning to determine the optimal fluorescent yield for plotted as bound versus free (hyperbolic plot, eq 2) and
unliganded and liganded species in the presence or absencbound/free versus bound (Scatchard linear transform plot,
of varying concentrations of substrate. In the steady stateeq 3).

experiments, fluorescence measurements were multiplied by

ViinalVinital 10 correct for dilution, and normalized to unity _ [Thr]gee X N[E] o1

at [S), for titrations of the substratd-(,;) or equal volumes [Thrlbouna= [Thr]..+ K ()
of water Fuae). The substrate specific component of the free =D

fluorescence quench was determined by addition of a [Thr] 1 n[E]

correction factor, 1— Fyaer t0 each corresponding, *__-bound__ — = Thrlyoun d-1-—““&" (3)
measurement in the titration. Transient state fluorescence [Thrltee Ko Kp

measurements were taken using a MOS-250 spectrophotom- _ _ _
eter with fiber optic excitation and emission connected to a Where [Thrhounais the concentration of threonine bound to
uSFM-20 flow module, both manufactured by Biologic ThrRS.,_[T_hr}ree Is the concentrau_on of unbounq threomne
(Claix, France). Excitation was at 29¢ 2.5 nm, and at equmbrlum,_n is the number of independent blndlmg sites
emission was collected using a WG320 high-pass filter as Per enzyme dimer, [ka is the enzyme concentration, and
described above. The instrument dead time was approxi-KD is the equilibrium dissociation constant_for threonine.
mately 2 ms. In a typical experiment for measuring the rate  Stéady State Pyrophosphate Exchange Kinefios steady
of the forward reaction, one syringe contained ThrRS (0.5 State parameteks.andKy for both threonine and ATP were
uM), pyrophosphatase (0.5 unit/mL), and saturating concen- détérmined by the pyrophosphate exchange assay, as de-
trations of threonine (10 mM) or M&TP (10 mM). The sg:nbed .preV|oust2(2). In contrast to the previous study, a
variable syringe contained pyrophosphatase;-Q@ mM higher fixed concentration of ATP (5 vs 2 mM) was used
threonine or 0.210 mM Mg-ATP, and the same saturating for assays in which the thre_onlr_le concentration was varle_d.
concentration of the other substrate as described above. AllPYrophosphate exchange kinetics were also carried out with
reactions were conducted in buffer D. Individual reaction 2 fixed threonine concentration (5 mM) and varying Mg
mixtures received equal volumes (8B) from each syringe, ~ATP (135uM to 5 mM), allowing determination of an
and the fluorescence decrease (or increase) was monitore@Ppareny for ATP andk.. for exchange.
over 5 s. For experiments in which the reverse reaction WaspesLTS
assessed, one syringe contained the preform€&drE AMP
complex (1uM) that had been separated from free substrates Fluorescence Changes Associated with the Adenylation
while the second contained tetrasodium pyrophosphateReaction The stopped flow analysis described below was
(0.02-2.0 mM). Pre-steady state initial fluorescence values analyzed according to Scheme 1, which serves as a minimal
were determined for each experiment by rapidly mixing the mechanism for ThrRS-catalyzed adenylation. The transient
same enzyme preparation with buffer lacking only the kinetic and steady state kinetic data obtained can be described
indicated substrate. using the rate and equilibrium constants presented in Scheme

Data AnalysisFor each reaction, up to 10 raw data traces 1 and Table 1. The convention for the various rate and
were averaged. Apparent rate constants were determinedequilibrium constants is that described previously by Pope
using the Biokine software package version 3.25, in which et al. (34), and defined explicitly in Table 1. Equilibrium or
data were fit to a form of eq 1: dissociation constants are givenkas while elementary rate

) constants are given &s; or k.
— LG
y=at+b+ce") (1) Scheme 1

wherey is the fluorescence intensitg,is the baseline slope, kﬂmi// EeThr \ha (ATP]
b is the offset,c is the amplitudek is the apparent rate ki ks
constant, and is the independent variable, time. Error bars EV\
in Kapp versus [S] plots indicate the 95%t2 standard k+2[A$
deviations) confidence limit unless otherwise indicated.

Equilibrium Dialysis.Experiments were performed in a The addition of increasing concentrations of threonine to
five-cell microdialyzer apparatus (Spectrum Laboratories, a fixed concentration of ThrRS under steady state conditions
Rancho Dominquez, CA). Concentrated enzyme stocks wereled to a quench of tryptophan fluorescence on the order of
dialyzed at 4°C into 50 mM Tris (pH 7.5), 50 mM NaCl, 5%, but no transient was detected under stopped flow
10 mM MgCh, and 1 mM f-mercaptoethanol. Sample conditions (data not shown). A similar steady state fluores-
volumes of 125L containing either enzyme (256M) or cence quench may be associated with ATP binding by
[*H]threonine (16-1000uM, specific activity of 56-75 cpm/ ThrRS, but likewise could not be reliably quantitated. When
pmol) were loaded into opposing sides of a semipermeable ATP is rapidly mixed with ThrRS saturated with threonine
membrane and incubated overnight &Clwith continuous (herein termed BHhr), a single-exponential quench with a
slow rotation. Artifacts due to surface adsorption effects were 6% amplitude is observed withtg, of ~25 ms (Figure 1A).
controlled by equilibrating the amino acid from either When increasing concentrations of Mg P were rapidly
direction. Measurement of the radioactivity present in both mixed with EThr, kappincreased hyperbolically, and the rate
chambers at equilibrium by scintillation counting allowed of the fluorescence change exhibited no dependence on
the concentrations of free and of boutdfree threonine to  enzyme concentration over the range from 0.2 to a0
be determined at each ligand concentration. Bound wasThis response is consistent with a two-step kinetic mecha-
calculated by subtracting free from boutidfree. Data were ~ nism in which the formation of a bimolecular complex is

