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Binding ATP to tryptophanyl-tRNA synthetase (TrpRS) in a catalytically
competent configuration for amino acid activation destabilizes the
enzyme structure prior to forming the transition state. This conclusion
follows from monitoring the titration of TrpRS with ATP by small angle
solution X-ray scattering, enzyme activity, and crystal structures. ATP
induces a significantly smaller radius of gyration at pH ¼ 7 with a tran-
sition midpoint at ,8 mM. A non-reciprocal dependence of Trp and ATP
dissociation constants on concentrations of the second substrate show
that Trp binding enhances affinity for ATP, while the affinity for Trp falls
with the square of the [ATP] over the same concentration range (,5 mM)
that induces the more compact conformation. Two distinct TrpRS:ATP
structures have been solved, a high-affinity complex grown with 1 mM
ATP and a low-affinity complex grown at 10 mM ATP. The former is
isomorphous with unliganded TrpRS and the Trp complex from mono-
clinic crystals. Reacting groups of the two individually-bound substrates
are separated by 6.7 Å. Although it lacks tryptophan, the low-affinity
complex has a closed conformation similar to that observed in the
presence of both ATP and Trp analogs such as indolmycin, and resembles
a complex previously postulated to form in the closely-related TyrRS upon
induced-fit active-site assembly, just prior to catalysis. Titration of TrpRS
with ATP therefore successively produces structurally distinct high- and
low-affinity ATP-bound states. The higher quality X-ray data for the
closed ATP complex (2.2 Å) provide new structural details likely related
to catalysis, including an extension of the KMSKS loop that engages the
second lysine and serine residues, K195 and S196, with the a and g-phos-
phates; interactions of the K111 side-chain with the g-phosphate; and a
water molecule bridging the consensus sequence residue T15 to the
b-phosphate. Induced-fit therefore strengthens active-site interactions
with ATP, substantially intensifying the interaction of the KMSKS loop
with the leaving PPi group. Formation of this conformation in the absence
of a Trp analog implies that ATP is a key allosteric effector for TrpRS. The
paradoxical requirement for high [ATP] implies that Gibbs binding free
energy is stored in an unfavorable protein conformation and can then be
recovered for useful purposes, including catalysis in the case of TrpRS.
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Introduction

Aminoacyl tRNA synthetases (aaRSs) use the
ATP hydrolysis free energy to coordinate a-car-
boxyl group activation and acyl transfer of the
appropriate amino acid to the 30-adenosine of the
cognate tRNA for protein synthesis, ensuring faith-
ful translation of genetic information. Generally,
the two processes are separable, but for GlnRS,
GluRS, ArgRS, and the class I LysRS, acyl group
activation requires prior tRNA binding for reasons
that so far have remained unknown. Acyl group
activation by ATP is so central to molecular biology
that it must have been among the earliest catalytic
activities to be encoded into primordial biological
genomes. Indeed, the most highly conserved
sequence motifs in present day aaRS are those
associated with the activation step, while those
involved in specific tRNA recognition appear to
have accumulated later.1 – 3 Conformational changes
that coordinate amino acid activation with specific
tRNA anticodon binding and intramolecular trans-
port between activation and editing sites by editing
class I aaRS likely are integrated with those associ-
ated with ATP utilization. It is therefore important
to work out present-day aaRS mechanisms as
deeply as possible.

Homodimeric Bacillus stearothermophilus trypto-
phanyl-tRNA synthetase (TrpRS) shares con-
siderable structural homology with bacterial
TyrRS,4 the other dimeric member of subclass Ic.5

Its monomer of 328 residues is the smallest among
the aaRS, and includes only a minimal, ,200
residues, implementation of the distinguishing fea-
ture of class I aaRS, which is the pair of b–a–b
cross-over connections known as the Rossmann
dinucleotide-binding fold (RF) (Figure 1). The
TrpRS(TyrRS) ATP pocket lies between the bD
and bE strands, and the amino termini of the
aA and aE helices, making contacts with
two signature sequences, TIGN(HIGH) and
KMSKS, common to all class I aaRS, and other
determinants, including GxDQ at the N terminus
of the aE helix, that vary between the three sub-
classes, Ia, Ib, and Ic.6 Ribose binding is mediated
by the 15TIGN18. and 144GxDQ147 sequences. The
absolutely invariant G17 forms a platform for the
adenine base. The extended loop containing
192KMSKS196 provides two more determinants in
TrpRS. The carbonyl oxygen atoms of I183 and
M193 form hydrogen bonds (2.7 Å and 2.9 Å) to
the adenine N6 amino group, precluding utiliz-
ation of GTP, while the KMSKS residues constitute
a distinct, PPi-binding subsite that is central to the
subject here.7 – 9

Crystals relevant to amino acid activation belong
to two crystal families, but their structures com-
prise three distinct domain configurations, for
which the r.m.s. differences between Ca positions
within families (0.25–0.45 Å) are up to an order
of magnitude smaller than those between
families (,2.5 Å). One crystal family includes the
unliganded TrpRS (ligand-free, LF;10). This family
is monoclinic, containing either three dimers per
asymmetric unit (space groups P21 and C2) or tri-
clinic with six dimers per asymmetric unit (space
group P1). In all such crystals, packing obeys a 32

non-crystallographic screw axis. The other two
conformations belong to the second, tetragonal
crystal family, in which TrpRS dimers pack along
a 43 screw axis with a monomer in the asymmetric
unit, thereby imposing crystallographic twofold
symmetry on the enzyme dimer. They have dif-
ferent unit cell dimensions.

Many, if not all allosteric states relevant to the
TrpRS catalytic mechanism have now been solved.
In particular, the structures described here now
afford comparison of independent crystal struc-
tures corresponding to each state in Fersht’s
well-known random, bi–bi kinetic scheme (Figure
2), providing the most complete set of distinct
conformational isomers yet achieved for an
aaRS.4,10 – 14 All structures were solved at near
physiological pH values, and therefore should
be relevant to catalysis. However, the strongest
arguments in favor of their functional relevance
arise from the detailed consistency of what we see

Figure 1. Schematic diagram of the TrpRS class Ic
monomer, showing determinants of the ATP and trypto-
phan-binding subsites.

Abbreviations used: ATP, adenosine-50 triphosphate;
SAXS, small angle solution X-ray scattering; aaRS,
aminoacyl tRNA synthetase; Trp, tryptophan; TrpNH2O,
tryptophanamide; RF, Rossmann fold; SD, small domain;
LF, ligand-free; IT, indolmycin-ATP; TAM, tryptophanyl
50 adenylate; Rg, radius of gyration; PPi, inorganic
pyrophosphate; pre-TS, pre-transition state; SIR, single
isomorphous replacement.
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in the structures and steady-state kinetics with
what was previously observed in mutagenic and
pre-steady state kinetic analysis of TyrRS.

Fersht and co-workers15 – 19 identified three
groups of mutants corresponding to separate
binding subsites within the RF. Pre-steady state
kinetic analysis showed that mutants in different
subsites affect binding affinity, D(DG ), differently
during catalysis. Those involving amino acid
binding affect the Michaelis complex, transition
state, and product to the same extent, whereas
those interacting either with the adenosine or PPi

have no effect until the transition-state is reached.
Such differential binding of ATP in the transition-
state implies relative structure rearrangements
that alter binding preferences during catalysis, but
no such movement had been observed in any
class I aaRS structures until the open, unliganded
TrpRS structure.10

Structural comparison revealed that the aA helix
from the RF forms a separate small domain (SD)
with a 4-helix bundle C-terminal to the RF.4,10

Thus, ATP-binding determinants lie at the interface
between two functionally separate domains,
which are linked via two “belts”, or short peptide
segments that allow coordinated relative motion
of the two domains. In open complexes, the SD
rotates away from the aE helix and GxDQ
sequence, fragmenting the ATP-binding site into
two parts.

Here, we describe several new structures that
allow us to address the thermodynamic linkage
between nucleotide binding and conformational
equilibria in class I aaRS from a structural stand-
point, using TrpRS as a model system. We have
titrated TrpRS with both Trp and ATP using three
different measurements, each suggesting that ATP
binding to TrpRS is bimodal and linked to confor-
mational changes. (i) Small angle X-ray scattering

shows an [ATP]-dependence of the radius of
gyration (Rg). (ii) Kinetic assays show unexpected,
ATP-induced changes in Trp-affinity. (iii) Bimodal
ATP-binding behavior is confirmed by the struc-
tures of two binary distinct TrpRS:ATP complexes.
One of these, formed only at high [ATP], is very
similar to the closed structures observed pre-
viously only in abortive ternary complexes with
ATP plus indolmycin (indolmycin-ATP, IT13),
tryptophanol (X.H., unpublished results), trypto-
phanamide, described here, and other non-reactive
Trp analogs. This narrowly defined family of struc-
tures has all of the properties expected for a closed,
pre-transition state (pre-TS) complex predicted by
Fersht.18 Titration with Trp provides no evidence
for conformation changes.

The close coincidence of all [ATP]-dependent
titrations suggests answers, for the first time, to
three interrelated questions about the energetics of
induced-fit mechanisms in class I aaRSs:

. What interactions convert the open, ground
state TrpRS structure into the closed, pre-TS
complex and, conversely, what maintains
the open conformation in the absence of sub-
strates?

. What weakens ATP binding as the active site
assembles?

. What is the relationship between induced-fit
and catalysis?

Answering these questions highlights the central
role of ATP in the mechanism of amino acid
activation by class I aaRS, suggesting that the
induced-fit interaction with ATP may be inherently
destabilizing to protein conformations of all class I
aaRS. Important new analogies appear between
them and other transducing enzymes that use the
potentially high nucleoside triphosphate-binding

Figure 2. Random, bi–bi kinetic scheme developed by Fersht and colleagues for TyrRS. TrpRS structures correspond-
ing to all states related to tryptophan activation have now been solved, and correspond in detail to those envisioned by
the earlier work on TyrRS. This paper deals in particular with new structures (striped) and the relationships they
suggest for the early, pre-TS processes (gray shading).
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affinity to interconvert the highly exergonic
phosphate ester hydrolysis in aqueous solution
and useful forms of work and information.

