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ABSTRACT The conformations of MgATPand AMPbound to a monomeric tryptic fragment of methionyl tRNA synthetase
have been investigated by two-dimensional proton transferred nuclear Overhauser effect spectroscopy (TRNOESY). The
sample protocol was chosen to minimize contributions from adventitious binding of the nucleotides to the observed NOE. The
experiments were performed at 500 MHz on three different complexes, E - MgATP, E * MgATP- L-methioninol, and
E * AMP- L-methioninol. A starter set of distances obtained by fitting NOEbuild-up curves (not involving H5' and H5") were
used to determine a CHARMmenergy-minimized structure. The positioning of the H5' and H5" protons was determined on
the basis of a conformational search of the torsion angle to obtain the best fit with the observed NOEsfor their superposed
resonance. Using this structure, a relaxation matrix was set up to calculate theoretical build-up curves for all of the NOEsand
compare them with the observed curves. The final structures deduced for the adenosine moieties in the three complexes are
very similar, and are described by a glycosidic torsion angle (X) of 560 ± 50 and a phase angle of pseudorotation (P) in the
range of 470 to 520, describing a 3T-4E sugar pucker. The glycosidic torsion angle, X, deduced here for this adenylyl transfer
enzyme and those determined previously for three phosphoryl transfer enzymes (creatine kinase, arginine kinase, and
pyruvate kinase), and one pyrophosphoryl enzyme (PRibPP synthetase), are all in the range 520 ± 80. The narrow range of
values suggests a possible common motif for the recognition and binding of the adenosine moiety at the active sites of
ATP-utilizing enzymes, irrespective of the point of cleavage on the phosphate chain.

INTRODUCTION

ATP-utilizing enzymes occur in a large number of biochem-
ical pathways and play a critical role in cellular processes.
The most abundant among these are phosphoryl transfer
enzymes (kinases), followed by adenylyl transfer enzymes,
examples of which are the aminoacyl tRNA synthetases
(activation reaction), and pyrophosphoryl transfer enzymes,
such as 5-phospho-D-ribose 1-diphosphate (PRibPP) syn-
thetase, which are relatively rare. The fact that the cleavage
of ATP occurs at three different places in the triphosphate
chain, and that all ATP-utilizing enzymes require Mg(II) in
vivo as an obligatory component in the reaction complexes,
makes the investigation of the active-site structures of these
enzymes and their possible differentiation a subject of con-
tinued interest from the point of view of elucidating enzyme
mechanisms.

A nucleotide in isolation has considerable internal mo-
bility (Nageswara Rao and Ray, 1992), and the determina-
tion of its conformation in an enzyme complex requires
rather detailed measurements. Recently the glycosidic ori-
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entation and sugar pucker of the adenosine moiety of ATP
and ADPin their enzyme complexes has been characterized
by the use of two-dimensional transferred nuclear Over-
hauser effect spectroscopy (TRNOESY) for a number of
ATP-utilizing enzymes. The enzymes studied include three
phosphoryl transfer enzymes, creatine kinase (Murali et al.,
1993), pyruvate kinase (Jarori et al., 1994), arginine kinase
(Murali et al., 1994), and one pyrophosphoryl transfer en-
zyme, PRibPP synthetase (Jarori et al., 1995). From the
point of view of the TRNOESYmethodology, these studies
have clearly demonstrated the need for devising sample
protocols that minimize weak nonspecific binding of the
nucleotides, a factor that was ignored before these studies,
to obtain reliable structures from the measurements. Fur-
thermore, this improved methodology yielded nucleotide
conformations described by a glycosidic orientation, X, in
the range 520 ± 80 for all of the enzymes, whether they
catalyze phosphoryl transfer or pyrophosphoryl transfer.
This naturally raises the question of whether this similarity
is maintained by the adenylyl transfer enzymes such as the
aminoacyl tRNA synthetases as well. The significance of
this question is accentuated by the fact that the glycosidic
orientations deduced from x-ray crystallography for nucle-
otides bound to kinases show disparate values, ranging from
10 for the AMPmoiety of Pl,P5-di(adenosine-5') penta-
phosphate (AP5A) bound to adenylate kinase (Abele and
Schulz, 1995) to 960 for MgAMPPNPbound to 3-phospho-
glycerate kinase (McPhillips et al., 1996), in contrast with
nearly equal values of obtained from NMR. A similar situ-
ation exists for the x-ray results for amino-acyl tRNA syn-
thetases, with values of ranging from 320 for AMPbound to
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seryl tRNA synthetase (Belrhali et al., 1994) to 720 for ATP
bound to aspartyl tRNA synthetase (Cavarelli et al., 1994).

An aminoacyl tRNA synthetase catalyzes the acylation of
the respective tRNA in two steps as shown below (Meinnel
et al., 1995; Fayat et al., 1980):