ks K !
EeThreATP ——=—= EsThr~AMP*PPi === E*Thr~AMP + PPi

k% ks
Kya(Thn

E-ATP
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Table 1: Rate Constants for Substrate Binding, Activation, and Inhibitor Bindirkg twli ThrRS

reaction step

rate/equilibrium constant

basis for parameter

E+ Thr=E-Thr

E + ATP=E-ATP

E:Thr+ ATP=E-Thr-ATP
E-ATP + Thr=E-ATP-Thr
E-ATP-Thr=E-ATP + Thr
E:-ATP + Thr=E-ATP-Thr
E-ATP + HNV = E-ATP-HNV
E:Thr-ATP = E:-Thr~AMP + PR

E-HNV-ATP = E-HNV~AMP + PR

E-Thr~AMP + PR = E-Thr-ATP
E-Thr~AMP + PR = E-Thi~ATP

Ky = 215uM
K'p=717uM

Ks= 450+ 180uM

k+4 =24x 104 M71 571

k+5[HNv] =20+£3.1st
ks=47+4.1s?
K¢ = 170+ 50uM

equilibrium dialysis
estimate from K1K3)/K4
midpoint of Figure 1B
slope of Figure 1C
intercept of Figure 1C
derived fromk_4/K;4
midpoint of Figure 3A
limit value of Figure 1B
limit value of Figure 3A
limit value of Figure 4B
midpoint of Figure 4B

E-ATP + ThrOH = E-ATP-ThrOH Kon=(2.340.2) x 10*M 152 slope of Figure 3B
E-ATP-ThrOH= E-ATP + ThrOH Ko =19 51 [Kapi(Kiwa + Kre)]/Krev (€01 5)
E-ATP-ThrOH= E-ATP + ThrOH K'rhron = 830uM K oft/Kon

slope of Figure 3C
[Kapd(Kiwd + Krev)]/Krev (B 5)

off/kon

E + Thr-AMS = E-Thr-AMS
E-Thr-AMS = E + Thr-AMS
E + Thr-AMS = E-Thr-AMS

aE js ThrRS.P Parameters denoted with a prime are estimates derived as indicated in the text.

kon=(1.6+0.2)x 1CPM~ts?t
Kot =0.3s?
K'thr—ams = 2 uM

0.96 SO

A EeThr + MgATP

e
©
a

40

=3 o o
©w w ©w
~nN w S

Protein fluorescence (a. u.)

4
©

0.90 L L L ! . T ol v v b v b 1 o
0.0 0.4 0.8 1.2 1.6 0.0 0.5 1.0 15 2.0

time (sec) [Mg ATP] (mM) [Thr] (mM)

Ficure 1: Protein fluorescence changes that occur upon combining adenylation reactants with enzyme. All reactions were carried out in
the stopped flow apparatus using the standard buffer and temperature conditions described in Materials and Methods. Enzyme and threonine
concentrations were 2M and 10 mM, respectively, before they were mixed in a 1:1 ratio in the reaction mixture with ATP. (A) Rapid
mixing of E:Thr with 60uM Mg-ATP. The curved line is the best fit to eq 1. (B) Stopped flow titration of ATP with tREhNEcomplex.

The solid line is the best fit using eq 4. (C) Stopped flow titration of threonine with tAd E complex. The dashed line is the best fit to

eq 4. The solid line represents a linear least-squares fit to the initial linear portion of the curve, assuming a breakdown of the rapid equilibrium
assumption49, 53).

followed by a unimolecular isomerization step, according Moreover, in transient experiments where unliganded ThrRS

to Scheme 2. was mixed with threonine and ATP simultaneously, nearly
half of the amplitude occurred in the dead time of the
Scheme 2 instrument, and amplitudes could not be reliably estimated

when the concentration of either substrate was varied.

Accordingly, the preferred interpretation is that a fast

fluorescence changekf, > 250-300 s?) reflecting the

initial encounter of ATP with EThr occurs within a few
For a two-step mechanism, a maximum of two relaxations milliseconds of mixing, and is followed by a second, slower

can be observed4f). In the experiment described above, transient. By employing the simplifying assumption that the

only one transient was observed. One of at least threefirst step is fast relative to the second, and restricting the

explanations may account for this. First, there may in fact experimental conditions to a large substrate excess, we

be two fluorescence changes (relaxations) upon mixing ATP analyzed the rate of the transient quench as follows

with E-Thr that are well separated with respect to rate, but

the first occurs within the dead time of the instrument. _ K, 5[S]o

Alternatively, the two putative relaxation times may be too PP K, + [S]o

close to one another to be decoupled, or only one fluores-

cence change occurs, and is specific to the isomerization stepwhereKs is the apparent dissociation constant for dissociation
To distinguish among these different interpretations, we of ATP from the EThr complex andk;s andk-s represent

note that the fluorescence decrease observed with threoninghe forward and reverse rate constants, respectively, for the

alone was 5%, while the decrease associated with rapidlyisomerization of EThr-ATP to [E-Thr-ATP]*. Figure 1B

mixing threonine and ATP together into ThrRS was 10%. displays the resulting plot d&., versus [ATP], from which

the values of 456t 180uM and 29+ 4 s™* were obtained

2For clarity, the rate constants designated in Scheme 1 will be fOr Ks an_d the limiting value foikis + k-s, respectively.
maintained throughout the paper. Here, ay intercept of<1 s! suggests that the value fkrs

