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The conformation of MgATP bound at the active site of Salmonella typhimurium 5-phospho-a-~- 
ribose 1 -diphosphate synthetase (PRibPP synthetase) has been investigated by two-dimensional trans- 
ferred-NOE spectroscopy (TRNOESY). Inter-proton NOES of the ligand were measured in the presence 
of the protein at several mixing times in the range of 40-300 ms at 500 MHz and 10°C. Measurements 
were made at low ligand concentrations (= 1 mM) in order to avoid weak non-specific ligand-protein 
interactions and to ensure that the NOE arises from the ligand bound at the active site. The inter-proton 
distances were determined from the experimentally observed NOE buildup curves by comparing them 
with theoretical simulations obtained by using the complete relaxation matrix. These distances were used 
as constraints in  molecular modeling and energy minimization calculations to deduce the structure of the 
bound ligand. PRibPP synthetase is known to appreciably aggregate so that it exists in multiple oligo- 
meric forms in solution. The structure was determined under the assumption that the ligand assumes the 
same conformation on each subunit of every oligomer regardless of its size. On the basis of the rotational 
correlation time deduced for the enzyme-nucleotide complexes, it is estimated that the average oligomer 
of PRibPP synthetase, in the sample used for the TRNOESY measurements, consists of about 30 subunits, 
whereas the smallest active form of the protein is a pentamer. The conformation of enzyme-bound MgATP 
is described by a glycosidic torsion angle x = 50 2 5" and phase angle of pseudorotation P = 114.9" 
corresponding to a sugar pucker. It is noteworthy that the value of the glycosidic torsion angle 
obtained in this pyrophosphoryl transfer enzyme complex agrees well with those obtained previously for 
MgATP complexes of creatine kinase, pyruvate kinase (active and ancillary sites), and arginine kinase. 
The sugar pucker, on the other hand, differs from one enzyme complex to another. 

Keywords. Transferred two-dimensional nuclear Overhauser effect spectroscopy (TRNOESY) ; PRibPP 
synthetase ; MgATP; nucleotide conformation. 

There are three classes of enzymes for which ATP is a sub- 
strate, viz. phosphoryl transfer (kinases), nucleotidyl (adenylyl) 
transfer (e.g. amino-acyl tRNA synthetase), and pyrophosphoryl 
transfer enzymes, listed in the decreasing order of their abun- 
dance in biochemical pathways. One of the few known enzymes 
that catalyzes pyrophosphoryl transfer is 5-phospho-a-~-ribose 
1-diphosphate (PRibPP) synthetase (EC 2.7.6.1), which cata- 
lyzes the transfer of the p,y-diphosphoryl group of ATP to a-D- 
ribose 5-phosphate (Khorana et al., 1958). 

ATP + Rib5P t* PRibPP +AMP. (1) 

The equilibrium of the reaction is predominantly in favor of 
PRibPP production ( K z 2 8 )  (Switzer, 1969). The enzyme is an 
oligomer with subunit mass of 34 kDa and is known to aggre- 
gate appreciably in solution. The smallest active oligomer is a 
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pentamer (Schubert et al., 1975). The enzyme requires a divalent 
cation, Mg(I1) in vivo, as an obligatory component of the reac- 
tion similar to all other categories of ATP-utilizing enzymes. 
PRibPP synthetase binds one ATP moleculelsubunit (Gibson et 
al., 1982) and exhibits high base specificity for adenosine 
(Switzer and Sogin, 1973). 