Mg( I)
E + ATP + aa., < E- aa - AMP+ PP,

E aa - AMP+ tRNA' *-* E + AMP+ aa - tRNA',

where aa is the amino acid. In the first step (the activation
reaction) the adenylyl transfer occurs from ATP. Three
TRNOEstudies of adenosine conformations in complexes
of aminoacyl tRNA synthetases have been reported thus far.
One of these studies was on MgATPbound to methionyl
tRNA synthetase (MetRS, EC6.1.1.10) in its native dimeric
form, as well as to a tryptic fragment of MetRS, by Landy
et al. (1992), and the other two were by Williams and
Rosevear (199 la,b) on the inhibitor complexes of the
MgATPanalog, Mg(a,43-methylene) ATP, bound to a tryp-
tic fragment of MetRS, and to isoleucyl tRNA synthetase,
respectively. All the three enzymes were isolated from
Escherichia coli. The glycosidic orientations deduced in
these studies do not agree with the range given above, viz.
52° ± 8°. However, it may be noted that in any of these
studies the effect of ligand concentrations on the observed
NOEs were not explicitly determined to assess the role of
adventitious nucleotide binding, although Williams and
Rosevear (199la) recognized that this might be an issue.
The measurements of Williams and Rosevear (1991a,b)
were analyzed on the basis of a two-spin approximation for
delay times as large as 250 ms, for which it is not likely to
be valid, although some indirect attempt was made in one of
their studies (Williams and Rosevear, 1991a) to correct for
spin-diffusion effects. In view of the recent demonstration
that substantial contributions to the observed NOEs arise
from adventitious binding, the conformation of the MgATP
bound to these enzymes merits reinvestigation.

A two-dimensional TRNOESYinvestigation of the con-
formation of the adenosine moiety in the nucleotides
MgATPand AMPbound to a fragment, M547, of MetRS is
presented in this paper. The M547 fragment is a monomer
of molecular mass 64 kDa with a single binding site for the
nucleotides. The complexes studied were E - MgATP,
E * MgATP* L-methioninol, and E * AMP* L-methioninol.
L-methioninol is a substrate-analog inhibitor in the presence
of which the nucleotide complexes are bound with enhanced
affinity (Fayat et al., 1977). In particular, the dead-end
complex, E * MgATP* L-methioninol, is thought to mimic
the E - methionine - MgATPcomplex in the ground state.
The sample protocol for all of these complexes was chosen
such that weak nonspecific binding effects are minimized.
The TRNOESYbuild-up curves were analyzed to obtain a
starter set of distances, which were used as constraints in a
CHARMmenergy-minimization routine. The structure de-
duced by such an iterative combination of conformational

theoretical build-up curves by using a relaxation matrix
appropriate for fast exchange. The results obtained allow a
comparison of the adenosine conformations obtained for the
ATP and AMPcomplexes with the enzyme, as well as with
those obtained for adenine nucleotides bound to the phos-
phoryl transfer and pyrophosphoryl transfer enzymes inves-
tigated earlier.

EXPERIMENTALPROCEDURE

Materials

ATPand L-methioninol were obtained from Sigma Chemical Company (St.
Louis, MO). Tris (hydroxymethyl) amino methane (deuterated-dl,) and
99.99% D20 were supplied by Research Organics (Cleveland, OH). All
other chemicals used were of analytical reagent grade.

Enzyme preparation

The truncated monomeric form of MetRS, M547, encoding the 547 N-
terminal residues of the enzyme, was produced from the metG547 gene
(Mellot et al., 1989). This gene was introduced in the pBSM547+ vector
(Fourmy et al., 1993) under the control of the lac promoter. Production of
the M547 enzyme in the presence of isopropylthiogalactoside (IPTG) (0.3
mM) was in JMlOlTr cells (Hirel et al., 1988). The M547 enzyme was
isolated to homogeneity by using two chromatographic steps as described
previously (Meinnel et al., 1991): first on a Superose-6 molecular sieve
(Pharmacia, 1.6 X 50 cm), and second on a Q-Hiload anion exchanger
(Pharmacia, 1.6 X 10 cm, 2.5 mL/min, 100 mM/h KCI). Enzyme concen-
trations were determined using the specific extinction coefficient of 1.72
cm2/mg at 280 nm for the trypsin-modified MetRS (Cassio and Waller,
1971).

Before making samples for the TRNOEexperiments, the enzyme,
which is normally stored at -20°C in 55% glycerol buffer with 10 mM
mercaptoethanol, was reprecipitated by adding ammonium sulfate to 80%
saturation. After centrifugation, the pellet was dissolved in 50 mMTris-
HCI (pH 8.0) containing 10 mMmercaptoethanol. The dissolved protein
was extensively dialyzed against the same buffer to completely exchange
out the glycerol in the enzyme solution. After dialysis the protein was
concentrated using an Amicon concentrator, and 1 ml of the concentrated
protein was subjected to block dialysis against 1 ml of 50 mMTris-d, -C1
buffer (pH 8.0), prepared in D20, containing 10 mMmercaptoethanol. At
least 10 changes of Tris-d, ,-Cl buffer were made to replace H20 with D20.
The enzyme was then centrifuged to discard any denatured protein before
adding the nucleotides for the NMRexperiments. The concentrations of the
nucleotides were determined spectrophotometrically using the extinction
coefficient 63m%' = 15.4 cm-'.

NMRmeasurements

'H NMRmeasurements were made on a Varian Unity 500 MHzNMR
spectrometer. The typical sample protocol chosen for structure measure-

ments contained 0.2 mMMetRS, 1 mMATP, 5 mMMgCl2, 3-4 mM
L-methioninol, and 10 mMmercaptoethanol, buffered in 50 mMTris-
d, l-Cl (pH 8.0). Typical sample volumes were 600 ,ul. This protocol was

arrived at by making TRNOEmeasurements as a function of ligand
concentration to minimize effects from weak nonspecific binding of the
nucleotides to the protein, as described in Results and Analysis. The
solutions were in D20, and the sample temperature was maintained at
10°C. Magnesium ion concentrations were adequate for complete satura-

tion of the nucleotide, as evidenced by the coalescence H5' and H5"
resonances in the spectrum. The numbering of the different protons in the
adenosine moiety is the same as in our earlier work (Murali et al., 1993,

search and energy minimization were used to compute
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1994; Jarori et al., 1994, 1995) and is schematically shown in Fig. 1.
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cross-peak given by mi j(Tm) versus Tm in the TRNOESYspectrum is a
polynomial in Tm, and the initial slope of the build-up, which is just the
linear term in Eq. 2, yields Rii. Because the rotational correlation time, T-b,
for the bound nucleotide is considerably greater than that of the free
nucleotide, {c, Pblpf is 0.1 to 0.25, and (c-rC)2» 1 (w is the spectrometer
frequency),