Kyajate) K. g
E-Thr+ ATP . E-Thr-ATP - [E-Thr-ATP]*

Tks (4)
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is not reliably determined. This is likely due to the inclusion 0 0 OH

of pyrophosphatase in the reaction, or the relatively weak l|_OH l|___OH Hy
binding of pyrophosphate (PRo the enzymeadenylate |

complex B4, 50). Thus, the limiting value of 2978 for kapp HaN—CGH HaN—0CH HN——"CH
can be taken to be a reasonable estimate gfthe forward " " "
rate of isomerization. A similar limiting value of 29swas HaG \OH e \OH e \OH

observed in pre-steady state experiments in which unliganded
ThrRS was rapidly mixed with threonine and ATP without ¢

reincubation (data not shown). The value of for B-hydroxynorvaline Threonine Threoninol
Eg is within a fa(lctor of 2 of the I\)/Iichaelis constaﬁ??or ATP (F-HNV) (Tho (ThrOt)
in the pyrophosphate exchange reaction (see below and ref
22). Accordingly, a two-step mechanism in which a relatively NHz
fast ATP binding step is followed by a slow isomerization
step appears to account plausibly for the observations.

The effect of reversing the order of substrate addition was
examined by titrating threonine into the preformed\EP
complex. As in the previous experiment, the observed rate
constant can be interpreted as a hyperbolic dependence on"
increasing concentrations of the variable substrate [Figure
1C (— — —-)]. Afit of the data to eq 4 returned values of CHg
1.2+ 0.6 mM forK,, the apparent dissociation constant for
dissociation of threonine from the-&TP complex, and a
value of 47+ 9 s for kys. The saturating value déyyis 5'-0-[N~(L-threonyl)sulfamoyljadenosine (Thr-AMS)
nearly double the rate observed when ATP is the variable Ficure 2: Comparison of the structures of relevant amino acid
substrate, while the apparent valuekafestimated from the ~ substrates and analogues. Threonine anal@gugdroxynorvaline
midpoint of the plt i at least 10-o0d igher than e 1Y, SO9°le (NSO, e Sompeie Swraes o enyion
for th_reonlne determined from stea(_jy state klnem.(As . bind to the enzyme acti\ye sit)é but do notyparticipategin catalysis.
we will develop below (see Discussion), these discrepancies

are likely a reflection of the breakdown of the rapid 4 pe rejected by virtue of weak binding during the formation

equilibrium assumptionk(-[S] + k-4 > kis + k-s) when of the bimolecular complex, rather than during the isomer-
ATP binding precedes threonine binding. ization step.

Threonine Analogues in the Adenylation Reacti®dhe
observation of a two-step mechanism in the forward reaction
raises two distinct possibilities. The unimolecular step
immediately following binding may reflect the chemical step
in which the adenylate is formed, or represent a conforma-

tional change in the £5 complex that precedes chemistry, . . ) X
! ge! pex P STy explained by one of two models, the first being a simple

as seen in the myosin ATPase mechani&i).(To distin- : . . . :
guish between these possibilities, pre-steady state eXperi_blmolecular interaction. As these experiments were carried

ments were performed using the threonine analogikes- out under conditions of considerable substrate excess, these

droxynorvaline §-HNV) and threoninol (ThrOH), as well reactions represent a pseudo-first-order transformation of E
as the adenylate product analogueOgN-(L-threonyl)- (or EATP) Into EThr-AMS or EATP-ThrOH. PlOts_?ﬂ(a_"f
sulfamoyljadenosine (Thr-AMS). The structures of these Versus [S] yieldedc, values of (2.3 0.2) x 10 M s
compounds are shown in Figure 2. The analqgudroxy- for the bimolecular association constint9f threoninol (Figure
norvaline differs from threonine by the replacement of the 33' slope) and (1.6 0'2_) X _105 M S for Th_r-AMS .
side chain methyl group with an ethyl group, resulting in a (Figure 3C, sl_ope). In thls S|mple_ blmolecular_mter_ac_tlon
17-fold increasecKy relative to that of threonine in the model, they intercept is the unimolecular dissociation
pyrophosphate exchange reacti@)( (In contrast, neither ~ constant ko), and a value of 12 4 s was returned for
threoninol nor Thr-AMS is a productive substrate for the thréoninol. They intercept in the case of Thr-AMS was 0.2
adenylation reaction.) Like threonine, rapid mixinglefiNV + 4.5s? too close_to zero to be reliably determined from
with the preformed EATP complex was accompanied by a  the plot, but an estimate of1 s * was taken as an upper
5% fluorescence quench that was described well by a singlePound. On the basis of these elementary rate constants, the
exponential with &y, of ~25 ms (data not shown). As in correspondmg equilibrium dissociation constaits € Kori/

the case of threonine, tHey, for this reaction exhibited a  Kon) Were estimated to be 520M for threoninol and M

In contrast top-hydroxynorvaline, which exhibited a
hyperbolic response df,pto increasing analogue concentra-
tions, the nonreactive analogues threoninol and Thr-AMS
both exhibited linear dependences on increasing ligand
concentrations (Figure 3B,C). The linear response can be

hyperbolic dependence on increasiiiNV concentration, ~ for Thr-AMS.
with values of 6.8+ 2 mM and 20+ 3 s for the apparent While the bimolecular (single-step) model is the simplest
dissociation constantK(ny) and saturating value dfys, interpretation of the stopped flow data, it is not necessarily

respectively (Figure 3A). Notably, the difference between the best. In accord with structural evidence that will be
B-HNV and threonine appears to be confined to changes inreviewed below (see Discussion), the binding of threoninol
the apparent dissociation constant, although the magnitudeto E:ATP or the binding of Thr-AMS to free enzyme may
of the increase ifK'yny Was smaller than that observed for also be interpreted in the context of a two-step mechanism
Kwm in the steady state kinetic&%). Thus,5-HNV appears (Scheme 3). In this scheme, a linear dependendegppbn
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Ficure 3: Concentration dependencelgf, on the binding of substrate analogues to ThrRS. The enzyme concentration wadvDig5

the reaction mixture, and the final MgGATP concentration was 3 mM where presert-KV titration against the EATP complex. The

curved line is a fit to eq 4, with the simplifying assumption tkag = 0. (B) Titration of threoninol against-BTP. The straight line is the

best linear least-squares fit of all data points. (C) Titration of Thr-AMS with unliganded ThrRS. The straight line is the best linear least-

squares fit of all data points. Error bars in panels B and C denote the standard deviation.