Results

The TrpRS radius of gyration in solution is
reduced by high [ATP] and high pH

Small angle X-ray scattering (SAXS) can be used
to determine radii of gyration (Rg) for biological
macromolecules in solution, and in particular,
how they vary as functions of relevant experi-
mental parameters. A detailed factorial study of
the TrpRS Rg was carried out in order to verify the
extent to which conformational changes observed
in crystals were consequences of solution para-
meters and hence not imposed by crystal packing
constraints. Multiple samples were analyzed on
a factorial experimental plan similar to that
originally used to characterize TrpRS crystal
growth.20,21

The difference between Rg for the LF structure
and the Trp50-AMP complex (32.5 Å versus 30.2 Å)
was previously shown to be significantly higher
than the standard deviation of the measurements.10

In fact, in the phosphate buffer used to crystallize
TrpRS both pH and ATP concentration affect
TrpRS Rg values significantly (Figure 3(a)).
Compact TrpRS structures in solution result from
high levels of [ATP] (10 mM) and high levels of
pH (7.5). Moreover, Rg values for TrpRS in solution
match closely with those calculated from crystallo-
graphic coordinates obtained under corresponding
conditions. In particular, Rg values for the open
and closed ATP crystal structures (b and d) are
similar to those for the LF and adenylate complex
structures (a and c), respectively, showing in both
cases a reduction of ,2.0 Å in the presence of
high [ATP].

Statistics of the bivariate modeling in Table 1
document the significance of both predictors. Trp
is not a significant predictor in any multivariate
model for Rg (Student t-test probability ¼ 0.13).
Rg values calculated from coordinates show a
consistent and significant difference between pre-
TS ðkRgl ¼ 29:64 ^ 0:17 �AÞ and product ðkRgl ¼
30:11 ^ 0:12 �AÞ states. These differences are within

Figure 3. ATP and pH-dependence of TrpRS confor-
mation on the basis of SAXS measurements of the radius
of gyration and crystal structures. (a) Bivariate modeling.
Blue spheres represent averages of ,9 determinations of
Rg under conditions indicated by their position on the
two-dimensional plan. Red spheres represent Rg values
calculated from the bivariate model in Table 1: R

gcalc ¼
32:52 2 1:8½ATP�2 0:8 pHrelative: Black spheres represent
calculated Rg values on the basis of crystallographic
coordinates for LF TrpRS at pH ¼ 6:8 (a), the open
ATP complex reported here (b), the trp-50AMP complex
at pH ¼ 7:5 (c), and for the closed ATP complex reported
here (d). (b) Titration of TrpRS with ATP at pH ¼ 7:0;
showing the midpoint [ATP] required to shift the Rg

from that of the open to the closed form. The fitted
curve is a sigmoid of the form y ¼ A2 þ A1 2 A2=1 þ
expðx2x0=dxÞ; where A2 and A1 are the initial and final
values, x0 is the midpoint, and dx the width of the tran-
sition. The fitted midpoint is at ½ATP� ¼ 8:3 mM.

Table 1. Bivariate dependence of radius of gyration on ATP and pH. ATP is a binary variable, þ or 2. pH is a continu-
ous variable given relative to the mean pH of the experimental plan. The dependent variable is Rg. A total of 54 inde-
pendent measurements were made. The squared multiple regression coefficient, R 2 is 0.702

Variable Coefficient Standard Error t P(2-TAIL)

Constant 32.52 0.118 275.0 1.0 £ 215

ATP 21.75 0.160 210.9 6.1 £ 215

PH_REL 20.83 0.145 25.7 5.4 £ 27

Analysis of variance
Source Sum-of-squares DF Meansquare F-ratio P
Regression 32.217 2 16.109 59.975 4.03011 £ 214

Residual 13.698 51 0.269
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the experimental error, however, so the SAXS data
do not distinguish between them. The consistency
of molecular dimensions in solution with those
from the crystal structures, the small Student t-test
probabilities for ATP ð6:1 £ 10215Þ and pH ð5:4 £
1027Þ as predictors, and pH optima of 7.5 for
tetragonal and 6.7 for monoclinic crystal growth
determined from response-surface experiments10,22

together comprise convincing evidence that ade-
nine nucleotide binding is a primary molecular
determinant of TrpRS conformation and that
crystallization does indeed trap a dominant species
from a bivariate pH and [ATP]-dependent distri-
bution in solution.

The pHs in these experiments fall in a physio-
logical range, while ATP concentrations exceed
physiological values. We should therefore dis-
tinguish here and elsewhere between results we
interpret to be physiologically relevant and others
that are useful for their physicochemical import.
The high level of [ATP] required for closure of the
TrpRS active site in the absence of Trp (,8 mM;
Figure 3(b)) falls into the latter category, as
evidence in the next section shows that the
structure formed is an abortive complex that does
not bind Trp. The concentration required for this
conformational change is, however, relevant to
considerations of the internal conformational and
binding thermodynamics.

Factorial studies of PPi-exchange kinetics
show non-reciprocal cooperativity between
ATP and Trp

That ATP is a conformational trigger is illus-
trated further by comparing how affinities for
Trp and ATP obtained from pyrophosphate (PPi)
exchange kinetics† change with the order of sub-
strate addition and the relative concentrations of
the second substrate. If kinetically relevant confor-
mation changes are involved in catalysis, as is
evidently the case for TrpRS, then differential

binding of substrates to different conformational
states can introduce ambiguity in the interpretation
of kinetic experiments performed at a single
combination of substrate concentrations. Similarly,
measurements at single substrate combinations
may reveal differences, but fail to suggest how
the system responds as substrate concentrations
change.

The order of substrate addition has an important
influence (Figure 4(a) and (b)). Pre-incubation of
TrpRS with subsaturating [ATP] significantly
stimulated PPi exchange at low [Trp] (Figure 4(b)).
We conclude that prior interaction with ATP favors
the induced-fit, changing the state of the enzyme
and somehow facilitating exchange once the
amino acid is provided.

Michaelis–Menten PPi exchange kinetics were
therefore measured in triplicate using both orders-
of-addition for a series of concentrations of each
substrate at different concentrations of the other
substrate according to a factorial design, Table 2,
that is experimentally similar to those used to
differentiate between random and sequential
binding order.23 Each factorial grid of measure-
ments was analyzed by fitting Michaelis–Menten
parameters for each substrate, Figure 4(c) and (d),
to determine the bivariate dependence of exchange
rates on the two substrate concentrations. In the
present case we are interested in functional
relationships between the kinetic parameters,
which in themselves suggest how the data relate
to conformation change. As with other applications
of factorial designs,24 the analysis reveals synergis-
tic effects between the two ligands, the most salient
of which are shown in Figure 4(e) and (f). Experi-
ments of Fersht25 provide similar information for
TyrRS.

Preincubation with increasing [Trp] enhances
TrpRS affinity for ATP (Figure 4(e)). Synergistic
binding effects are expected for enzymes that
catalyze two-substrate reactions. The magnitude
of the interaction is quite weak, however, as will
be discussed further below.

The surprising result, Figure 4(f), is that we
do not observe the converse effect. Higher ATP
concentrations lead instead to substrate inhibition
and hence to increasing Ki_W values for Trp.
Of particular interest, the decrease in Trp affinity
is proportional to the square of the ATP concen-
tration, implying participation of two molecules of
ATP in the process that weakens Trp affinity in
the kinetic assay. The natural inference is that bind-
ing of an ATP molecule to both active sites in the
TrpRS dimer somehow limits access of tryptophan
to its binding site. Exclusion of tryptophan by
binding two moles of ATP per dimer cannot be an
equilibrium binding interaction, because the bind-
ing of tryptophan actually promotes ATP binding
(Figure 4(e)). From thermodynamic linkage,
dkyTrpl=dln½ATP� ¼ dkyATPl= dln½Trp�; the effects
should be reciprocal.

Significantly, the [ATP] range of this effect,
0.5–5 mM, is well above the Kd for ATP, which is

† PPi exchange occurs under equilibrium binding of
both tryptophan and ATP, so the fitted half-saturation
values represent thermodynamic dissociation
constants.95 In keeping with Cleland’s recommendations
(W.W. Cleland, personal communication), we will refer
to the fitted half-saturation values as Ki_T and Ki_W and
maximum exchange rates as kmax_T and kmax_W,
respectively. This question remains a source of
contention, dating as far back as the early 1970s96

suggests that the interpretation of half-saturation values
as dissociation constants is strictly valid under the
extremes of the conditions we have used in these
experiments, i.e. when the half-saturation value of one
substrate is determined at very subsaturating
concentrations of the other. Our use of Cleland’s analysis
is supported by the fact that the binding of ATP is weak
enough at these extreme values (i.e. 2 mM Trp) that its off
rate greatly exceeds the rate of the forward reaction.
Thus, as the affinity for ATP decreases as the TrpRS
active site closes, the interpretations we place on Ki_W are
approximately correct throughout the range.
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,0.4 mM26,27 and coincides with the ATP concen-
trations required for maximal decrease in the Rg of
the TrpRS dimer, and for growth of the tetragonal
TrpRS crystals whose structure is reported here.
That structure therefore affords a rationale for the
quadratic ATP-dependence, showing that ATP
binding to both subunits induces a closed TrpRS

Figure 4. Factorial analysis of PPi exchange kinetics. (a) and (b) Order of addition experiments. Enzyme was pre-
incubated 30 minutes with the indicated concentrations of Trp (open state; (a) or ATP (pre-TS state, (b)), and the
reaction was initiated by adding the indicated amounts of the second substrate. (c) and (d) [ATP] and [Trp] depen-
dencies of exchange rates for TrpRS preincubated with varying amounts of Trp (c, e) and [ATP] (d, f) and initiated
with different concentrations of the second substrate. All points are in moles product/sec-moles-enzyme. (e) Ki_T versus
[Trp] for TrpRS initially in the open state. (f) Ki_W versus [ATP] initially or partially in the pre-TS conformation.

Table 2. Factorial kinetic assays of the bivariate depen-
dence of 32PPi exchange on [Trp] and [ATP]

Substrate

Trp (mM) 2.5 6.0 10.0 20.0 25.0 50.0
ATP (mM) 0.2 0.6 1.0 2.0 3.0 5.0

44 Induced-fit and Free Energy Transduction by TrpRS



conformation that is unable to bind Trp directly,
and TrpRS must first revert to the open configu-
ration to provide access to the Trp-binding site.

The maximum exchange rate, kmax_W, is indepen-
dent of [Trp], but increases sharply with [ATP]
(not shown), consistent with a role for ATP, but
not tryptophan, in the induced-fit assembly of the
active site. The offsetting effects of ATP increase
both kmax_T and Ki_T. Thus, the apparent second-
order rate is relatively independent of [ATP] up to
quite high [ATP] levels, but increases significantly
with respect to [Trp].

Twofold symmetry and the apparent structural
invariance of the TrpRS dimer interface

Before turning to the structural data, we note
that TrpRS and TyrRS are functionally obligate
dimers. The open Trp and ATP complexes
described here are asymmetric in the manner
observed for LF TrpRS structures, which display
different SD orientations within each dimer;10 the
closed ATP complex appears to be symmetrically
liganded with one ATP per monomer. The sym-
metrically liganded Trp-50AMP complex, despite
crystallographic twofold symmetry, is obtained
from an asymmetrically-liganded crystalline inter-
mediate with two moles of 14C-Trp and one mole
of 32gP-ATP28 per dimer when phosphate is
replaced by sulphate.13 Thus, there is strong crys-
tallographic evidence that TrpRS is an asymmetric
dimer under most circumstances.