Hs'

R4h2pbr)
Rij = PbWij 10I (r,bi)6 (4)

Thus the ratios of initial slopes for different spin pairs are related to the
corresponding internuclear distances in the bound conformation by

OH (Rij/Ro =(1/ii)6
FIGURE 1 Adenosine moiety showing the numbering system used for
the relevant protons.

NOESY(Kumar et al., 1980) time-domain data were collected in the
hyper complex mode (States et al., 1982), with 256 increments and 2k data
points during the acquisition period (t2 dimension), for mixing times in the
range of 35-250 ms. Thirty-two scans were averaged for each FID, and the
zero-quantum interference was suppressed by random variation of the
mixing time (up to 10% of its value) between different t1 increments
(Macura et al., 1981). A relaxation delay of 2 s was used, and the carrier
frequency was placed at the solvent HDOresonance in all the experiments.
The solvent HDOresonance was suppressed by monochromatic irradiation
using the decoupler channel during intervals of the relaxation delay, the t1
period, and the mixing period. Two-dimensional Fourier transformation
was performed along both dimensions, with a shifted sine-bell apodization
and zero filling to obtain a 2k (Fl) X 4k (F2) data set. The spectra were
phased to pure absorption mode. Fractional NOEs were determined by
dividing the observed cross-peak volume by the diagonal-peak volume of
HI' extrapolated to zero mixing time. In experiments where the measure-
ments were made only for a single mixing time (80 ms), a control spectrum
was recorded with zero mixing time for the purpose of normalizing the
NOEs as above.

Theoretical details

Because the dissociation constant of MgATPfor MetRS is about 1-2 mM
(Fayat and Waller, 1974), assuming that the on rate is diffusion controlled
leads to an off rate of - 105 to 106 s- I for the ligand in its enzyme complex,
which is much larger than the typical NOEbuild-up rate (y4h2rc/10(rb)6)
of -450 s- '(for r = 2.0 A, T: = 50 ns). Thus the fast exchange condition
is valid for these measurements. It has been shown that, in the limit of fast
exchange, the intensity of the cross-peak in a TRNOESYexperiment,
representing polarization transfer from j to i, for a mixing time Tm is given
by

mi.j(Tm) = (e Tm)iMoj (1)

I -RTm + 2 R2T2 6R33 + ***]Moj, (2)

where R is the population-weighted average relaxation matrix of the bound
and free complexes given by (Landy and Nageswara Rao, 1989)

R = pbWb + pfWf, (3)

in which Pb and pf are bound and free fractional populations, and Wband
Wf are the corresponding relaxation matrices. Matrix elements of Wband
wf are given by standard expressions for the case of dipolar interactions
(Landy and Nageswara Rao, 1989; Kalk and Berendson, 1976; Keepers
and James, 1984; Koning et al., 1990; Cambell and Sykes, 1991; Lee and
Krishna, 1992). Equation 2 shows that the build-up of the intensity of a

(5)

An unknown distance r" can be estimated in terms of a calibration distance
rbk, with the help of Eq. 5, if such a distance can be identified within the
spin system. Implicitly the calibration distance allows the evaluation of Tlc
(more precisely, PbTc). Multiple-spin (or spin-diffusion) effects on the
observed intensities arise from the quadratic and higher order terms in
Eq. 2.

Molecular modeling and energy calculations

Molecular modeling and energy calculations were carried out using the
CHARMmprogram (Brooks et al., 1983) in the software package QUAN-
TA(4.1) running on a Silicon Graphics computer. The calculations were
performed on an ATP/AMP molecule in vacuum. The distances derived
from the NOEswere given as constraints for a symmetrical potential well
with a force constant of 25 kcalmol- 2 and an overall scale factor of 100
(the overall scale factor is a multiplication factor used in the CHARMm
program for the NOEconstraint potential). The energy was minimized by
using the steepest-descent method.

RESULTSANDANALYSIS

Ligand concentration dependence of NOEfor
MgATPcomplexes

TRNOESYexperiments, each with a mixing time of 80 ms,
were performed on a set of samples containing MetRS and
MgATP, in which the ligand concentration was varied from
1 to 9 mMwhile keeping the ligand-to-enzyme concentra-
tion ratio fixed at a value of 10:1. The percentage TRNOE
for the proton pair Hi'-H2' (this interproton distance re-
mains practically unchanged, 2.9 ± 0.2 A, for all sugar
puckers and glycosidic torsions) obtained from these mea-
surements is shown in Fig. 2 as a function of ligand con-
centration. The Hi '-H2' NOEstarts at a value of -1% for
1 mMligand concentration, goes up to -2% at 4 mM, and
remains steady up to -6 mMligand concentration. A fur-
ther increase of ligand concentration up to 9 mMincreases
the NOEto -3.5%. The dissociation constant for MgATP
binding with the tryptic fragment of MetRS was estimated
to be - 1-2 mM(Fayat and Waller, 1974). Thus the first
part of Fig. 2 is likely to have contributions from the
progressive occupation of the specific MgATP-binding sites
as well as that of some adventitious sites. The second part of
Fig. 2 (after 6 mM) indicates the population of nonspecific
interaction sites of kd -4-5 mM.
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FIGURE 2 Dependence of percentage NOEfor the Hi '-H2' proton pair
on ATP concentration in E * MgATPcomplex. ATP concentration was
varied from 1 to 9 mM, keeping the ATP-to-enzyme concentration ratio
constant at 10:1. The sample was in 50 mMTris-d,,-Cl and 10 mM
mercaptoethanol at pH 8.0, and measurements were made at 500 MHzand
10°C with a mixing time of 80 ms. The NOEswere normalized by dividing
the NOEpeak volume with the diagonal peak volume of HI' measured
with zero mixing time.