Scheme 3 rate of isomerization. For the nonproductive substrates, where
no chemistry occurs, the isomerization rate should be faster.
E+ Sg ES& [ES]* As a consequence of our inability to resolve the proposed

Koft Krev fast transient, it is not possible to measure; {Fksg +

kiev), preventing the direct determination i, kg, andkrey
substrates would be predicted if a fluorescence quench infrom they intercept. However, an estimate of the dissociation
ThrRS were restricted to the initial b|nd|ng eVent, with no rate Constantg(éﬂ) for threoninol and Thr-AMS can be made
changes in protein fluorescence accompanying the subsety yse of the values dé;s (determined from the titrations
quent isomerization. This possibility is deemed unlikely, ahove) anck s (determined below) from experiments with
because the presumptive conformational changes that occuproductive substrates. On the basis of the assumption that
in response to both productive and unproductive substratessomerization is likely to be faster for nonproductive
are likely to be similar, as the final states are identical (see gypstratesk,s andk_s are almost certain to be considerable
Discussion). Alternatively, the linear response can be ratio- ynderestimatesf kg andke. By inserting into eq 5 thg
nalized by a model in which the initial bimolecular interac-  intercepts Kapp from panels B and C of Figure 3 and the
tion is slow relative to the isomerization steg9). Two estimates of 29 and 47 5as lower bounds 0k andkiey,
transients would also be predicted in this model, but unlike regpectively, we estimated dissociation ratdg) for
the case proposed for the productive substrates (fast bindingreoninol and Thr-AMS of 19 and 0.3% respectively.
followed by slow isomerization), the fast relaxation®)/  From these dissociation rates, revised estimates of the
is equal twd + kv While the slow relaxation (2f) includes  gquilibrium dissociation constants (calculated kag/Kon)

contributions from all four elementary rate constants. were 830uM for K'mon and 2uM for K'ri_aus (Table 1).
Fluorescence Changes Associated with Pyrophosphoroly-
1 koffkrev . . .
Kapp= = = Ko ETS] + Tk (5) sis, the Reerse of the Adenylation Reactiofhe results
T2 Kiwa 1 Krev described above suggest that the fluorescence quenches

) , . associated with the productive forward adenylation reaction
_ Both the simple bimolecular and the slow binding and fast efject rapid, random binding of both cognate substrates
isomerization models make the same prediction about thetq)io\ed by a slower isomerization that may be concerted
slope (i.e., equivalent tiy,y), but different predictions about i1, respect to chemistry. Accordingly, reversing the ade-
tne y |_nte|rcepdt.TSr]|g2:&c§ntl);{_t)trar(1jS|ﬁnt exper|mg3t§ USING " yjation reaction should produce a fluorescence change equal
t reomgo and thr- I.e)é ! clite' t ehsa(;neéag l;]ores- in amplitude to but opposite in sign from that observed in
cence decrease In amplitude during the dead time that WaSy,q foryard reaction. To examine the reverse reaction, the
seen for the productive substrates, which could represent a-. 11, amP complex was formed, separated from unreacted
transient too fast to measure accurately. Along with structural substrate, and then mixed with increasing concentrations of

resu!gs rewewedt tf)elowt\(;,ee tD'SCUSS'r?n).’ th|§ obsht_ar\f/]att;]on sodium pyrophosphate under stopped flow conditions. As
provides support for a two-step mechanism in whic € shown in Figure 4A, a transient fluorescence increase is

|somer|fat|or'1ths;[ﬁp I.maydbi faztet;] thar(lj thtg |n|t|a(:| binding observed under these conditions. The rate of this transient
encounter wi € figand. or both productive and nonpro- ., - e asaq with increasing MBR concentration, reaching a
ductive substrates, substrate binding is always followed by plateau at 47 4.1 s, The apparent equilibrium dissociation

a conformational change that may significantly contribute constant for ' ; e
. A pyrophosphatk'ép) derived by fitting the data
to the fluorescence change. The important distinction is that to the appropriate version of eq 4 was H2®0 uM (Figure

tzecﬁgprfgtrrna%?nilogtiggg :J%);t?aetecsor}gzgﬁqd Vt\gtg rselcs)\?veecrt‘lB)' Titrations at higher pyrophosphate concentrations were
y P ’ 9 precluded by the formation of a precipitate under experi-

mental conditions. The fluorescence increase observed during

* Note that in this modeia andke, for the nonproductive substrates e reverse reaction restores the signal to the same level as
are analogous th,s andk_s, respectively, for the productive substrates.

The rate constants,, and ko are analogous tks andk s or ky4 and the unliganded enzyme, suggesting that the low concentra-
k_4, respectively. tions of ATP and threonine formed by reversal of the reaction
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Ficure 4: Reaction of the ThrRSadenylate complex with magnesium pyrophosphate. (A) Transient fluorescence increase upon mixing
1 uM E-Thr~AMP with 25 uM Mg-PR. The complex was prepared as described in Materials and Methods. The curved line was fit using
eq 1. (B) Pyrophosphate titration with Ehr~AMP. The curved line was fit using eq 4.