Asymmetry was observed in solution for
TyrRS.29,30 Enzymatic 31 and structural obser-
vations32,33 argue that domain movements in
response to ligand binding must be coordinated
via intersubunit communication, their active sites
being .45 Å apart. Further, interchanging the
identities of tRNAGln and tRNATrp by anticodon
mutations primarily effects kcat,

34,35 so correct anti-
codon binding to one monomer somehow initiates
aminoacylation of the acceptor stem bound to the
second monomer. However, the only indication of
molecular asymmetry in the closed ATP complex
is the mutually exclusive hydrogen-bonded con-
figurations of the two, symmetry-related, Q94
side-chains across the molecular dyad identified

previously in the product complex.14 We cannot
trace intersubunit communications during the
catalytic cycle, however, because the dimer inter-
face is nearly invariant in all three structural
families. Thus, we will focus in the following
sections on the three binding subsites of the TrpRS
monomer—amino acid, ribose, and PPi—whose
catalytic roles were differentiated by Fersht’s work
on TyrRS.15 – 18

Neither tryptophan nor low ATP
concentrations alter the open, unliganded
TrpRS conformation†

Crystals were prepared at pH ¼ 6:6 by co-crys-
tallization of TrpRS with either 2 mM Trp
(1000 £ Km) or 1 mM ATP (2.5 £ Km). Both mono-
clinic crystals are essentially isomorphous to
monoclinic LF TrpRS,10 and were solved by molec-
ular replacement. They provide putative structural
representations of the three corresponding states
in Fersht’s kinetic scheme (Figure 2). Thus, for
TrpRS, these states all have the same, open tertiary
structure. Protein atoms in all three independent
dimers superimpose uniquely and unambiguously
in all three structures, so we can construct the
combined representation of the two ligand-bound
states as shown in Figure 5. The a-phosphate is
6.7 Å away from the Trp carboxylate oxygen in the
corresponding Trp complex, precluding reaction
between them in this conformation.

In each single-ligand complex the substrates
occupy subsites identified in previous work. Trp
binds between F5, M129, D132, and V141. ATP
binds to the TIGN and KMSKS signatures in the
outer SD, which is rotated away from the RF as in
the LF structure,10 making few contacts with the
main body of the RF. Superposition of open ATP
and Trp TrpRS complexes reveals very small r.m.s.
deviations (0.67 Å for all 8500 atoms) in the three
dimers in the asymmetric unit. Thus, neither sub-
strate changes the molecular asymmetry of the
open conformation.

Figure 5. Composite ½{Fobs 2 Fcalc};
fcalc� maps showing the relative
locations of bound substrates trypto-
phan (W; magenta) and ATP (T;
green). The relevant distance
between reactive groups involved in
tryptophan activation is indicated by
the gray arrow, and from refined
coordinates is 6.7 Å.

† PDB ID codes: Open Trp complex, 1MB2; Open ATP
complex, 1MAW; Closed, pre_TS ATP complex, 1M83;
Closed, pre-TS tryptophanamide:ATP complex, 1MAU.
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The open conformation binds ATP sub-
stoichiometrically† to both sites on the three
dimers, with only slight variation in occupancy.
There is no correlation between occupancy and
hinge angle. The two active sites in the TrpRS
dimer are structurally different, consistent
with their having different affinities. Detailed
differences between the binding of ATP to the two
sites are beyond the scope of this paper, and
must be investigated further, hopefully with higher
resolution data.

The separate binding sites confirm our earlier
suggestion10 that ATP and Trp binding to the open
form do not interfere with one another, and hence
that the random kinetic binding order need not
involve a virtual equilibrium between the E·ATP
and E·Trp complexes. The generally weak or non-
existent interactions with many residues that
contact the adenosine moiety in the Trp-50AMP
(TAM) complex, especially D146, S11, and Q9,
is consistent with the fact that mutations of the
homologous TyrRS residues have no measurable
effect in ground-state complexes. Thus, the case
is strong that these structures resemble on-path
interactions.

High [ATP] and high pH lead to formation of
an abortive binary complex in which TrpRS
assumes the pre-transition-state conformation

A second, distinctively different TrpRS:ATP
complex was solved from a tetragonal crystal
form grown from sodium citrate at pH ¼ 7:5 and
in the presence of 10 mM ATP. Studies of TrpRS
crystal growth21 suggested that tetragonal crystals
grew reproducibly at high pH (,7.5) in potassium
phosphate buffer from solutions containing three
types of ligands: ATP plus Trp, ATP plus a non-
reactive Trp analog, or high concentrations of ATP
alone. The first case involved the product, Trp20

(30) ATP, synthesized by acyl transfer of Trp from
the adenylate intermediate to a second ATP mol-
ecule from the medium,28 and which cannot be

visualized because it is disordered.13 Adenylate
resynthesis can be promoted after transfer of these
crystals to ammonium sulfate,4 and leads to a
modest decrease (61 Å versus 63 Å) along the a
and b unit cell axes. The second case, prepared
with non-reactive Trp analogs, produces crystals
with a shorter c axis compared to those grown
with both substrates (217 Å versus 232 Å) in order
to accommodate a substantial reorientation of the
SD. Furthermore, these crystals are unchanged
when transferred to ammonium sulfate. The third
case involved ATP without a tryptophan subsite
ligand. The same [ATP], ,10 mM, was used to
grow all tetragonal ATP complex crystals.

Titration of TrpRS with ATP without Trp analogs
therefore shows a comparable midpoint of ,5 mM
at pH 7.521 for transition between monoclinic and
tetragonal crystal forms and for the decrease in Rg

from 32 Å to 29.5 Å in solution. This concentration
is roughly two orders of magnitude higher than
the TrpRS concentration present in crystallization
conditions, 140 mM, and that required to saturate
the active site for catalysis (Kd_ATP for PPi exchange
,400 mM). The switch from monoclinic to tetra-
gonal crystals at higher pH, just by increasing
[ATP], verifies and reveals the nature of the con-
formational change triggered by ATP binding.

Comparative molecular replacement solutions
(Table 3) used to initiate phasing with native
structure factor amplitudes between 8 Å and 4 Å
show, unambiguously, that the 10 mM ATP-
dimeric complex presents the most compact of the
three TrpRS conformational families (Figure 6).

Table 3. After application of rotation/translation func-
tion in amore molecular replacement82

Searching models
Structure factors range
8–4 Å

ATP
Michaelis

IT pre-inter-
mediate

Adenylate
product

Correlation 0.096 0.633 0.277
R-factor 0.562 0.372 0.511

Figure 6. The structure of the closed, pre-TS TrpRS
binary ATP complex compared with the open ATP
complex and the closed, product complex containing
Trp-50AMP. Adenine nucleotide ligands are colored
green for ATP and red for tryptophanyl-50AMP. The
figure illustrates the differences in Rg of the three TrpRS
conformational states, as well as the domain rearrange-
ments within the monomer. The two closed states can
be differentiated relative to the internal orthonormal
coordinate system; the product complex fully reveals
the axis on the lower right.

† The mean occupancy for ATP at both sites of all three
dimers was ,0.85. The refined occupancy is a
macroscopic quantity, without a direct molecular
interpretation. The preferred configuration of the open
complex probably binds one ATP per dimer
(occupancy ¼ 0.5) and crystal packing in the monoclinic
lattice provides sufficient Gibbs energy to prevent
domain closure up to a statistical threshold somewhat
above this value.
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The conformation is characteristic of the closed
pre-TS biochemical state.13 The final overall r.m.s.
coordinate difference between the 10 mM ATP
complex and the IT complex starting model, is
1.2 Å (0.6 Å for the backbone)†.

Domain movements assemble the ribose and
PPi-binding subsites

The open ATP complex shows that ATP can use
the distal half of the active site to bind stably to
the open conformation adopted by the LF struc-
ture. The extended SD configuration removes the
aA helix with the two signature sequences and
long belt 175–182 from their proximity to the
active site, resulting in a .4–6 Å separation of the
two complementary parts of the ribose-binding
site (Figure 7(b)). The ribose moiety interacts only
with the N18 (TIGN) amide nitrogen in the
“open” ATP complex, the GxDQ determinant
remaining with the structurally conserved part of
the RF, and losing contact with the ribose moiety.
As in the closed complexes described here,
however, the adenine moiety in the open complex
is recognized by the backbone carbonyl groups

of M193 and I183, and also by G17 (TIGN).
K192 (1-NH3

þ) interacts with the b-phosphate
forming the only side-chain interaction between
the PPi and the KMSKS loop, which binds incom-
pletely in the open conformation (Figure 14(a)),
and will be discussed separately in a subsequent
section.

Increasing [ATP] at higher pH rejoins the two
fragments of the ATP-binding pocket, allowing
interaction of the ribose moiety with the GxDQ
determinant and completing the ribose-binding
subsite. It is mediated by rotation of the aA helix,
accompanied as a rigid body by the SD, back
toward the RF (Figure 7), almost exactly as
observed in the IT complex.13 The domain move-
ment brings the a-phosphate from a position 6.7 Å
away to within only 3.4 Å from the Trp carboxylate
oxygen atom, positioning the a-phosphate in the
latter in a nearly ideal position for in-line attack
by the carboxylate of the amino acid substrate
(Figure 9). The domain movement is consistent
with the decreased Rg measured in solution by
SAXS, but leads to a conformation distinct from
that of the Trp-50 adenylate complex.4,14

The adenine moiety is buried in the open ATP
complex, but considerable fractions of ribose and
PPi surface areas remain solvent accessible.
Domain closure reduces solvent accessibility essen-
tially to zero (Figure 8(b)). The triphosphate moiety
remains in the usual, bent conformation in both
open and closed ATP complexes. The ribose 20-OH
group forms a good hydrogen bond (2.6 Å)
with the carboxylate group of D146 in the GxDQ
determinant of the aE-helix (Figures 1 and 15).

TrpRS requires a single Mg2þ ion for PPi-
exchange, and the [Mg2þ] necessary for half-
saturation is ,2.0 mM (Figure 10(a)). The only

Figure 7. Assembly of the ATP-
binding site by domain movement,
superimposing the assembled ATP-
binding site on the open ATP
complex (semitransparent) confor-
mation. (a) Dimeric TrpRS. (b) Active
site. Blue: Rossmann fold domain,
RF-aA. Red: small domain and
C-terminal helix, SD. Green: ATP
bound to the closed conformation
described in this work. Yellow:
long and short belts whose {f;c}
angles change substantially to facili-
tate domain motion. Dark blue: the
three lysine residues that interact
with the PPi leaving group.