Intramolecular NOEson enzyme-bound
nucleotides

Based on the observation shown in Fig. 2, TRNOEmea-
surements used for the determination of the conformation of
the adenosine moiety of MgATPat the active site of the
enzyme were performed at a nucleotide concentration of 1.0
mMand an enzyme concentration of 0.2 mM. The choice of
the sample protocol is made to ensure a high occupancy of
the active site and maximize the sensitivity of the observed
NOEwhile keeping adventitious binding of MgATPwith
the enzyme minimal (see also Jackson et al., 1995). Another
set of TRNOEmeasurements was made after the addition of
3.21 mML-methioninol to the sample. The binding of
MgATP to the enzyme is considerably enhanced in the
presence of this substrate-analog inhibitor (Fayat et al.,
1977). If the structures obtained for the two complexes are
similar, it will provide useful corroborating evidence that
adventitious binding effects are minimized under the chosen
sample protocol.

When a sample protocol similar to the ATP complex
above is used to form the E * AMPcomplex, no NOEsare
observed, indicating very weak binding of AMP at the
active site and the absence of nonspecific binding of AMP
with the enzyme. The AMPmeasurements were performed,
therefore, in the presence of L-methioninol, which is known
also to increase the binding of AMPat the active site of this
enzyme (Fayat et al., 1977). This was corroborated by the
fact that measurable NOEswere observed in the presence of
this substrate-analog inhibitor. The concentrations used for
the E - AMP* L-methioninol complex were 0.142 mMen-
zyme, 1.47 mMAMP, and 2.93 mML-methioninol. The
experimental data of fractional NOEsare plotted as a func-
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FIGURE 3 Percentage NOEbuild-up curves for E * MgATPcomplex.
The sample contained 0.2 mMMetRs, 1.0 mMATP, and 5 mMMgCl2 in
50 mMTris-d, -Cl and 10 mMmercaptoethanaol at pH 8.0. NOEsfor the
proton pairs: (a) 0, Hl'-H2'; 0, H1'-H3'; Fl, Hl'-H4'; X, Hl'-H5'/H5".
(b) 0, H8-H1'; l, H8-H2'; 0, H8-H3. (c) X, H2'-H3'; +, H2'-H4'; A,
H2'-H5'/H5". (d) X, H3'-H4'; +, H3'-H5'/H5"; A, H4'-H5'1H5". The
solid curves represent theoretically simulated build-up curves based on the
relaxation matrix (Eq. 1) with the distances in Table 1. The external
leakage rate used for all of the protons was 1.4 s -1.The simulated NOEs
for the distances involving H5' and H5" protons from a third proton were
added and plotted along with the corresponding observed NOEs.

tion of the mixing time, tTm, for the E * MgATPcomplex in
Fig. 3, for the E * MgATP* L-methioninol complex in Fig.
4, and for the E * AMP* L-methioninol complex in Fig. 5.
The solid curves are theoretical curves generated as de-
scribed below.

Analysis of data and molecular modeling

As may be seen from Fig. 5, in the case of the AMP
complex, NOEdata are readily measurable only for five
different proton pairs, viz. Hl'-H2', Hl'-H4', H8-H2', H8-
H3', and H2'-H3'. These are the stronger NOEsin the data
for the E - MgATPand E - MgATP* L-methioninol com-
plexes as well (see Figs. 3 a, 3 b, 3 c, 4 a, 4 b, and 4 c).
NOEsfor the three proton pairs H3'-H4', H3'-H5'/H5", and
H4'-H5'/H5" (shown in Fig. 3 d for the E * MgATPcom-
plex and Fig. 4 d for the E - MgATP* L-methioninol com-
plex) could not be measured with sufficient accuracy for the
AMPcomplex because of the close proximity of H3' and
H4' resonances in this case. Weak NOEs observed for the
other proton pairs (H1'-H3', H1'-H5'/H5", H8-Hl', and
H2'-H5'/H5"; see Figs. 3 a, 3 b, 3 c, 4 a, 4 b, and 4 c) in the
E - MgATP and E * MgATP* L-methioninol complexes
were too weak to measure in the case of the AMPcomplex.
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FIGURE 4 Percentage NOEbuild-up curves for E * MgATP- L-methi-
oninol complex. The sample contained 0.20 mMMetRs, 1.07 mMATP, 5
mMMgCl2, and 3.21 mML-methioninol in 50 mMTris-d, I-Cl and 10 mM
mercaptoethanol at pH 8.0. NOEsfor the proton pairs: (a) 0, Hi'-H2'; 0,
H1'-H3'; F-, Hl'-H4';X, Hl'-H5'/H5'. (b)0, H8-Hl'; 0, H8-H2'; O,
H8-H3'. (c) X, H2'-H3'; +, H2'-H4'; A, H2'-H5'/H5". (d) X, H3'-H4';
+, H3'-H5'/H5"; A, H4'-H5'/H5". The solid curves represent theoretically
simulated build-up curves based on the relaxation matrix (Eq. 1) with the
distances in Table 1. The external leakage rate used for all of the protons
was 1.4 s- '. The simulated NOEsfor the distances involving H5' and H5"
protons from a third proton were added and plotted along with the corre-
sponding observed NOEs.