25 4-fold lower than the value oK; determined by transient
kinetic analysis, but within a factor of 2 of the valuetGfion
determined above. Although the enzyme concentration was
well below Kp, the stoichiometry of threonine binding
appears to be 1 mol per mole of enzyme homodimBygx(
= 25 uM). Thus, ThrRS is able to bind threonine in the
absence of ATP, yet with a stoichiometry of one molecule
per dimer. These data do not preclude the possibility that
concentrations of threonine greater than the range tested (10
uM to 1 mM) might lead to occupancy of the second active
site on the dimer, producing a stoichiometry of two. (Data
at these higher concentrations were not experimentally
0 5 10 15 20 25 accessible, because of the prohibitive concentrations of
[Bound] enzyme required.) Interestingly, these results are consistent
0 200 200 500 800 1000 with _crystallog.raphlc analysis of the pomplex pf the N
terminal domain of truncated ThrRS with threonine, which

[Thr] (e (UM) o L ;
_ . ! L also exhibited a stoichiometry of one threonine bound per
Ficure 5: Equilibrium dissociation constant for threonine binding dimer ©2)

to ThrRS determined by equilibrium dialysis. ThrRS (24) was
dialyzed against variousHl]threonine concentrations. Binding was Trp434 Is a Significant Component of the Threonine-

quantitated by scintillation counting, and plots were generated from Dependent Fluorescence Quen@hanges in protein fluo-

a collection of data points from three independent experiments as ; ; ;
described in Materials and Methods. The inset is a Scatchard Iinearrescence are a reflection of changes in the chemical

transform. Thex intercept equals the total concentration of binding €nvironment of one or more tryptophan residues. Each
sites Bmay); they intercept= Bna/Kp, and the slope= —1/Kp. subunit of the ThrRS dimer possesses 11 tryptoph&8s (
distributed among the three principal structural domains. On
are too low to favor detectable rebinding to the enzyme. The the basis of their proximity to the binding sites for threonine
hyperbolic dependence df,,, on [PR] is once again and ATP, Trp434 and Trp478 were selected for substitution
consistent with a two-step mechanism. In this case, the rapidwith tyrosine by site-directed mutagenesis. While both
binding of pyrophosphate is followed by regeneration of changes were readily incorporated into the plasmid-borne
threonine and ATP from the bound threonyl-adenylate, which thrS gene, only the W434Y ThrRS mutant resulted in the
may then freely diffuse from the active site. accumulation of a stable enzyme that could be readily
Quantitatie Analysis of Threonine Binding by Equilibrium  purified and characterized. Moreover, the W434Y mutant
Dialysis Fluorescence changes alone provide only indirect was capable of complementingtarS chromosomal disrup-
information about the physical nature of the events they tion, while the W478Y mutant was not. The steady state
report, and their interpretation is entirely mechanism de- kinetic parameters for the pyrophosphate exchange reaction
pendent. Therefore, at least one complementary method forwere determined for both the W434Y and wild-type ThrRS,
measuring fundamental kinetic parameters independent of aemploying a wider range of substrate concentrations than in
specific mechanism was used to bolster interpretation of theour previously reported study?). As shown in Table 2,
results. To this end, the apparent dissociation constant andnoderate changes in both steady state parameters were noted.
binding stoichiometry for threonine were measured directly Thek.sfor exchange was reduced by 3-fold for W434Y
using equilibrium dialysis, as described in Materials and relative to that of the wild-type protein, while théy for
Methods. Figure 5 shows a binding isotherm fit by nonlinear threonine increased 4.5-fold. These relatively modest effects,
regression over a range of threonine concentrations, and acoupled with the absence of evidence of protein instability,
fixed enzyme concentration of 2BM. The results indicate ~ suggest that the W434Y mutation has a minimal effect on
an apparenkp (equivalent toK; in Scheme 1) of 21aM, global protein structure. To assess the effect of the mutation

[Thr] 4 oung (M)




ThrRS Transient Kinetics

Table 2: Steady State Kinetic Parameters for W434Y ThrRS and
WT ThrRS in the Pyrophosphate Exchange Assay

enzymeé Keatihr (S71°  Keatatr(S™Y)  Kwinr (M) Kyate (4M)
WT ThrRS 90 90 201 267
W434Y ThrRS 42 30 897 387

aThe enzyme concentration was fixed at 10 f\he indicated
substrate was titrated over a concentration range fromy\830 5
mM. The concentration of the other substrate was fixed at 5 Al
values were determined from the best fit of the data to the Henri
Michaelis-Menten equation.
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Protein fluorescence (a. u.)
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Ficure 6: Effect of the W434Y substitution on total protein
fluorescence. The plot shows a representative steady state threonin
titration carried out in the presence of QM enzyme: ©) WT
ThrRS and @) W434Y ThrRS. The amplitude of the solid line
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here could be analyzed in terms of a two-step mechanism
whereby an initial binding step is followed by a subsequent
isomerization step. For productive reactions involving threo-
nine or B-HNV that were associated with adenylation
chemistry, the binding step is faster than the subsequent
chemical step, producing the characteristic hyperbolic re-
sponse. With regard to the discrimination of noncognate
substrates, it has been shown that Kaefor hydroxynor-
valine, which has an ethyl group attached to fliearbon
(Figure 2), is only~20 times greater than that of threonine.
This analogue is efficiently misactivated, but is not encoun-
teredin vivo (22). Serine, on the other hand, hak@a some
500-fold higher than that of threonine, in part because it
cannot make hydrophobic contacts with Thr482 and Ala513
as does the methyl group of threonir®2), but this level of
discrimination is not sufficient for elimination of the need
for editing misactivated serine. Because of the extremely high
concentrations that are necessary to saturate ThrRS with
serine at the binding step, we have not yet been able to
characterize its activation by pre-steady state kinetics.
Significantly, the nonproductive substrates all exhibited a
linear dependence &fy,0n ligand concentration. While the
simplest explanation of a linear response is a simple
bimolecular interaction, a linear response to an increasing S
concentration can also be observed in a two-step mechanism
if the bimolecular reaction is slow relative to the second step.
This latter interpretation is supported by the observation that
the overall amplitudes for both productive and nonproductive
feactions (including those portions occurring within the dead
time of the instrument) were equivalent, within the limits of

represents a 5% decrease in protein fluorescence, and the dasheé@xperimental error. This is significant because it renders

line is a linear least-squares fit of W434Y data points.