† Discrepancies likely reflect both the variation of
temperature between experimental conditions (100 K
versus 300 K) and the significantly improved resolution
limits (2.2 Å versus 2.9 Å). Numerous beta-branched
residues had to be repositioned in the ATP 2.2 Å
structure and side-chains on the surface displayed
different rotamers. The conspicuously different backbone
regions are in the short belt (10–12), one of the two
flexible peptide links that ensure coordination of domain
movements, and the usual disordered loop, 110–117, that
recognizes the 30-acceptor terminus of tRNATrp.
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reasonable site for Mg2þ binding is a spherical, 8s
electron density peak within 2.2 Å , d , 2.7 Å
from oxygen atoms of each ATP phosphate group
(Figure 11). Attempts to replace Mg2þ by Mn2þ

for more definitive crystallographic evidence
regarding this peak have not produced any Mn2þ

derivative crystal complexed with either ATP or
AMP þ PPi, irrespective of the crystallizing salt
used, phosphate, sulfate, or the stronger chelator,
citrate. Moreover, activity is reduced tenfold with
Mn2þ, suggesting that it does not substitute readily
for Mg2þ (Figure 10(b)), perhaps because its con-
strained environment cannot easily accommodate
Mn2þ. The Mn2þ ionic radius, 0.74 Å, is 14% larger
than that of Mg2þ, 0.65 Å, but Mn2þ is often a func-
tional active site substitution for Mg2þ that main-
tains the catalytic efficiency of magnesium-
utilizing enzymes.36 We tentatively conclude that
this peak represents a bound Mg2þ.

TrpRS itself provides no ligands to this group,
which binds only to three phosphate oxygen
atoms and two water molecules (Figure 12(a)). Ab
initio molecular orbital calculations indicate that
five-coordinated Mg2þ lie 6.4 kcal/mol higher in
energy than the fully six-coordinated species.37

Moreover, they usually form distorted bipyramidal
configurations as observed in the A-site Mg2þ of
polymerases.38 The energy cost of the atypical
TrpRS deficient octahedral coordination sphere
suggests a possible functional significance. The Od1

carboxylate oxygen of D146 (4.1 Å) and the N12

amide nitrogen of Q147 (4.3 Å) are close enough
to join its coordination sphere if, for example, the
Mg2þ, perhaps together with PPi, were to move
toward them during phosphoryl-transfer.

Conformational activation by ATP does not
require tryptophan pocket ligands

The final {lFobsl2 lFcalcl;frefined;LF model} map,
contoured at 4s Figure 13(a)) shows density for
ATP and two peaks within the Trp-binding pocket
that were modeled as water molecules. Substi-
tuting the indole pocket M129 with the more

Figure 8. Progressive enclosure of substrates Trp (a) and ATP (b) in the TrpRS conformational cycle. Both substrates
become totally enveloped in the closed, pre-TS complex. Tryptophan complexes are illustrated both in the presence
and absence of ATP to show the restriction induced by rotation of Y125, Q9, and Q107 (Figure 9). Adenine, ribose,
and PPi are plotted separately to emphasize that the adenine moiety is essentially sequestered in the open complex,
leaving the PPi proportionately the most exposed.

Figure 9. Coordinated rotations of Y125, Q9 and Q107
at the mouth of the Trp-binding subsite from their
positions in the open states induced by ATP binding.
Trp is placed in the structure in accordance with its
position in the open Trp complex. The large, semi-
transparent red sphere at the site of the indole nitrogen
atom of the substrate is the location of water W528 in
the closed, binary ATP complex. Relative positions are
shown for ATP in the open (transparent) and closed,
pre-TS (fully rendered) complexes. Active-site assembly
brings the a-phosphate from 6.7 Å to within 3.2 Å of the
Trp carboxylate oxygen. Most dramatic of the coupled
motions in the Trp pocket is that of the highly conserved
residue, Y125. Structure superposition in this and other
figures is described in Materials and Methods.
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hydrophobic selenomethionine may, however,
change its binding characteristics, as the iso-
morphous residual map between SeMet and native
crystals, using coefficients of the log-likelihood
gradient computed by SHARP,39 unexpectedly
revealed a heart-shaped feature at 4s in the indole
pocket of the SeMet protein (Figure 13(b)). Features
of this type of error synthesis usually are con-
sidered significant only above 6s.

To assess the significance of this density for the
closed, native TrpRS·ATP complex, we collected
2.2 Å data for the (isomorphous) abortive ternary
complex formed with ATP and tryptophanamide
in citrate pH ¼ 7:5 buffer. Figure 13(c) shows both
the {lFobsl2 lFcalcl;frefined;LF model} map equivalent
to that in Figure 13(a) and the {lFobs_TrpNH2Ol2
lFobs_ATPl;frefined;LF model} isomorphous difference
map. Densities for the indole moiety are equally
strong at 8s in both difference maps, showing
unambiguously that the indole pocket is empty in
the binary ATP complex itself. Although a low

occupancy of the Trp-binding site by unidentified
contaminants† in the SeMet derivative cannot be
ruled out, the density in Figure 13(b) does not
reflect occupation of the Trp-binding pocket of the
native ATP complex.

Figure 10. Mg2þ-dependence of TrpRS amino acid activation. (a) Molecularity of the reaction. A single Mg2þ appears
to be required for catalysis of tryptophan activation. (b) Michaelis–Menten plot showing saturation behavior and
suggesting an affinity of ,2.0 mM in the transition state.

Figure 11. Final 2.2 Å electron density map contoured at 1.5s showing the ATP-binding site in the closed, pre-TS
conformation. The green ball corresponds to the model of the putative Mg2þ.

† No indole group was added to the crystal growth
medium (see Materials and Methods), thus neither the
identification of the contaminant nor its occupancy in the
cystal could be obtained with certainty. The most
sensible source of contamination would seem to be
variable amounts of adenine from degraded ATP. Its
steric volume is comparable to that of indole and either
the 6-amino group or a heterocyclic nitrogen could
interact with the carboxylate group of D132 which
recognizes the N11 nitrogen in indole. It would be
surprising that a pocket sterically designed to
discriminate between indole and phenol42 could trap
amounts of other compounds non-specifically, with high
enough affinity to populate the site with near
stoichiometric amounts of ligand.
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Crystallization trials have shown that mono-
clinic, not tetragonal, crystals grow from citrate
solutions in the combined presence of ATP
and tryptophan (P.R., unpublished results). More-
over, the significant shift of the F5 side-chain
(by about 0.6 Å) into the cavity with respect to
its position in all indole group complex struc-
tures (Figure 13(c)), is a clear indication of the
absence of van der Waals interactions with a
ligand. The near exact superimposability of the
closed, pre-TS ATP complex and the abortive
ternary complexes therefore demonstrates that
ATP-binding interactions are both necessary and
sufficient to assemble the TrpRS active site for
catalysis.

ATP-induced rotation of Y125 closes the Trp-
binding subsite

Despite the absence of Trp from the amino acid
subsite, ATP binding induces coordinated rotations
of Y125, Q107, and Q9 which narrow the mouth of
the indole pocket in the closed ATP complex as
observed in the adenylate product complex (Figure
9).4,14 In open complexes, including the open Trp
complex (Figure 5), the Y125 hydroxyl group is
hydrogen-bonded to the carbonyl oxygen of Q105
and the imidazole of H150, preventing it from
blocking access to the Trp-binding pocket even

after Trp binds. In most closed complexes, Y125
swings down to interact with the a-amino group,
and in this orientation it blocks much of the
remaining access to the tryptophan-binding subsite
(Figure 8(a)). Thus, Y125 seems to serve as a gate,
providing access to the ligand in the open ATP
complex, and then properly aligning the a-carb-
oxylate group with the a-phosphate via a hydrogen
bond to the amino group after active-site assembly.
We have difficulty placing this side-chain in the
abortive tryptophanamide:ATP ternary complex,
perhaps because it has the opportunity to bond
either with the a-amino group or the a-amide
group.

Y125 is conserved in class Ib and Ic aaRS6 and is
a key residue in a-amino group recognition. Its
orientation here and in the adenylate product com-
plexes of TrpRS and TyrRS is similar to that seen in
the class Ia ArgRS:Arg complex,40 in which the
corresponding hydroxyl group also interacts with
the a-nitrogen atom of the substrate. In contrast,
the equivalent tyrosine in the class Ib GlnRS:tRNA
complex, Y211,41 specifically recognizes the side-
chain amide nitrogen and not the a-amino group.

Elsewhere in the Trp subsite D132, a principal
determinant for the indole group,42 is unchanged
compared to its position either in the Trp, adenyl-
ate, or IT complexes. Its carboxylate group is
stabilized by H-bonds to imidazole nitrogens of

Figure 12. Polar interactions to
the PPi leaving group. Water mol-
ecules are rose, non-bridging oxy-
gen atoms red. (a) Deficient Mg2þ

coordination sphere. (b) Hydrogen
bonding from the TIGN signature.
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H86 and H43 (not shown), which are conserved in
known TrpRS sequences, and by a water molecule,
W528, in the closed ATP complex (Figure 9). Inter-
actions with both histidines persist when the
adenylate is formed,4,14 but are lost as a result
of imidazole group rotation of H43 in the IT
complex.13

Structural evolution of the KMSKS loop and
development of the PPi-binding subsite

Key changes are evident in the placement of the
KMSKS loop in the closed complexes (Figures 14
and 15). The higher resolution of the present struc-
tures reveals an intensified hydrogen bonding and
electrostatic interaction network that engages the
oxygen atoms of the PPi-leaving group, relative to
the open ATP complex. In the latter complex, only
the a-amide nitrogens of K195 and S196, and the
K192 side-chain from the KMSKS signature interact
with the PPi moiety. These interactions are retained
in the pre-TS complex (Figure 14(b)). However, a
subtle movement extends the KMSKS loop around
the PPi, bringing the 1-NH3

þ of lysine K195 and
the OH group of S196 into contact with the b and
g-phosphates, respectively. Thus, three of the four
negative charges borne by the triphosphate are
compensated in the closed ATP complex by
charged hydrogen bonds43 to the side-chains of
K192, K195, and of K111 which is recruited from
across the domain boundary to interact with the

g-phosphate (Figure 13(b)). The remaining charge
and that generated on the leaving group are doubt-
less compensated by the bound Mg2þ (Figure
12(a)).