To analyze the data obtained, an NOEcalculation proce-
dure, suitable for all of the complexes, has been devised
along the following lines. The NOEbuild-up data for the
proton pairs with strong NOEs, noted above, were fit with a
second-order polynomial in TTm (see Eq. 2). The initial slopes
obtained from these fits were used along with Eq. 5 and a
calibration distance of 2.9 A for the Hi'-H2' distance (De
Leeuw et al., 1980; Rosevear et al., 1983) to obtain a starter
set of distances to be used for complete analysis of the data.
The calibration distance also yields values of PbTb appro-
priate for each complex. The distances obtained from strong
NOEs for each complex were then used as unalterable
constraints (upper limit and lower limit set equal to the
targeted value) in the molecular modeling computations for
the respective nucleotides, and the energies of the structures
were minimized using the program CHARMm.Note, how-
ever, that distance constraints did not involve H5' and H5".
Thus, even though these constraints were sufficient to de-
termine the glycosidic torsion and some of the dihedral
angles of the sugar pucker in the adenosine moiety, the
torsion angle -y (05s-C'5-C'4-C'3) was arbitrary. To deter-
mine the value of this angle that is compatible with the
energy-minimized structures obtained above, a conforma-

0'

the adenine base. The phase angle of pseudorotation (P) that

tional search was set up in which y was varied in the range
of -180° to + 180° in steps of 50, and the CHARMenergy
was calculated for each structure. Furthermore, for each
proton i that has observable NOEs with the superposed
resonances of H5' and H5", an effective distance r1 from
proton i is calculated. This distance (ri) is given by [(rj6 +
r2i6)/2] - /6, corresponding to half the initial slope of the
observed NOE, where rli and r2i are distances of the proton
i from H5' and H5". Note that ri does not equal either rli or
r2j. In a relaxation matrix analysis, both of these distances
may be replaced by ri to obtain a correct measure of the
superposed NOE. Thus the NOEanalysis does not differ-
entiate the two distances, and this can be accomplished only
through energy minimization. Therefore, for each of the
energy-minimized structures obtained from the conforma-
tional search in which fy is varied, the quantity Q = Ei[(r 6
+ rj6)/2r 6 - 112 iS calculated. A range of values of y that
provides the best agreement with the observed NOEsof the
superposed resonances of H5' and H5", i.e., the smallest
value for Q, was then identified. The lowest-energy struc-
ture among these was then chosen as the structure for NOE
calculation (see Eq. 3), along with the value PbTb obtained
from the calibration of the starter set of distances. The value
of Tb, assuming full occupancy of the enzyme site, obtained
for all the three complexes is in the range of 14-21 ns. For
free MgATPand AMP, a set of interproton distances rep-
resenting an energy-minimized structure was used (Landy et
al., 1992; Murali et al., 1993). External leakage rates of 1.4
s- were added to the diagonal elements of the relaxation
matrices for all three complexes to fit the data for longer
values of Tm. Somevariability in this parameter for different
protons in a given complex cannot be ruled out. However,
because there is no simple means of accurately differenti-
ating the relaxation behavior of the different protons (for
long delay times), a single leakage rate has been introduced
for all of the protons. Energy minimization calculations
performed for a given set of interproton distance constraints
for the nucleotide with different initial coordinates yield
virtually the same converged adenosine conformation. Al-
though the distances deduced from strong NOEs (Hi'-H2',
H1'-H4', H8-H2', H8-H3', H2'-H3' for both ATP and
AMPcomplexes, and H3'-H4' for ATP complexes only)
were left unaltered in the computation, the distances ob-
tained for the energy-minimized structures differ from those
deduced for the weaker NOEs by less than 15%. By sub-
stituting these distances into relaxation matrices in Eq. 1,
the theoretical NOEbuild-up curves were calculated for the
three complexes. The build-up curves are plotted along with
the experimental data as shown in Figs. 3, 4, and 5. The
overall agreement between experimental and calculated
NOEvalues is quite satisfactory.

The interproton distances representing the three struc-
tures are given in Table 1, and the various torsion angles in
these structures are listed in Table 2. In all three complexes
the glycosidic torsion angle (X) for the adenosine moiety is
about 560 ± 5°, corresponding to an anti conformation of

O.(
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FIGURE 5 Percentage NOEbuild-up curves for E AMPL-methioninol complex. The sample contained 0.142 mMMetRs, 1.47 mMAMP, and 2.93 mM
L-methioninol in 50 mMTris-d, -Cl and S mMmercaptoethanol at pH 8.0. NOEs for the proton pairs: (a) 0, H1'-H2'; F0, Hi'-H4'. (b) 0, H8-H2'; C,
H8-H3'. (c) 0, H2'-H3'. The solid curves represent theoretically simulated build-up curves based on the relaxation matrix (Eq. 1) with the distances in Table

1. The external leakage rate used for all of the protons was 1.4 s-'.

defines the sugar pucker (Altona and Sundaralingam, 1972; De
Leeuw et al., 1980) is about 510 (4T3) for the E * MgATP
complex, 470 (4T3) for the E * MgATP L-methioninol com-
plex, and 520 (4T3) for the E * AMP* L-methioninol complex.
The corresponding amplitudes of sugar pucker T = (v2/cos P)
are 330, 210, and 440, respectively. The adenosine conforma-
tion in the E * AMP* L-methioninol complex is depicted in
Fig. 6. The other two structures are very similar to this
diagram.