unlikely the idea that additional structural changes (expected
to perturb the intrinsic enzyme fluorescence) occur following

on total enzyme fluorescence, steady state threonine titrationspe formation of the isomerized ThrRS[ES]* complex. Along

were carried out on both the wild-type and W434Y ThrRS.
In the presence of the wild-type enzyme, the relative

these lines, we note that both the forward and reverse
reactions were described well by single exponentials, which

fluorescence decreased with increasing threonine concentraargues against the idea that pyrophosphate release is rate-

tion, and reached a maximum change of 5% (Figure 6). This

limiting. We therefore suggest that in both types of reactions

is in excellent agreement with the pre-steady state resultsyroquctive and nonproductive substrates), the fluorescence

described above. In contrast, the W434Y mutant enzyme
exhibited no fluorescence quench over a wide range:{d0

to 10 mM) of threonine concentrations. This suggests that
Trp434 contributes significantly to the fluorescence changes
observed upon incubation with substrates, and that a local
structural element containing Trp434 undergoes a confor-
mational change upon binding.

DISCUSSION

Development of a Kinetic Scheme To Describe ThrRS-
Catalyzed AdenylatiorHere, we have used changes in the
intrinsic tryptophan fluorescence of ThrRS to follow the
course of the adenylation reaction and develop a minimal

changes are likely to be monitoring structural changes that
immediately precede chemistry. The isomerization step is
kinetically linked to chemistry for productive ligands, but is
not linked in the case of nonproductive ligands. This
argument receives additional, and independent, strong ex-
perimental support from a structural comparison of the
ThrRS-Thr-AMS and bona fide ThrRSthreonyl-adenylate
complexes, which indicate that the conformational changes
associated with the productive and nonproductive ligands
lead to the identical final state (see below). The fact that the
final structures are similar says nothing about the rates of
the conformational changes that lead to them, and our
interpretation predicts that conformational changes should

kinetic model. These studies are based on the reversiblebe faster for the nonproductive substrates (like threoninol

fluorescence quench that accompanies the forward reaction

and Thr-AMS) that do not undergo chemistry. A good

and the converse fluorescence increase that is equal inprecedent for this conclusion is found in the lysyl system,

amplitude that accompanies the pyrophosphorolysis reaction

where the rates of the forward isomerization for productive

Table 1 summarizes the parameters that could be determinedubstrates were in the range measured here )5 wshile

directly by measurement of the rates of the forward and
reverse reactions as a function of substrate concentration

the nonproductive lysine amide substrate exhibited a much
faster forward isomerization rate constant of 221 @3).

and those equilibrium constants that could be estimated byNevertheless, we must add a caveat to our interpretation by

placing upper and lower limits on selected rate constants.
The principal conclusion is that all of the reactions studied

recalling that any mechanistic argument based largely on
kinetics can never exclude more complicated mechanisms
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that involve additional elementary steps and intermediates.produces a smaller value 6135 uM for the apparent
Detecting such steps and intermediates would require ad-dissociation constant for dissociation of threonine from the
ditional probes of enzyme structure and mechanism that weE-ATP complex, which is in much better agreement with
do not currently possess. the value ofK; determined by equilibrium dialysis (Figure
An indication of the validity of a mechanistic scheme 5). The predictedKoeral for threonine from eq 6 is-85uM,
derived by pre-steady state kinetics is that it should be able somewhat lower than thky value of 110uM measured
to predict the corresponding steady state kinetics. In the previously using steady state metho@g)( If the thermo-
threonyl system, this agreement is closest for ATP. The dynamic model of the system is sufficient, theiKs = KoK,
relationship between the overall dissociation constant andand a value of 71%M can be inferred foK,, the dissociation
the specific dissociation constant from therBr complex constant for dissociation of ATP from the free enzyme (Table

is as follows: 1). Taking these values as reasonable estimates of the four
dissociation constants of threonine and ATP, we can consider
Ky substrate binding order random, and the prior binding of
Koveran= Ky = K (6) either threonine or ATP can be seen to decrease the
1412 dissociation constant of the second substrate. This interpreta-
Ks tion would be consistent with the behavior of isoleucyl-tRNA