Lysine K111 is positioned in close analogy with
TyrRS residues K82 and R86,17,18 which are missing
in TrpRS. The average B-value of the loop to
which it belongs, 53.7 Å2, suggests its flexibility.
Deployment of this and the KMSKS loop around
the PPi leaving group from opposite sides of the
active-site cleft is apparently homologous to the
two elements of the induced-fit mechanism of
Fersht.18 Side-chains of two residues from the
short belt, Q9 and S11, also target the g-phosphate.
S11 in TrpRS is homologous to T40 in TyrRS,
whose distance from the reaction seat rendered
its contribution to transition-state stabilization
unexpected. Thus, the parallel between the TrpRS
and TyrRS active-site configurations is even more
extensive than previously recognized.4

The two polar side-chains from the TIGN signa-
ture form hydrogen bonds to the eventual PPi

leaving group (Figure 12(b)). Nd2 of N18 shares a
bifurcated hydrogen bond between the O40 pyra-
nose oxygen and the oxygen bridging Pa and Pb.
T15 is linked by hydrogen bonding through a
bound water molecule (W506) to a non-bridging
oxygen on Pb bringing new insight to the question
of how the homologous mutations T15A in E. coli
TrpRS and H45G, in B: stearothermophilus TyrRS
destabilize their respective transition-states by
2.3 kcal/mol44 and 3.2 kcal/mol,45 respectively,

Figure 13. Difference Fourier maps
related to the occupancy of the Trp-
binding site. (a) The final {lFobsl2
lFcalcl;frefined;unliganded model} omit map.
Side-chains surrounding the trypto-
phan-binding subsite and residue
numbers for beginning and ending
peptide segments are indicated.
(b) Log-likelihood gradient difference
map from SHARP (c) {lFobs;ATPl2
lFobs;ATP– TrpNH2Ol;frefined;unliganded model}
(magenta) and {lFobsl2 lFcalcl;
frefined;unliganded model} (green) maps
calculated for crystals grown with
both ATP and tryptophanamide. All
maps are contoured at 4s.
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with minimal loss in ATP affinity. This question
could not be addressed on the basis of previous
structures because both residues occupy positions
too far from the a-phosphate to make hydrogen-
bonding contacts.

The TIGN and KMSKS signature residues inter-
acting with the PPi are tied together and to the SD
by van der Waals interactions involving I16, I20,
I183, and M193 (Figure 14), enforcing the rigid
body domain motion observed in TrpRS.10 This
non-polar cluster is reinforced by van der Waals
contact between the T15 methyl group and the
K195 a-carbon.

Discussion

The open and closed TrpRS:ATP complexes
demonstrate that titration of TrpRS with ATP
produces two distinct, successive ATP-bound
states, a result not observed in any previous
aminoacyl tRNA synthetase structures. Interpre-
tations are, of course, subject to the relevance of
crystal structures to behavior in solution, of abor-
tive complex structures to the actual reaction path,
and of the structural cycle for a different, though
closely related enzyme in the case of TyrRS studies.
These considerations notwithstanding, the struc-
tures bring new structural perspective to several
important questions first brought to light by
the elegant mechanistic analysis by Fersht and
co-workers of the TyrRS mechanism.18,19 Structural

interpretation of those studies was limited, because
there was only a single structure on which to base
conclusions about results that strongly implied
intramolecular motion.

The three families of TrpRS structures now
complement the TyrRS mutational and kinetic
studies in considerable detail, providing a novel
basis for understanding the implications of Fersht’s
work. Our structural studies, confirmed here by
ATP titrations monitored by SAXS and enzymatic
activity that correlate the TrpRS crystal structures
with solution behavior, establish the relevance
of the conformational differences to the cata-
lytic mechanism and shed important new light
on the thermodynamics of the conformational
equilibria.

The TrpRS:ATP interactions described here
underscore Fersht’s conclusion that ATP-binding
free energy is used to drive active-site assembly in
an induced-fit stage of the TyrRS-catalyzed
reaction.15 Further, the interactions that develop
with ATP are so numerous and stereochemically
optimal that they allow us to rephrase a second
conclusion also drawn by Fersht, namely that
the closed, pre-TS protein conformation is destabi-
lized by the changes necessary to bind ATP in a
catalytically productive mode.18

Our discussion will address first the order of
binding, then the possible generality of our
observations for other aaRS and, finally, the three
questions posed at the outset and implications for
free energy transduction.

Figure 14. The PPi-binding sub-
site and development of inter-
actions with the KMSKS signature
(rose tube) through interaction
with ATP in the pre-TS state.
(a) Open ATP complex, in which
the KMSKS loop is incompletely
deployed such that K195 does not
interact with the PPi moiety.
(b) Complete deployment of the
KMSKS loop incorporates both
K195 and S196 into the pyrophos-
phate-binding site in the pre-TS
ATP complex. Hydrogen-bonded
interactions to adenosine and PPi

moieties are reinforced by hydro-
phobic bonding between I183 and
M193 from the long belt to I16 and
I20 from the HIGH signature. The
putative bound Mg2þ is omitted.
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The order of binding

The new TrpRS structures clarify three aspects
of the order of addition. First, a random kinetic
binding order need not involve rapid dissociation
of ATP from the E·ATP complex, as the trypto-
phan-binding site remains accessible in the sub-
stoichiometric, open ATP complex. TyrRS behaves
kinetically as if the order of binding of tyrosine
and ATP is random. However, that situation is
complicated by the fact that in all TyrRS crystal
structures the adenosine moiety blocks the path
connecting the Tyr-binding site to solvent. Fersht
pointed out that the kinetic equivalence of E·ATP
and E·Tyr species could also arise because the
weak TyrRS affinity for ATP implied an off-rate
consistent with a virtual equilibrium between
them. The single substrate TrpRS structures
described here and recently solved T. thermophilus

TyrRS structures46 provide another explanation for
kinetic equivalence: binding to the open form of
the enzyme allows unimpeded access to both sub-
strates simultaneously, while the occupation of
either site is not sufficient, at physiological [ATP],
to induce enzyme closure.10 The two explanations
are not exclusive, as weak ATP binding is also
apparent for TrpRS. Thus, the virtual equilibrium
model may actually apply at unphysiologically
high [ATP].

Second, it should be noted emphatically that
the closed, E·ATP complex reported here is almost
certainly an inhibitory, abortive complex that does
not occur on the productive kinetic path. Inhibition
by high level of ATP concentrations, evidenced
by the increase in Ki_W with the square of [ATP]
indicates that the closed ATP complex cannot bind
Trp. Moreover, steady-state analysis of TyrRS,25

similar to that described in Figure 4, revealed

Figure 15. Polar-binding inter-
actions in the open (a) and closed,
pre-TS (b) ATP complexes. Thin
dotted lines are interactions
observed in both structures; bold
dotted lines are interactions that
develop only in the closed, pre-TS
state. In both figures, boxed resi-
dues denote class I aaRS sequence
signatures as follows: light green,
TIGN; magenta, KMSKS; and tan,
GXDQ. Red type denotes inter-
actions with the adenosine; blue
type denotes interactions with PPi

leaving group. Distances in Å
between heavy atoms involved in
hydrogen bonding and/or coordi-
nation are PPi are emphasized by
thick bonds.
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essentially the same behavior: the dissociation
constant for ATP from both E·ATP and E·Tyr·ATP
complexes was found to be ,5 mM, in close agree-
ment with our TrpRS results. Those authors
concluded, as we do, that the kinetically detected
E·ATP complex was abortive and off-path. They
could not attribute this behavior to specific
structural properties, however, whilst the TrpRS
structural data implicate premature closure of the
active site as a likely explanation. The agreement
between the behavior of the two enzymes on this
crucial point is remarkable.

A third consideration posed by the order-of-
binding question concerns the relevance of our
closed E·ATP complex to Fersht’s postulated high-
energy complex formed between E·Tyr·ATP and
E·Tyr·ATP—. As noted below, the closed ATP com-
plex is even weaker than the open complex. The
closed ATP complex is structurally nearly identical
with the ATP:tryptophanamide and other abortive
ternary complexes. We believe that these com-
plexes do indeed resemble the catalytically rele-
vant pre-TS complex. More importantly, however,
as described in the following, the ATP titrations
permit more quantitative specification of just what
makes this a “high-energy” complex.

How general is the relative TrpRS
domain motion?

Structures are now available for unliganded and
ATP-complexed forms of T. thermophilus TyrRS,46

the other class Ic aaRS, and for the two class Ib
aaRS GluRS47 and GlnRS (J. Perona, personal
communication). TrpRS shows the most dramatic
domain movement, but similar ligand-dependent
conformation changes have been observed in each
case. TyrRS studies are also in keeping with
Fersht’s earlier results. Structures from all three
subclasses show similar redeployment of the
KMSKS loop upon induced fit, moving the second
lysine into contact with the a-phosphate (S. Cusack
et al., unpublished results).46 Unliganded and
adenylate-inhibited structures of LeuRS48 and of
yeast ArgRS:Arg complex with and without
cognate tRNA49 suggest similar changes in class Ia
synthetases. No comparable ATP-induced changes
have yet been identified for any of the class II aaRS.

ATP binding to class Ib aaRS in the absence of
cognate tRNA leads to complexes similar to the
open TrpRS·ATP complex, without assembling the
active-site interactions seen in the TrpRS closed,
pre-TS state. Indeed, ATP and Glu bind simul-
taneously to GluRS such that the a-carboxylate
and a-phosphate are almost exactly the same
distance apart as they are in the corresponding
singly-liganded TrpRS complexes.47 These curious
variations on the general theme provide a satisfy-
ing rationale for the long-recognized distinction
that these three aaRS all require tRNA for amino
acid activation. ATP binding to a fully assembled,
catalytically competent active-site configuration is
unfavorable enough in class Ib enzymes and in

ArgRS that cognate tRNA binding is required to
overcome the forces resisting it.

Soaking an Archaeon class IIb AspRS50 crystal
revealed localized, ATP-induced reorientation of
surface loops, similar in scale to those induced by
amino acid binding. It is unclear how widespread
these changes actually are in solution, because
some of these changes have been observed after
ligands were soaked into crystals of unliganded
enzyme. When ligand-binding residues lie at a
boundary between two domains, large domain
rearrangement is expected and crystal packing
may limit the extent of domain motion. Co-crystal-
lization becomes the method of choice to get a
particular liganded complex.

Full occupancy of the Trp-binding site is appar-
ently incapable of closing TrpRS, as its configu-
ration does not vary significantly from the open
Trp complex to the final product state. Confor-
mational consequences of Trp binding are evident
only in the weak cooperativity with ATP (Figure
4(e)). Idiosyncratic variability in amino acid-
induced conformational changes by different
aaRSs suggests that most have some degree of
amino acid-dependent conformational coupling.
On binding methionine MetRS51 undergoes a sig-
nificant relative motion of the first and second
halves of the RF. Amino acid binding to several
class II aaRS structures caused loops to close
around the substrate. Relative orientation changes
between the N-terminal, anticodon-binding and
C-terminal catalytic domains could be visualized
after lysine binding to the class II LysRS.52 Thus,
the relative unimportance of Trp as an allosteric
effector is curious.