The conformation of the cation-nucleotide complexes of 
PRibPP synthetase from Salmonella typhimurium and the coor- 
dination state of the cation in such complexes have been investi- 
gated in the past by the use of magnetic resonance methods (Li 
et al., 1978, 1979; Granot et al., 1980). Li et al. (1978) used 
exchange-inert complexes of ATP with Co(II1) and Cr(II1) to 
show that p,y-bidentate Co(1II)ATP serves as a substrate, 
whereas a$, y-tridentate Cr(II1)ATP does not, suggesting thereby 
that Mg(I1) forms a bidentate complex with ATP when bound at 
the active site. These authors also implicated two divalent cat- 
ions in the catalytic mechanism, and reported a direct divalent 
cation binding site on the enzyme with a Kd = 1.9 pM. These 
direct metal ion binding experiments were performed in the 
presence of high concentrations of phosphate ion, which is 
essential for the stability of the enzyme. Our attempts to repro- 
duce this experiment failed and indicated that there is no detect- 
able direct binding of Mn(I1) to the enzyme (Jarori, G. K., Post, 
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Fig. 1. Adenosine moiety showing the numbering system used for the 
relevant protons. 

D. A., Bower, S., Switzer, R. L., and Nageswara Rao, B. D., 
unpublished experiments). Binding of Mn(I1) to Escherichia coli 
PRibPP synthetase, which differs from the S. typhimurium en- 
zyme by only two amino-acid replacements (Bower et al., 1988) 
was measured using ESR. A sample with 27 mg/ml of enzyme 
was dialyzed against a solution of 20 mM Mops pH 7.5, contain- 
ing 20mM potassium phosphate. Dialysis buffer was used as 
control. Equal amounts of Mn(I1) were added to the enzyme and 
the buffer control, and the ESR signal heights were compared. 
The concentration of Mn(I1) was varied over 40-150 pM, and 
> 80% of the cation was found to be complexed with phosphate, 
in agreement with Li et al. (1978). However, no direct binding 
of Mn(I1) to the enzyme was observed, which is contrary to the 
results of Li et al. (1978). In a subsequent study, Post (1992) 
was unable to confirm that P,y-bidentate Co(II1) ATP is a sub- 
strate for S. typhimurium PRibPP synthetase. On the basis of 
"P and 'H relaxation measurements on Co(NH,), ATP in the 
presence of the paramagnetic cation, Mn(II), assumed to occupy 
the enzyme site as proposed previously by Li et al. (1978), Gra- 
not et al. (1980) proposed a somewhat folded conformation for 
ATP with a glycosidic torsion angle x = 62 t_ 5". From their ex- 
perimental data it was not possible to differentiate between this 
anti conformation and a syn conformation with x = 272 2 5" as 
only two distances between Mn(I1) and protons of the adenine 
ring were available. Furthermore, these distances were measured 
with respect to a cation the putative binding of which at an en- 
zyme site is questionable. Thus the structural information re- 
garding the nucleotide complexes bound to this enzyme is mea- 
ger and ambiguous. 

Proton transferred nuclear Overhauser effect (TRNOE) mea- 
surements allow the determination of inter-proton distances of a 
ligand bound to a macromolecule and are being deployed for 
structural studies in a number of biochemical systems (Balaram 
et al., 1972a,b; Clore and Gronenborn, 1982, 1983; Rosevear et 
al., 1981, 1983, 1987a,b; Landy et al., 1992; Murali et al., 1993, 
1994; Jarori et al., 1994). This method was used for studies of 
the conformations of the adenosine moiety in MgATP bound 
to a number of ATP-utilizing enzymes. Early experiments were 
performed in the one-dimensional mode (Rosevear et al., 1981, 
1983, 1987a,b; Landy et al., 1992), while recent experiments 
use the two-dimensional version TRNOESY (Murali et al., 
1993, 1994; Jarori et al., 1994). A proper analysis of the 
TRNOESY data allows the determination of the inter-proton dis- 
tances in the adenosine moiety. Fig. 1 shows the chemical struc- 
ture of adenosine along with the labeling system used for identi- 
fying these protons. It may be seen from Fig. 1 that the distances 
of H2 and H8 from the ribose protons will enable the determina- 
tion of the glycosidic orientation of the adenine, and the dis- 

tances between the ribose protons will yield information on the 
details of ribose pucker in the adenosine moiety of the enzyme- 
bound nucleotides. 