synthetase, which is one of the few aminoacyl-tRNA

By using the measured value of the dissociation constantsynthetases whose pre-steady state kinetics have been
for dissociation of ATP from the Hhr complex and the investigated in depth3@).
values ofkys and k_s, a value forKgyeran 0f 280 uM is Structural Changes Associated with Substrate Binding
obtained from eq 6, which is in good agreement with the Mirror the Fluorescence Changesn the E. coli ThrRS
steady state&y of 267 uM (Table 2). This provides one  structure, Trp434 and Trp478 are both located in structural
independent confirmation of the validity of Scheme 1. The elements adjacent to substrate binding residues, but do not
kea: for pyrophosphate exchange is the rate of approach todirectly participate in substrate binding themsehzk 22).
equilibrium for F?P]PR exchanging into ATP. Accordingly,  Here, we demonstrated that substitution of Trp434 with
it should represent the sum of the forward and reverse ratestyrosine simultaneously abolished the threonine-induced
of the rate-determining step of the adenylation reaction. The fluorescence quench and nearly half of the-18% overall
sum of the forward and reverse reactiokss(+ k_s) is 76 fluorescence signal, while leaving threonine activation largely
s™1 which is close to the steady state measurement of 90intact. Our biochemical and genetic evidence therefore argues
s ! also determined here. As noted above, we do not rule in favor of a role in amino acid recognition for the local
out the possibility that a rate-determining conformational structural element in which Trp434 resides, a conclusion
change precedes a very fast but optically invisible (with already evident from earlier crystallographic wogki(22)
respect to fluorescence) chemical step in the presence ofand explored in more detail below. In the ThrRS structure,
productive substrates. Rather, the interpretation presentedTrp434 stabilizes the local hydrophobic core of a lsop
here is the simplest one that is consistent with all the data. helix—strand motif that forms the outer edge of fhsheet

The most significant discrepancy between the pre-steadystructural core of the catalytic domailj. This motif packs
state and steady state kinetics would appear to lie in theagainst a loop containing conserved active site residues such
apparent equilibrium constant for threonine binding to the as Tyr462, which contacts the-amino group of the
E-ATP complex determined in Figure 1C. By using the value threonine substrate. Thus, change in the local structure of
of 1200uM obtained from the midpoint of the titration in  this motif might well be expected to alter both the local
Figure 1C, and eq 4 (employing, instead ofK3), a value environment of Trp434 (and therefore its fluorescent proper-
of 677 uM can be estimated for the overall dissociation ties) and contact with the substrate. It is evident from the
constant for threonine. This agrees poorly with the value of structure that W478 is the only other tryptophan that moves
201 uM determined forKy by steady state kinetics (Table in response to the presence of substrate, and it is therefore
2). This lack of agreement suggests that, for the case in whichlikely to be responsible for the remaining-8% of the
ATP binds first, threonine binding is not in rapid equilibrium fluorescence signal observed here. W478 also stacks on
relative to the isomerization step. Accordingly, fitting the M374 in the ATP-bound state, which may explain why the
data to eq 4 would be expected to produce a misleadingW478Y mutation results in a nonviable phenotyeyizvo.
result. Cases where the rapid equilibrium assumption breaksMutagenesis at additional sites, including M374, will be
down have been treated by othe#8,(53). Under conditions ~ required to confirm the role of this position in the intrinsic
where the rapid equilibrium assumption does not hold, the tryptophan fluorescence.

initial slope of the dependence kf,,on [Thr] can be taken Two new structures of full-length ThrRS fro8taphylo-
to be an upper estimate of the effective rate of associationcoccus aureusomplexed with ThHATP and with Thr-AMS
(k+4 in this case), while thg intercept yields K-4k—s)/(kis have recently been reported, essentially completing the set

+ kos) (49, 53). By eliminating the rapid equilibrium  of structures necessary for a full description of the ThrRS
assumption and employing this analysis scheme, we foundcatalytic cycle $4). Comparison of thes8&. aureuscom-

the initial slope yields a value of (2# 0.5) x 10* M~1s! plexes to those previously described for thecoli enzyme

for ki4, and approximately 273 for the intercept. Thek 4 (which include unliganded tRNAMP, Thr-AMS, and
value for threonine is the same dg, for threoninol threonine alone complexes) indicates that ThrRS undergoes
determined above. Inserting the values fas and ks profound conformational changes in four distinct regions of

determined above (29 and 47'srespectively) yields an  the catalytic domain upon binding threonine and ATP,
upper limit fork_, of approximately 3.2 €. This, in turn, providing direct crystallographic evidence for the confor-
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Thr—ATP complex, is positioned to neutralize developing
negative charge on the-phosphate during the adenylation
reaction. Such a catalytic role is reminiscent of the catalytic
Arg259 in HisRS 45). Last, the motion of the threonine
binding domain brings it much closer to the ordering loop,
which has the effect of closing the active site over the amino
acid substrate. The conformational change in the threonine
loop domain is seen in all threonine (and threonyl-adenylate)
complexes relative to the apoenzyme, indicating that it is a
consequence of threonine binding alone, and not ATP
binding or adenylate formation. Because Trp434 plays a
limited role (i.e., stacking interactions with aliphatic side
chains Asp431 and Asp435, neither of which contacts the
threonine substrate) in preserving the structure of the
“threonine binding loop”, the retention of adenylation
function by the Trp434 to tyrosine substitution can be easily
rationalized. It is interesting that the topologically equivalent
regions of HisRS 14, 45, 55), LysRS (0, 11), and ProRS
(14) undergo closely related conformational changes upon
binding their respective amino acids, indicating what is likely
to be an emerging general feature of the class Il mechanism.
In contrast to the conformational changes associated with
threonine binding, the structural rearrangement in ThrRS that
accompanies ATP binding appears at present to be specific
to the threonine system. Binding of ATP by ThrRS is
associated withra8 A shift in the position of the ATP loop
(comprising residues 468180), bringing the main chain
carbonyl groups of residues 479 and 480 within hydrogen
bonding range of the'2 and 3-hydroxyls of the ATP
FiIGURE 7: Effect of ligand-induced conformational changes on substrate. In addition to stabilizing interactions between ATP
Trp434 and Trp478. Superimposed structures highlight changes inand the floor of the active site, this conformational change
the positions of two mobile loops in the unliganded (yellow) and allows Trp478 to participate in a stacking interaction with
liganded (green) active site & coliWT ThrRS. A trace of alpha  \Met374, fixing the position of motif 2, as well as moving