Binding interactions in the adenine nucleotide-
binding subsites account for the dynamic
TrpRS conformational cycle

When fully saturated by 10 mM ATP, the initial
step of the TrpRS conformational cycle involved in
catalysis, i.e. induced-fit assembly of the closed,
pre-TS,13 can be driven entirely by interactions
with only one of the two reactants, the nucleotide
triphosphate. The two distinct ATP complexes,
solution scattering, and enzymological experi-
ments described here implicate ATP as the pre-
dominant “allosteric” ligand. The structural
separation of the two binding sites by ,7 Å raises
the question of what triggers the conformational
change necessary to bring them together for
amino acid activation. Interactions most likely to
develop sufficiently to induce closure in saturating
[ATP] are the numerous polar interactions with
the ribose and PPi-binding subsites, (Figure 15).
Closure around the triphosphate is favored by
formation of 14 new hydrogen bonds, three of
which involve charged groups and, therefore,
should benefit from additional stability.43 Thus,
the conformational trigger probably lies in the
intensification of electrostatic and hydrogen-
bonded interactions with ATP from both halves of
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its bipartite-binding site. The high level of [ATP]
required and the quadratic dependence (Figure
4(f)) implies that these interactions must develop
in both subunits in order to overcome the energetic
barrier to active site assembly in the absence of Trp.

The catalytic role of the KMSKS loop

The new PPi-binding interactions in Figure 15(b)
result from two different structural changes. The
domain movement itself recruits new interactions
with Q9, S11, and K111, which are too distant in
the open complex. In contrast, elongation of the
KMSKS loop allows the K195 side-chain to curl
around the triphosphate and find a nearly ideal
electrostatic interaction with the a-phosphate and
brings the S196 OH group into hydrogen bonding
distance with the g-phosphate. The KMSKS loop
thus becomes increasingly constrained in the
process of active-site assembly. It also pulls M193
away from its location in the open complex (Figure
14(b)), “stretching” the hydrophobic core joining
the two signatures to the SD. The [ATP]-depen-
dence of the conformational change argues that
formation of the fully developed KMSKS loop con-
figuration (Figure 14(b)) also weakens the closed,
pre-TS TrpRS:ATP affinity.

The subtle reconfiguration of the KMSKS loop
recalls the fundamental observation of First &
Fersht, that the TyrRS KFGKT variant disrupts an
underlying synergy between ATP and tyrosine
binding.7 – 9 Deletion of the KFGKT loop in TyrRS
paradoxically stabilizes ground-state Michaelis
complex interactions with ATP, with a correspond-
ing loss of differential affinity in the transition
state. Thus, the stability of the (DKFGKT)TyrR-
S:ATP complex increases with increasing tyrosine
concentration, consistent with the positive coopera-
tivity between Trp and [ATP] binding evident in
the open conformation (Figure 4(e)), although to a

far greater extent. Synergistic coupling between
the two binding sites also seems necessary for
amino acid activation to proceed smoothly at ATP
concentrations below the unphysiologically high53

values required for induced-fit closure by ATP
alone. Thus, domain movement must be more
favorable when both substrates are bound than
when only ATP is bound.

The TrpRS KMSKS loop therefore also probably
disrupts an even stronger coupling between Trp
and ATP binding expected from thermodynamic
linkage. This conclusion deepens the similarity
between TrpRS and TyrRS, and suggests a struc-
tural basis for the observations of First & Fersht:
development of full binding by this loop (Figures
14(b) and 15(b)) comes at the expense of significant
energetic cost to the protein, storing Gibbs free
energy in the conformational change, which may
be transferred to, and realized in, the transition
state interaction.

The mechanistic relevance of the KMSKS loop,
clarified by the structural data, is that by weaken-
ing the ground state interaction with ATP in the
assembled active site, it helps avoid an off-path
energetic “pit” in which both amino acid and ATP
are tightly bound, impeding progress toward the
transition state.9

Weak ATP binding; half-site reactivity, and
using ATP-binding energy for catalysis

The data presented here vividly confirm Fersht’s
prescient description of what was, at the time, a
hypothetical closed, pre-TS TyrRS configuration:
“it is more likely that there is a high energy
intermediate complex between E·Tyr·ATP and
E·[Tyr·ATP]— in which the structure of the enzyme
and interactions between it and the substrate
resemble those of the transition state”.18 Probably
the most curious and far-reaching conclusion of

Figure 16. Linkage of TrpRS ATP
(T) binding and conformational
equilibria. (a) Estimation of the con-
formational equilibrium constant,
Kconf , 10 for converting the open,
fully liganded TrpRS into the closed,
pre-TS conformation, and the dis-
sociation constant, Kd

p , 80 mM,
for the second ATP from the open
TrpRS for the thermodynamic cycle
in the upper right triangle. Kd is
the dissociation constant for ATP

observed in [ATP] dependence of PPi exchange. KRg
refers to the ATP concentration estimated from SAXS measure-

ments as necessary to induce closure as indicated by Rg. Crystal structures are known for open, unliganded and closed,
fully liganded TrpRS (gradient) as well as for a state related to the singly and doubly liganded open conformation
(shaded). (b) Free-energy differences in the TrpRS ligand-linked conformational cycle. DGbind values are estimated
from the dissociation constants for ATP from TrpRS in PPi exchange (open form), and that for GTP from Ras 55(closed
form). DGconf for fully liganded TrpRS is obtained from Kconf. In the absence of ligand, conformational energies strongly
favor the open state of the enzyme. ATP-binding energy is used, in large part, to overcome the unfavorable Gibbs free
energy required to assemble the active site for catalysis, as indicated by the shift in the direction of the conformational
equilibrium. This energy cost significantly reduces the observed affinity of TrpRS for ATP and represents the storage of
binding energy in the strained TrpRS conformation.
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this work is the insight provided into the weak affi-
nity of TrpRS and aaRS in general for ATP (Figure
16). The total surface area of ATP is 629 Å2, all but
4 Å2 of which is buried from solvent access in the
closed, pre-TS complex. Polar and electrostatic
interactions in that complex appear to be nearly
optimal (Figures 13–15). The ATP charges are neu-
tralized and all hydrogen-bonding partners are sat-
isfied, minimizing ATP’s preference to remain in
water. Yet, our SAXS measurements indicate that
the [ATP] required, and hence the equilibrium con-
stant for domain closure, KRg

, 8 mM, comparable
to that required to grow tetragonal crystals.21

Thus, crystallization apparently does not signifi-
cantly modulate the conformational equilibrium,
and a modest excess of the closed form, perhaps
tenfold, suffices to explain production of tetragonal
crystals by mass action. Thus, the intrinsic confor-
mational equilibrium constant for doubly liganded
TrpRS, Kconf ¼ KRg

=Kp
d , 10 (DG , 2 1.4 kcal/

mol). The thermodynamic cycle in Figure 16(a)
therefore suggests that the binding of a second
ATP molecule to a dimer containing one ATP is
much less favorable than binding the first, and
occurs with a Kp

d , 80 mM, consistent with the
half-site reactivity observed for TyrRS.29,30

The potential ATP binding affinity to the pre-TS
conformation itself is clearly considerably higher.
The rough proportionality between buried surface
area and Gibbs free energy, 25 cal/Å2,54 suggests
that forming the ATP complex described here
might liberate , 2 15.6 kcal/mol, and that the Kd

should be ,5 pM. This estimate is consistent, for
example, with the affinity of Ras GTPase for GTP
in the absence of exchange factors, which is
,17 pM.55 Thus, Ras exploits essentially all the
potential binding determinants of the GTP, while
the pre-TS TrpRS:ATP complex is some eight or
nine orders of magnitude weaker.

We cannot identify any obvious deficiencies in
the replacement of water molecules of hydration
by hydrogen bonding to active-site functional
groups (Figures 11 and 15), and conclude that the
binding affinity of the closed, pre-TS form for ATP
is close to that for the ras:GTP complex. Using
that value, we calculate the conformational free
energy for closing unliganded TrpRS to be
, þ 8.8 kcal/mol from the thermodynamic cycle
in Figure 16(b). This value is comparable to the
overall Gibbs energy released by ATP hydrolysis
in water. The reduction in ATP-binding affinity
from that which would potentially be available in
a stably-configured optimal binding site, reflects
the energetic cost of overcoming unfavorable
protein structure changes necessary to form the
pre-TS complex. We emphasize that in this sense,
and much as was anticipated by Fersht,17 Gibbs
energy is “stored” in the destabilized or strained
TrpRS conformation.

Ground-state destabilization is one of the canoni-
cal effects that can contribute to catalysis.56 Too
little is known about the actual transition state
structure to determine the extent to which the

increased Gibbs energy of the TrpRS polypeptide
component contributes to rate acceleration. How-
ever, it is unlikely that so significant a confor-
mational effect could develop so close to the
transition state structure without also influencing
the catalytic rate. Fersht’s work suggests two possi-
bilities. The ground-state destabilization could be
catalytic if binding the transition state for phos-
phoryl-transfer involves significant conformational
rearrangement toward a conformation with lower
Gibbs energy. The product state4,14 may represent
such a conformation. Alternately, the restabilized
protein conformation in the product state may
serve to retain the reactive adenylate intermediate
until the cognate tRNATrp can be provided to
accept acyl transfer. Distinguishing between these
possibilities requires a more precise structural
description of the actual transition state.57 – 59

What stabilizes the open conformation in the
absence of two bound ATP molecules?

The balance of ATP-binding and conformational
energies shifts the equilibrium conformation of
the enzyme from open to closed, forcing the
TrpRS:ATP complex to adopt an otherwise unfa-
vorable conformation in order to realize additional
binding interactions with ATP. Rearrangements of
hydrophobic core packing interactions and their
contribution to protein stability12 are consistent
with significant contributions to changes in overall
conformational Gibbs energy and suggest that the
closed, pre-TS state is the least stable conformation
by a significant amount. These results will be
discussed separately. Recent advances in compu-
tational biology now permit us to estimate confor-
mational Gibbs energies from molecular dynamics
simulations,60 – 63 which are in progress.

Induced-fit and catalysis

As detailed in Figure 15, there is extensive
homology between interactions realized only in
the TrpRS pre-TS structure and homologous
amino acid residues in TyrRS whose binding affi-
nity develops only in the transition state: D146
with the ribose and S11, Q9, K111, K195, and S196
to the PPi, include most or all of the residues
homologous to those identified by Fersht’s work
as sources of differential, high transition-state
affinity for ATP.17,18 Moreover, the wholesale
recruitment of new binding interactions to the
ATP ribose and PPi moieties in the closed, pre-TS
structure contrasts with the passive behavior of
the Trp-binding subsite. The relative TrpRS domain
motion and the meticulous preparation of ATP-
binding interactions in this pre-TS ground state
structure is thus a superb structural realization of
the fundamental notions motivating the theory of
induced-fit: a major geometric change occurs as
the active site becomes ordered by the binding of
substrate in order to set the stage for subsequent
catalytic rearrangement in which the transition
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state itself becomes the target of additional
interactions.64

The significance of the induced-fit theory for
transfer reactions is reinforced by the paradoxically
weak binding of ATP in the pre-TS state. Indeed,
alignment of active-site residues has a dual role:
first, to weaken the binding of substrate, which
necessarily converts some binding energy into
higher energy protein conformations; and second,
to channel this stored conformational energy to
other purposes. An important corollary of the
specific structural realization of induced-fit in the
TrpRS structures is that ATP binding and catalysis
are somewhat independent events along the
TrpRS reaction pathway, separated by the
induced-fit active-site assembly.