DISCUSSION

The reasoning behind the reinvestigation of the conforma-
tion of MgATPbound to MetRS was that previous TRNOE
investigations have not explicitly scrutinized the role of
adventitious binding of the nucleotide to the protein at
places other than the active site, and the deduced structure
may, therefore, be beset by errors introduced by such con-
tributions. The results obtained for the ligand concentration
dependence of NOE(see Fig. 2) show that this reasoning
was correct. It is clear that at the MgATPconcentrations (16
mMand 13 mM) employed by Landy et al. (1992), along
with enzyme concentrations of 1-1.5 mM, there is consid-
erable weak nonspecific binding of the nucleotide, and the
NOEs observed in those experiments are primarily due to
such binding and not to MgATPbound at the active site.
Williams and Rosevear (1991a) used 0.2 mMenzyme and
3.0 mMligand in their samples and obtained a value of 740
for X in the Mg (a,3-methylene) ATP complex with a
tryptic fragment of MetRS, and 810 for the same complex in
the presence of L-methionine. Under the sample conditions
used by Williams and Rosevear (199la), weak nonspecific
binding is expected to be minimal. However, there is an-
other aspect of their methodology, viz., of using the two-
spin approximation for data analysis, which involves some
implicit and unverified assumptions. Williams and Ros-
evear (1991a) estimate that the effect of spin diffusion on

their result generates an error of about 11 %in their calcu-
lated distances. The discrepancy between the aforemen-
tioned values of X deduced in their work and that obtained
in the present work (.560) may be due to a combination of
several factors, such as adventitious binding of the ligand,
methodology of NOEdetermination and analysis, and the

TABLE 1 Interproton distances in E * MgATP, E - MgATP
L-methioninol, and E * AMP* L-methioninol complexes, as

determined by TRNOESYand energy minimization
calculations

r (A)
E * MgATP E AMP

Proton pair E * MgATP L-methioninol L-methioninol

H1'-H2' 2.90 2.90 2.90*
Hl'-H3' 3.71 3.92 3.80
HI'-H4' 2.82 3.19 2.64*
Hl'-H5' 5.03 5.16 4.73
HI'-H5" 4.62 4.76 4.88
H2'-H3' 2.44 2.49 2.41*
H2'-H4' 3.60 3.82 3.75
H2'-H5' 4.84 4.78 5.41
H2'-H5" 5.39 5.34 4.63
H3'-H4' 2.61 2.64 3.06
H3'-H5' 2.57 2.42 2.39*
H3'-HS" 3.47 3.45 3.64*
H4'-H5' 2.57 2.52 2.96*
H4'-H5" 2.49 2.43 2.37*
H5'-H5" 1.81 1.75 1.81
H8-H1' 3.83 3.84 3.86
H8-H2' 2.80 2.71 2.84*
H8-H3' 2.57 2.78 2.60*
H8-H4' 4.37 4.48 4.59
H8-H5' 4.62 4.43 4.22*
H8-H5" 4.86 4.69 5.30*
H2-H8 6.46 6.46 6.46
H2-H1' 4.58 4.49 4.60
H2-H2' 6.05 6.12 6.15
H2-H3' 7.73 7.94 7.81
H2-H4' 7.39 7.65 7.21
H2-H5' 9.44 9.40 9.19
H2-H5" 8.85 8.78 9.10

For the E * MgATP complex, NOE constraints were used between
Hl'-H2', H1'-H4', H2'-H3', H3'-H4', H8-H2', and H8-H3'. For the
E * MgATP* L-methioninol and E - AMP* L-methioninol complexes, all
of the above, except that between H3'-H4', were used. The distances are

given up to two significant decimal places, because premature rounding off
may lead to artifactual deviations in NOEcalculations. The values must be
rounded off to one decimal place for model-building purposes. The uncer-

tainty in distances is about ±0.20 A.
*For the E * AMP* L-methioninol complex these are the proton pairs
giving rise to observable NOEs. For the E * MgATPand E * MgATP
L-methioninol complexes, NOEs from all of the proton pairs, except for
those involved with H2, are observable.



Enzyme-Bound Nucleotide Conformations

TABLE 2 Various dihedral angles and the pseudorotation phase angles P of MgATPand AMPbound at the active site of MetRS

Angles (degrees)

Torsions E * MgATP E * MgATP- L-methioninol E * AMP* L-methioninol

X(O04C-C' -N C) 53.5 58.6 55.0
V(C- - C - C2) -18.0 -10.4 -25.0
V( -C,C - - CI) -2.6 -3.13 -3.5
v2(C, - Co C- C4) 21.0 14.5 27.6
v3(C' - C- C4 - 04) -32.4 -20.9 -42.8

3- C4 - - C,) 31.7 19.9 42.8
y(5 - C5 - C 3C) 80 80 120

- 1V4 + VI)-(V3 + Vo) 50.9 47.2 51.6
2v2(sin 360 + sin 720)

For definitions used for various torsion angles, the torsion angle X (04'-Cl'-N9-C8) is 00 when 04'-C1' and N9-C8 bonds are eclipsed, and a
counter-clockwise rotation about Cl'-N9 bond is defined as a rotation by a positive angle. Because v2 is negative, 1800 was added to the calculated value
of P (see Altona and Sundaralingam, 1972).