carbons in the catalytic domain is shown in cyan. (A) Movement : i . o :
of Trp434 in the catalytic site: unliganded position (red) and GIn484 into position to potentially stabilize a coordinated

threonine-bound (green). (B) Stacking interaction between Trpa7g Mg?" ion between thef- and y-phosphates of ATP.
and Met374 in the Thr-AMS-bound enzyme. The Thr-AMS ligand Consequently, the combined effect of threonine and ATP-
is stick-rendered in CPK coloring, and Trp478 is shown in its induced conformational changes is to close the active site
unliganded (yellow) and ligand-bound (green) conformations. around these substrates, and bring essential catalytic groups
Met374 is shown in the ligand-bound conformation. into position to facilitate the adenylation reaction. The
mational changes we have proposed above. Two of thesestructural analysis illustrates that, by virtue of their fortuitous
regions, namely, the motif 2 loop and the “flipping loop” location within the threonine and ATP loops, Trp434 and
(also termed the ordering loop), have been implicated in Trp478 are ideally positioned to report on substrate-induced
substrate-induced conformational changes in other class Illconformational changes. Thus, the crystallographic analysis
complexes9, 14, 44, 45) and will not be discussed in detail indicates that, from a structural standpoint, ThrRS undergoes
here. The other two regions include the ledpelix—strand virtually identical conformation transitions in the presence
motif containing Trp434 described above, comprising a of the productive substrates threonine and ATP, versus the
domain defined by residues 41466 that moves in response  product analogue Thr-AMS@, 54). While it is quite likely
to threonine binding (the “threonine loop”), and a region that other tryptophan residues in ThrRS contribute to the total
including residues 468480 (the “ATP loop”) that moves intrinsic fluorescence signal, there is currently no evidence
in response to ATP binding. Significantly, the former thatany of them have a role in the transient signals associated
constitutes the loopstrand-helix motif where Trp434 is  with the forward or reverse adenylation reaction. Consistent
located, while the latter is the structural element in which with this view, the amplitudes of the fluorescent signals
Trp478 resides. observed upon incubation of ThrRS lacking the N1,N2
Figure 7 shows the effects of threonine binding, which editing domain (wherein reside four of the 11 tryptophans
include a 14 rotation in the threonine loop, and large in the monomer) with threonine and ATP are, if anything,
conformational changes that alter the position of at least 50 increased relative to that of the full-length enzyme (M. L.
different residues. This change has several notable conseBovee and C. S. Francklyn, unpublished observations).
quences for the recognition of threonine and the mechanism Generality of the Induced Fit for Rate Enhancement by
of adenylation. First, it causea 3 Ashift in the position of Aminoacyl-tRNA Synthetasd@his work serves to underscore
Tyrd62, setting up the crucial contact with fieamino group the importance of induced fit for the aminoacyl-tRNA
of threonine. It also leads to a similar displacement of synthetase (aaRS) catalytic mechanism, and provides an
Lys465, a threonine system conserved residue that, in theillustration of how pre-steady state kinetics can provide
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information that is highly complementary to what is revealed destabilization of ground state binding through conformation
by structure. Indeed, comparison of the example establishedchange is a principle that unifies the mechanism of both class
by ThrRS to other well-studied class | and class Il systems | and class Il systems. Indeed, this principle is a classic tenet
suggests that the dynamic features of induced fit provide a of enzymology 61, 62).
more accurate picture of aaRS function than earlier, more Induced Fit Does Not Obate the Need for EditingAs
static, models featuring rather rigid amino acid and ATP significant as induced fit is in enforcing specificity at the
binding pockets. A survey of those systems where both level of adenylation, many systems require additional editing
detailed kinetics and structural analysis have been conductednechanisms for clearing amino acids that are smaller than
reinforces this point. Among the class Il systems, consider- cognates. A central feature of these systems is a requirement
able structural evidence suggests the importance of inducedor the cognate transfer RNA, both for pretransfer strategies
fit for the histidyl (13, 14, 55), prolyl (14), and lysyl (1, in which it causes the hydrolysis of the noncognate adenylate
56, 57) enzymes which, as described above for ThrRS, and for post-transfer mechanisms involving the formation
exhibit analogous amino acid-induced conformational changes.of a transient misacylated tRNA whoséehd migrates to
Notably, the pre-steady state kinetic analysis of LysRS was the editing site. The role of induced fit in these editing
also interpreted as a two-step mechanism in which rapid mechanisms is still emerging, but is likely to be important.
equilibrium binding of lysine and ATP was followed by a In the threonyl system, induced fit promotes a conformational
unimolecular conformational changé3j. In the aspartyl switch of several active site residues (e.g., Tyr462, Arg375,
system, by contrast, the conformational changes associatednd Arg476) from recognition of ATP and threonine moieties
with the adenylation reaction are much more limited, and in the first reaction to tRNA functional groups in the second
largely confined to the flipping loop3( 9). reaction 64). Thus, by directly promoting interactions with
On the basis of pre-steady state kinetic and crystallographicthe cognate tRNA, induced fit lays the foundation for tRNA-
studies on tyrosyl-tRNA synthetases, Fersht and colleaguesdependent editing activities as well. We would predict that
argued that catalysis is achieved largely through the develop-in other class Il systems that carry out editing, such as ProRS
ment of binding energy to the transition state and product (24, 25) and AlaRS 26), induced fit mechanisms are likely
complexes 27, 28, 58). Despite the limited structural data to contribute to interactions with the cognate tRNA.
available at the time of the work, a key feature of their
models is that interactions with tyrosine remain fixed during ACKNOWLEDGMENT
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