The weak ATP affinity suggests that the binding
interactions (Figures 12, 14–15) fall short of those
yet to develop in the transition-state. Thus, the
transition state itself likely differs from the
ground-state configuration seen here, raising a
new set of questions. If the nucleophilic attack
is “associative” and catalyzed by moving the
a-phosphate toward the carboxylate group, the
tryptophan being held in its invariant environ-
ment, then the structures lack an element con-
sidered essential for catalysis, namely high affinity
for the pentavalent phosphoryl transition state.
PPi exchange is unaffected by vanadate and
aluminium fluoride, inhibitors that mimic such a
transition state.

On the other hand, a “dissociative” transition
state, suggested by the significant relocation of the
PPi and its binding site in the products complexes,
would benefit from effective strain on the Pa–Pb

bond. The subsequent conformational change
observed in the product complex4,14 suggests that
effective strain might be exerted if the polypeptide
destabilization in the pre-TS complex is restored
in the product conformation. That mechanistic
scenario would develop maximum binding affinity
in the ribose and PPi subsites as they move in
opposite directions, favoring transient stretching

of the a-phosphate–PPi bond to the leaving
group. Such a mechanism would be consistent
both with high level of transition state affinity and
with the residue-by-residue reaction profile out-
lined by Fersht.17,18

ATP as an “allosteric effector” in
transducing enzymes

The TrpRS:ATP system represents an extensively
developed example of the widespread phenome-
non of using linkage between conformational and
ligand-binding equilibria65 for free-energy trans-
duction. Its three distinct structural states are
strongly correlated with the nature of the produc-
tively bound adenine nucleotide ligand. The open
state includes the Trp and sub-stoichiometric ATP
complexes. The pre-TS state includes all of those
complexes that develop what appear to be pro-
ductive-binding interactions to the triphosphate.
The product state invariably results when analogs
of tryptophanyl-50 adenylate are bound.

The hallmark of purine nucleoside triphospha-
tases (NTPases) is to couple a useful result to the
NTPase cycle by differentiating the conformations
of successive biochemical states and their inter-
molecular interactions, in accordance with the
nucleotide ligand chemistry. The TrpRS behavior
described by X-ray crystallography4,10,13,14 and this
work, is similar to the paradigm provided by the
three different functional states of the multi-
domain S1 myosin head66 and F1 ATPase67 (Figure
17). A key point is that the magnitude of the
Gibbs energy stored in TrpRS domain movements,
8–10 kcal/mol, is comparable to the large amounts
transduced by similar, binding-change mecha-
nisms during the synthesis and utilization of
ATP by transducing assemblies,67 as previously
suggested.68 The structural and functional hom-
ology between the three-state TrpRS cycle and
those of transducing enzymes suggests to us that
TrpRS, and perhaps more generally, class I aaRSs,
belong to an NTPase superfamily.

Figure 17. TrpRS three-state beha-
vior and its homology to the confor-
mational cycles of transducing
enzymes. The three TrpRS confor-
mational states are represented by
open, closed, pre-TS and product
complexes. Chemical and bio-
chemical events associated with the
conformational transitions between
distinct states involved in ATP
utilization are indicated outside the
cycle, with TrpRS specific events in
dark blue and their more generic
biochemical descriptions in red.
Conventional catalytic stages are
indicated inside the triangle.
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Materials and Methods

Activity assays and active-site titration

PPi exchange rates were determined by a modification
of the method described69 in which 10 ml enzyme was
added to 190 ml solutions containing 0.1 M Tris–HCl
(pH 8.0), 10 mM KF, 5 mM MgCl2, 2 mM N4ATP, 2 mM
Trp, 70 mM b mercaptoethanol; and 2 mM 32PPi at a
specific radioactivity between 1 £ 105 and 2 £ 105 cpm/
mM. Triplicate samples were incubated at 37 8C for 15
minutes, quenched with 2.5% perchloric acid on ice
with the addition of 50 ml of 15% Norit A, and filtered
onto Whatmann GF/C or GF/F filters, which were
washed three times with 15 ml of deionized water and
dried before scintillation counting. Michaelis–Menten
experiments sampled Trp concentrations as in Table 2.
Experiments varying Mg2þ concentration used the same
procedures, except that Mg2þ concentrations were 1, 2,
3, 4, 5, 10, 15, 20, 30, 200, and 400 mM. Free Mg2þ con-
centrations were estimated using the CHELATOR
program.70

The concentration of competent TrpRS active sites
was determined by active-site titration, essentially as
described.27 Reactions containing 5 mM 32Pg-ATP at a
specific radioactivity of ,5000 cpm/pM; 10 mM MgCl2;
0.14 M Tris–HCl (pH 7.8), 1 mM Trp, 1–2 mM TrpRS
and 2 units/ml pyrophosphatase were incubated at
25 8C. Triplicate 20 ml aliquots were withdrawn at inter-
vals, quenched with 100 ml 7% perchloric acid, extracted
with 200 ml 2% Norit A, and filtered and washed as
described above. The number of active sites was deter-
mined by extrapolation of the linear portion of the
decay to zero time value, which was determined before
adding enzyme.

Values obtained were used to evaluate kcat for native
and SeMet TrpRS from Michaelis–Menten experiments
performed with the titrated enzyme. Substitution of
selenomethionine for methionine increased the second
order rate constant by twofold, which resulted from an
increase in both Km (from 2 mM to 4 mM) and kcat (from
11 s21 to 43 s21).

Small angle X-ray scattering

Solution scattering experiments involved joint, full-
factorial variation of pH, TrpRS (4 mg/ml and 8 mg/
ml), Trp (0 mM and 0.2 mM), and ATP (0 mM and
10 mM) concentrations according to a design matrix
similar to that described,21 except that the temperature
was kept constant (ca 21 8C) while the enzyme concen-
tration was varied. In this way, 16 different experimental
conditions were explored. All samples were equilibrated
against 0.8 M K2PO4 at the appropriate pH. Scattering
curves were recorded on the SAXS instrument D24
using synchrotron radiation emitted by a bending
magnet on the storage ring DCI at LURE (Orsay, France).
The instrument, data acquisition system71 and evacu-
ated measuring cell72 have been described. Data
were recorded over the angular range
0.0016 Å21 , s , 0.022 Å21, where s ¼ ð2 sin uÞ=l is the
modulus of the scattering vector, 2u is the scattering
angle, l (1.49 Å) is the radiation wavelength. Eight
frames of 100 s or 200 s each were recorded depending
on sample concentration. Frames were visually inspected
to check for X-ray damage; none was found. All
data were scaled to the transmitted intensity, before
computing the average and standard deviation of each

measurement and subtracting the scattering from the
corresponding buffer.

At very small angles, the intensity scattered by a
particle can be approximated by a Gaussian curve:73

IðsÞ ¼ Ið0Þ expð24p2s2R2
g=3Þ

and the slope of a Guinier plot (ln½IðsÞ� versus s 2) readily
yields Rg for the particle. This approximation is valid
over a restricted s-range (typically 2pRgs , 1:3). For
each investigated condition, the value of the radius of
gyration was derived on multiple replicates from a
Guinier analysis performed over the appropriate s-range.

Statistical modeling was carried out using SYSTAT74

and JMP75 using stepwise regression to evaluate a range
of models, and standard least-squares regression to
evaluate the best model. pH values of all samples were
determined following the measurements, and did not in
all cases correspond to those intended in the original
design, owing in part to the unexpected importance of
the ATP. Values were grouped into three obvious clusters
for the purpose of plotting in Figure 3.

Crystallization

B. stearothermophilus native and selenomethionyl
TrpRS were purified as described.76 All complexes were
crystallized by microdialysis (5 ml of ,4 mg/ml protein
versus a 2 ml well). Monoclinic crystals of the open Trp
and ATP complexes were grown at 42 8C and pH 6.6 in
a potassium phosphate buffer (2 M) either in the pre-
sence of 2 mM Trp or 1 mM (freshly dissolved and
titrated) ATP (SIGMA) 20 mM MgCl2. All tetragonal
crystals were grown at 35 8C. The protein stock buffer
(0.6 M potassium phosphate solution in the presence of
50% (v/v) glycerol) was extensively exchanged by a
precipitant solution containing ,1 M sodium citrate,
10 mM (freshly dissolved) ATP (SIGMA), and 10 mM
MgCl2·50 mM TrpNH2O (tryptophanamide) was added
with ATP for comparison with previous ATP:Trp analog
complex crystals grown in potassium phosphate (X.H.,
unpublished results). Tetragonal ATP complex crystals
were, however, hard to reproduce in phosphate, and we
had difficulty characterizing them. Reproducibility was
ultimately achieved by using citrate, rather than phos-
phate, as the crystallizing anion. Data collection provided
quite good statistics compared to data from similar crystal
forms obtained in phosphate Table 3. Trp was rigorously
excluded from these crystal growth experiments.

Crystals grew within a week without further addi-
tives. Monoclinic crystals of the open complexes were
collected at room temperature. Tetragonal crystals were
quickly dipped into a 15% glycerol cryoprotectant sol-
ution prior to flash cooling in the 100 K-nitrogen stream.
Cryopreservation extended diffraction to higher resol-
ution limits (,2.2 Å for the native (2.3 Å for the
Se-derivative) compared to 2.5 Å (2.8 Å) at room-tem-
perature. Mosaicity increased slightly (0.458 versus 0.38).
Another SeMet complex crystal dataset also collected to
the same resolution limit on the RAXIS IV. Mosaicity for
the ternary complex refined to 0.758 in spite of one
annealing step.

Structure solution and refinement

Data were integrated by DENZO and scaled indepen-
dently using SCALEPACK,77,78 Table 4, reduced using
TRUNCATE,79 and scaled to each other between 8 Å
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and 4 Å with SCALEIT,80,81 native [10 mM ATP] data
being taken as reference. Open complexes with Trp and
ATP are isomorphous to LF crystals, and the three
independent dimers in the asymmetric unit were refined
directly using initial phase sets derived from that
structure.10 For the closed ATP complex, molecular
replacement was performed to determine initial phases
for the subset of Se–S atoms using AMoRe82 in order to
start heavy-atom parameter refinement using SHARP39

for SIR phasing. Three known conformations for TrpRS

monomer (LF (id code: 1D2R), IT complex,13 and adenyl-
ate product complex (id code: 1I6M)) were tested as search
models, after removing ligand and solvent molecules. The
cross-rotation function was calculated between 8 Å and
4 Å resolution. The highest peak of the rotation function
was subjected to a translation function search and then
rigid-body fitting.