560±50

FIGURE 6 Pictorial representation of conformation of E * MgATP,
E * MgATP L-methioninol and E * AMP* L-methioninol bound at the
active site of MTRS. (a) Glycosidic torsion angles and (b) the sign of
various torsion angles defining the ribose conformation as well as the angle
of pseudorotation (P) are given.

facile difference that a nucleotide-analog inhibitor complex
has been used. The individual contributions of these differ-
ent factors are a priori indeterminate, but together they are
likely to account for the observed difference in the glyco-
sidic orientations. It may be noted, nevertheless, that Wil-
liams and Rosevear (1991 a) deduced the same sugar pucker
(4T-4E) as in the present work, with a pseudorotation angle,
P, in agreement with that given in Table 2 within experi-
mental error.

The results of the present work corroborate and reiterate
the need to deliberately minimize the contributions of ad-
ventitious binding in TRNOEdeterminations of structures
of small molecules bound to macromolecules. This require-
ment is likely to be particularly stringent for charged ligands
such as the nucleotides. The weak nonspecific binding of
MgATPto the tryptic fragment of MetRS (molecular mass

64 kDa) was observed at ligand concentrations larger than
about 5 mM. Smaller enzymes such as arginine kinase (40
kDa) (Murali et al., 1994), 3-P-glycerate kinase (47 kDa)
(N. Murali, G. K. Jarori, and B. D. Nageswara Rao, unpub-
lished results), and adenylate kinase (Y. Lin and B. D.
Nageswara Rao, unpublished experiments) exhibit rela-
tively minor adventitious binding effects. It appears, there-
fore, that TRNOEmeasurements of (nucleotide) complexes
with heavy enzymes should be performed with the mini-
mumligand concentrations required for the feasibility of
experimental measurements (- 1 mM; Jarori et al., 1995), to
ensure that the NOEs measured are specific to the active
site.

The NOE calculation procedure used in analyzing the
data is somewhat different from the iterative fit method used
in our previous work (Murali et al., 1993, 1994; Jarori et al.,
1994, 1995). However, the results obtained are quite satis-
factory. This method is particularly suitable if the measur-
able NOEs are significantly fewer than the number of pro-
ton pairs, as in the case for the E * AMP L-methioninol
complex. Because there are many more NOEsobserved for
the MgATPcomplex than for the AMPcomplex, we also
analyzed the data for this complex with the iterative-fitting
procedure used in our earlier work by adjusting the struc-
tural parameters in a relaxation matrix to obtain the best
agreement with the experiment. Such NOE-determined dis-
tances were subsequently used as constraints with an allow-
ance of ±5% in a CHARMmenergy-minimization routine.
The procedure yielded virtually the same structure as that
obtained with the NOEcalculation method for the MgATP
complex (see Table 1). This is a useful, although not unex-
pected, result, indicating the appropriateness of the analysis
used.

In general, for structure determinations from TRNOESY
measurements potential problems may arise from finite on-
off rates, ligand motions at the active site, ligand-protein
cross-relaxation, and protein-mediated spin diffusion (Ni
and Zhu, 1994; Moseley et al., 1995; Jackson et al., 1995;
Zheng and Post, 1993). Comparison of the exchange rates
with cross-relaxation rates shows that the fast exchange
condition is valid for the complexes studied here (vide
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infra). 13C lineshape studies of [2-13C]ATP bound to vari-
ous ATP-utilizing enzymes provide evidence that the bound
nucleotide is immobilized in these complexes (Nageswara
Rao and Ray, 1992). The analysis of the data in the present
work is, however, limited by the lack of any specific infor-
mation on ligand-protein cross-relaxation and protein-me-
diated spin-diffusion effects. Previous determinations of
adenosine conformations indicate that these factors effec-
tively reduce the value of Tb appropriate for NOEbuild-up
(Murali et al., 1993, 1994; Jarori et al., 1994, 1995). How-
ever, reasonable and internally consistent conformations
could be deduced from the NOEdata, presumably because
the ratios of the cross-relaxation rates, and therefore inter-
proton distances, are unaffected by a change in the rota-
tional correlation times. In the complexes of MetRS studied
in the present work, the values of Tr inferred from the NOE
build-up curves, by assuming full occupancy of the enzyme
sites, are in the range of 14-21 ns smaller than the rotational
correlation time expected for a molecular mass of 64 kDa,
which is about 30 ns. The difference is probably not serious,
in view of the uncertainty in the full-occupancy assumption.
The similarity in the two values suggests that the protein-
mediated spin diffusion is not as significant in these com-
plexes as it was for those of the heavier enzymes studied
previously. In those cases (Murali et al., 1993; Jarori et al.,
1994, 1995), rb values obtained from the NOE analysis
were considerably smaller (by a factor of 5 or more) than
those estimated on the basis of the molecular mass of the
respective proteins.