Positions, occupancies, and isotropic and anisotropic
temperature factors for the ten heavy-atom sites were
refined appropriately for an Se–S SIR experiment, by

Table 4. Data reduction for native TrpRS and selenium derivative and phasing statistics

Native, open
Trp complex

Native, open
ATP complex

Native,
“closed”

ATP complex
Native, closed

ATP þ TrpNH2O
SeMet, closed
ATP complex

Unit cell C2 C2 P43212 P43212 P43212
a ¼ 228.73 Å, b ¼ 92.24 Å,
c ¼ 157.59 Å, b ¼ 132.718

a ¼ 228.55 Å, b ¼ 91.98 Å,
c ¼ 156.89 Å, b ¼ 132.348

a ¼ b ¼ 62.13 Å,
c ¼ 217.81 Å

a ¼ b ¼ 61.68 Å,
c ¼ 218.78 Å

a ¼ b ¼ 61.95 Å,
c ¼ 217.91 Å

No. of measured
reflections

120,955 102,635 303,099 335,452 366,741

No. of unique
reflections

55,705 42,607 24,329 23,318 30,265a

Resolution limits
(Å)

2.7 3 45–2.15 25–2.10 25–2.3

Completeness (%)
Overall 83.1 87.3 97.5

(up to 2.40 Å)
99.0

(up to 2.60 Å)
Last bin 50.4 (2.7–2.8 Å) 70.5 (3.11–3.0 Å) 12.1 (2.23–

2.15 Å)
77.5

(2.18–2.10 Å)
38.0

(2.38–2.30 Å)

Reflections with
I . 3s(I ) (%)

– – 82.3 76 82.1

Overall Rsym 0.079 0.079 0.08 0.079 0.08
Rsym for last bin 0.31

(2.23–2.15 Å)
0.32

(2.18–2.10 Å)
0.30

(2.38–2.30 Å)
kRedundancyl – – 8.2 5.5 7.1a

Dataset – – 1 2 3
SIR phasing to
2.3 Å

1–3 2–3 3–1

Number of sites
per molecule

Ten Se–S Nine Se–S Ten SeMet/328
res

Riso (%) data
between 8 Å and
4 Å

– – 0.125 0.198

Phasing power
(cent/acent)

– – 1.8/2.4 1.0/1.2 1.7/2.0

Rcullis (cent/acent) – – 0.61/0.62 0.87/0.88 0.61/0.63

FOM
Cent/acent – – 0.461/0.379 0.24/0.22 0.35/0.37
After SOL-

OMON
0.808 0.810

Averaged phase difference to refined model
SHARP SIR/SOL-
OMON

– – 60.48/29.78 70.48/42.38 63.98/30.48

Centroid phases/
sA

– – 6.68/25.78 6.78/27.38 6.08/26.18

The Rsym is defined as: X

h;k;l

X

i

lkIðh; k; lÞl2 Iiðh; k; lÞl=
X

h;k;l

X

i

Iiðh; k; lÞ

where Ii(h,k,l ) is the ith observation of reflection h; k; l and kIðh; k; lÞl is the weighted mean of all observations (after rejection of outliers).
The Riso is defined as:

Riso ¼
X

h;k;l

lFder 2 Fnatl=
X

h;k;l

Fnat

where Fnat and Fder are the native and derivative structure factor amplitudes, respectively. The phasing power is Ppower ¼ k[lFnat(calc)|/
phase-integrated lack of closure]l. The Rcullis is Rcullis ¼ kphase-integrated lack of closurel/klFder 2 Fnatll.

a Friedel pairs are kept separated.
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SHARP. The weak anomalous signal was treated by
SHARP, introducing the refinement of Se–S scattering
factors. Initial values for f0 and f00 for Cu Ka were
estimated,83 after subtracting the contribution of sulfur
atoms from the selenium atoms. SIR phases for ten
selenomethionines (from a total of 328 residues)84

reduced bias from the initial molecular replacement
model. A second SeMet TrpRS:ATP and ATP:trypto-
phanamide complexes were solved subsequently by mol-
ecular replacement. Note that anomalous residual maps
using coefficients of the log-likelihood gradient function
were able to locate sulfur atoms (peaks . 4s) from all
methionine residues and three cysteines, C35, C38, and
C95, and also a and b-phosphorus atoms (Figure 13(b)).

SOLOMON as implemented in SHARP81,85 was per-
formed with a flipping factor of 21 for 130 cycles,
during which the solvent sphere radius was reduced
from 2.4 Å to the maximum resolution of the data. The
disordered solvent content was estimated at 47% by
maximizing the correlation coefficient on E 2 from
SIGMAA.86 Electron-density maps were calculated with
FFT and MAPMASK81 and displayed in the program O87

via the interface with SHARP.
The open Trp complex was refined using CNS.88 Other

structure solutions, including the open monoclinic ATP
complex, were refined using BUSTER, developed by Glo-
balPhasing, Ltd and interfaced with TNT.89 Bulk solvent
and the random distribution of missing atoms were
kept fixed. By keeping an appropriate distance from the
data, maximum-likelihood methods limit over-fitting
the observed amplitudes at phases too close to those of
the initial fragment, which leads to the model bias to
which least-squares is vulnerable. The truncated pieces
are utilized as model-based non-uniform prior to output
low-resolution distributions and together with the bulk
solvent envelope and the fragment model, will account
for the real-space picture of the crystal content. Maxi-
mum-entropy modulation of the envelope for missing
atoms aims at recovering accurate density in their
expected regions.90 The refined atomic models comprised
2599 protein atoms from residues 1 to 326, not including
the last two C-terminal arginine residues, which never
have been observed in any TrpRS structures, and vari-
able numbers of solvent molecules (Table 5). PDB ID

codes: Open Trp complex, 1MB2; Open ATP complex,
1MAW; Closed, pre_TS ATP complex, 1M83; Closed,
pre-TS tryptophanamide:ATP complex, 1MAU.

Solvent and counter ion structure

The 2.2 Å crystallographic data and SIR experimental
phases allowed us to position 171 water molecules in
the electron density of the ATP complex, contrasting
with the solvent-free 2.9 Å IT pre-TS structure (Y.Y. et al.,
unpublished results). Additionally, three cryoprotective
glycerol molecules were located, one of which occupies
a similar position to that observed in the TAM complex
nearby a cationic site close to the N-terminal region of
the RF, evidenced previously in the 1.7 Å structure of
the latter complex.14 A second glycerol is located at the
entrance of the active site cleft, near the g-phosphate,
making two H-bonds with O2 of Q49 and the S11 carbo-
nyl oxygen atom. The third glycerol is located on the
surface of the SD, interacting with 1-NH3 of K218, Og1 of
T222 and 1-NH3 of K269, where a sulphate ion was
found in the TAM complex.14

No specific citrate ion positions could be derived,
although some solvent regions remained noisy at this
resolution. Thus, we can suggest no role for citrate in
stabilizing the ATP complex for crystallization. It is note-
worthy for the second selenomethionylated complex and
also the ATP:tryptophanamide complex that a sodium
cation might fit within an octahedral environment of a
cationic-binding site evident in several recent TrpRS
product complex crystal structures.14 Particularly short
coordination distances (,2.5 Å), high B-factors with
respect to the environment (.50 Å2 or about twice those
of surrounding carbonyls) and the absence of density
for the other 10 mM ATP structures render the cationic
identity dubious. The ambiguous occupancy of this site
by sodium could be lifted by soaking this crystal in
rubidium-containing solutions.91

Superposition for structure analysis

For coordinate comparisons, models were super-
imposed using 42 Ca atoms taken from the first half of

Table 5. Results of structure refinement

Native,
open Trp

Native,
open ATP

Native,
closed ATP

Native, closed ATP
þ TrpNH2O

SeMet,
closed ATP

No. reflections (all) 58,869 42,607 20,306 24,050 19,286
No. reflections (used for refinement) 49,817 38,186 17,449 19,973 15,680
No. reflections (used for R-free) 5594 4285 1986 2254 1789
No. protein atoms 15,468 15,392 2623 2605 2583
No. solvent atoms (water) 0 0 187(168) 152(119) 178(143)
No. ligand atoms 90 186 31 31/15 31
Averaged B-value for protein atoms (Å2) 46.8 37.4 25.6 35.4 22
Averaged B-value for solvent atoms (Å2) – – 30.9 42.8 29
Averaged B-value for ligand atoms (Å2) 24.2 59.5 21.5 27.9/38.4 19.8
Range of spacings (Å) 15–2.7 15–3.0 20–2.2 20–2.15 20–2.35
R-value (work) (%) 17.3 15.4 21 20.9 19.6
R-free (10% reserved) (%) 24.3 23.9 25.2 24.4 24
Ramachandran diagram (core/allow-gener/disall) 87.8/11 86.8/11.1 95.5/4.5 95.9/3.8 94.8/4.8

1.1/0 1.5/0 0/0 0.3/0 0.3/0

Weighted rmsd from ideality
Bond length (Å) 0.009 0.012 0.006 0.006 0.006
Bond angle (deg.) 1.02 1.36 0.986 0.975 1.013

The crystallographic R-factor is defined by
P

lFobsl2 lFcalcl=
P

lFobsl and indicates the accuracy of the model. The free R-factor is a
cross validation residual calculated using 10% of the native data which were randomly chosen and excluded from the refinement.
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the RF domain, which has been used as a reference
orientation for previous comparisons among class I
aaRSs.4 Other comparisons involved superimposing the
adenine moieties of different ATP complexes. Super-
positions were performed using CDSFIT.81

Acknowledgements

This work was supported by NIGMS-48519.
We are grateful also to LURE for support during
the SAXS measurements and to Globalphasing Ltd
for licenses for SHARP and BUSTER/TNT and
for their assistance. M. Ries-Kautt provided valu-
able advice during the SAS measurements. We
gratefully acknowledge substantive discussions
with J. Hermans, E. First, S. Cusack, and W. W. Cle-
land, which clarified several important issues
addressed in this paper. T. Traut, M. Caplow, L. S.
Kaguni provided helpful feedback on the manu-
script. We are also grateful to S. Cusack, S.
Yokoyama, J. Perona, and J. LaPointe for sharing
information about structures of unliganded T. ther-
mophilus TyrRS, GlnRS, and GluRS and various of
their complexes before publication. Molecular
graphics were prepared using MOLSCRIPT92 and
BOBSCRIPT,93 and rendered with RASTER3D.94

References

1. Carter, C. W., Jr (1993). Cognition, mechanism, and
evolutionary relationships in aminoacyl-tRNA
synthetases. Annu. Rev. Biochem. 62, 715–748.
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