The glycosidic torsion angles, X, and the phase angles of
pseudorotation, P, describing sugar pucker, obtained for

TABLE 3 Glycosidic torsion angles (X), phase angles of
pseudorotation (P), amplitude of sugar pucker (T), along with
sugar pucker designation (Altona and Sunderalingam, 1972;
Sanger, 1984) for the adenosine moieties in nucleotide
complexes of various ATP-utilizing enzymes obtained by
TRNOESYmethodology

Complex X (deg) P (deg) T (deg) Sugar pucker

ArgK * MgADP* 51 92.9 45.2 °E
ArgK * MgADP - NO3 - Arg* 52 133.8 27.1 IE-IT
ArgK * MgATP* 50 130.8 28.9 1E-2T
CK * MgADP# 51 70.5 26.9 4T
CK * MgATP# 51 70.5 26.9 4T
PyK *MgATP(active site)§ 44 42.4 28.4 T- 4E
PyK *MgATP(ancillary)§ 46 127.6 22.1 IE-IT
PRPPS * MgATPI 50 114.9 20.9 '1T- 1E
MetRS * MgATPl 54 50.9 33.3 3T-4E
MetRS * MgATP * L- 59 47.2 21.3 T- 4E

methioninolq
MetRS * AMP * L-Methioninolq 55 51.6 44.4 3T-4E
Free ATP* 5 29.0 35.1 3E- 4T
The values for an energy-minimized structure of free ATP are included for
comparison. The enzymes are abbreviated as ArgK (arginine kinase), CK
(creatine kinase), PyK (pyruvate kinase), and PRPPS(PRibPP synthetase).
*Murali et al. (1994).
#Murali et al. (1993).
tJarori et al. (1994).
'Jarori et al. (1995).

nucleotide complexes of all the ATP-utilizing enzymes in-
vestigated in the last few years are listed in Table 3. All of
these structures were determined with methodology opti-
mized both from NMRand biochemical points of view. A
significant feature of the data in Table 3 is that the glyco-
sidic torsion angles for all the complexes listed are in the
range 52° ± 8°, irrespective of whether the enzymes cata-
lyze phosphoryl transfer, pyrophosphoryl transfer, or adeny-
lyl transfer, and whether the nucleotide is an ATP, ADP, or
AMP. There are three phosphoryl transfer enzymes in the
list, and there is one each representing the adenylyl transfer
and pyrophosphoryl transfer enzymes. This is in contrast
with a range of values of X deduced in previously published
work (Rosevear et al., 1981, 1983, 1987; Williams and
Rosevear, 1991a,b). Sequence homologies are recently be-
ing discovered by x-ray crystallographic methods for nucle-
otide-binding sites (Higgins et al., 1986; Schulz, 1992;
Hountondji et al., 1993; Traut, 1994; Smith and Rayment,
1996). Homologous sequences at the active site may, in
general, be compatible with a number of heterogeneous
conformations of the enzyme-bound nucleotides in the solid
state. However, the narrow range of values for the glyco-
sidic orientation obtained in our work for a disparate group
of adenine nucleotide complexes in aqueous solutions is
suggestive of a general feature related to the recognition and
binding of the adenosine moiety in ATP-utilizing enzymes.

The values of the phase angle of pseudorotation listed in
Table 3, however, vary over an appreciable range from
.40° to 1300. The variation occurs between different nu-
cleotide complexes of the same enzyme or between com-
plexes of a given nucleotide with different enzymes. There
are no discernible systematics in the sugar puckers in these
enzyme-nucleotide complexes, in contrast with the narrow
range of values for the glycosidic torsion angle, X, in all of
these different complexes.

Aminoacyl tRNA synthetases are divided into two classes
that differ by mutually exclusive sets of sequence motifs
(Eriani et al., 1990), and in the hydroxyl specificity of tRNA
aminoacylation (Hecht, 1979). There are 10 aminoacyl
tRNA synthetases of class I, including MetRS. It is inter-
esting to inquire whether there are any distinguishing fea-
tures in the bound nucleotide conformation in these two
classes. Toward such a goal, we are currently making
TRNOESYmeasurements on the nucleotide complexes of
lysyl tRNA synthetase, which belongs to class II.

Brunie et al. (1990) reported a crystallographic study of
E. coli MetRs tryptic fragment complexed with ATP. The
ribose of ATP is deduced to be in C2' endo conformation.
No other features of the adenosine conformation were de-
scribed, presumably because of insufficient resolution.
Other aminoacyl tRNA synthetases for which x-ray struc-
tures of ATP (or ATP analog) complexes have been inves-
tigated include the glutaminyl (Perona et al., 1993), aspartyl
(Cavarelli et al., 1994), and seryl tRNA synthetases
(Belrhali et al., 1994). Measurement of the glycosidic ori-
entations by downloading the structures from a protein data
bank yields 520 and 60°, respectively, for AMPand ATPVresent work.
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bound to glutaminyl synthetase, 720 for ATP bound to the
aspartyl enzyme, and 320 for AMPbound to the seryl
enzyme. The x-ray data thus yield a broad range of values
for the aminoacyl tRNA synthetases, as it did for kinases.
The NMRmeasurements are made on enzyme-substrate
complexes in aqueous solutions under conditions in which
the enzymatic reactions readily occur and enzyme-bound
equilibrium mixtures can be observed (Fayat et al., 1980),
rather than in the crystalline state, in which they may or may
not. Thus the NMR-determined conformation, within the
limitations of the accuracy, is more likely to represent the
active form, whereas the crystallization process required for
the x-ray measurements may sometimes trap the substrate in
an unproductive conformation. On the other hand, the crys-
tallographic studies unravel considerable information re-
garding the amino acid environment and the functional
groups involved in nucleotide binding and in the possible
catalytic steps of the activation reaction. Such information is
not readily obtained from NMR, especially for proteins
heavier than about 20 kDa. A correlation of the x-ray-
determined active-site environment of the nucleotide with
the NMR-determined nucleotide conformation is likely to
shed considerable light on the catalytic mechanism of the
activation reaction.
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