It was generally thought that an attractive feature of the 
TRNOE experiments is that they can be performed with ligand 
concentrations far (over tenfold) in excess of the protein concen- 
trations of about 1 mM. However, a recent scrutiny of this exper- 
imental protocol for nucleotide complexes of creatine kinase 
(Murali et al., 1993) and pyruvate kinase (Jarori et al., 1994) 
has revealed that the NOEs observed by using such samples 
have major contributions arising from weak non-specific binding 
of the nucleotides which may typically occur with dissociation 
constants in excess of about 2 mM. The methodology was re- 
fined, and a procedure was given to minimize the effects of 
adventitious binding, on the basis of measurements of the depen- 
dence of the observed NOEs on the ligand concentration in a 
range such that the active site is saturated and with the ratio of 
the concentrations of the ligand and protein kept constant. This 
procedure helps to select the highest ligand concentrations us- 
able with minimal nonspecific binding. Alternatively, the experi- 
ments may be performed with ligand concentrations of about 
1 mM, which is also typically the minimum concentration re- 
quired to perform the experiments in a reasonable length of time. 
TRNOESY measurements with such specifically chosen sample 
protocols have led to much improved and reliable structural 
characterization of the adenosine moieties of MgATP and 
MgADP bound at the active site of rabbit muscle creatine kinase 
(Murali et al., 1993), lobster muscle arginine kinase (Murali et 
al., 1994) and MgATP to the active and ancillary sites of rabbit 
muscle pyruvate kinase (Jarori et al., 1994) compared to those 
obtained in previous studies (Rosevear et al., 1987a,b; Landy et 
al., 1992). A similar revision of the previously determined 
(Landy et al., 1992) conformation of MgATP bound to the 
nucleotidyl transfer enzyme methionyl-tRNA synthetase will 
soon be completed. 

This paper presents a TRNOESY determination of the con- 
formation of MgATP bound to PRibPP synthetase. There are no 
previously reported TRNOE or other structural studies on the 
conformation of the adenosine moiety in the nucleotides bound 
to this enzyme or any other enzyme that catalyzes pyrophos- 
phoryl transfer from MgATP. The measurements were per- 
formed by using ~ 1 . 0  mM MgATP in the presence of 
~ 0 . 0 6  mM enzyme (sites). This sample protocol minimizes any 
weak adventitious binding of the ligand to the protein, referred 
to above, and also ensures over 90% occupancy at the active 
site. The TRNOESY data for the various proton pairs as a func- 
tion of mixing time were analyzed, by iterative comparison of 
the experimental data with complete relaxation matrix simula- 
tions of the buildup curves, to determine a set of inter-proton 
distances. This was followed by energy minimization of the 
NOE-determined structure through molecular mechanics calcu- 
lations to determine the most acceptable conformation of the 
bound cation-nucleotides. Of particular interest is a comparison 
of the conformation of MgATP bound to this rare pyrophos- 
phoryl transfer enzyme with those obtained for the phosphoryl 
transfer and nucleotidyl transfer enzymes noted above. 

EXPERIMENTAL PROCEDURES 

Materials and methods. ATP was obtained from Sigma 
Chem. Co. All other chemicals used were of reagent grade. 
Over-expressed recombinant S. typhimurium PRibPP synthetase 
was purified to homogeneity and assayed as described pre- 
viously (Bower et al., 1988; Switzer and Gibson, 1978). Purified 
enzyme was stored in liquid nitrogen. Since PRibPP synthetase 
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requires phosphate for stability (Switzer, 1969), the experiments 
were performed in 50 mM sodium phosphate, pH 7.5. The stored 
enzyme was dialyzed against 50 mM sodium phosphate pH 7.5 
(dissolved in 99.9% D,O) using a dialysis cell. At least ten 
changes of buffer were made to replace H,O with D,O. After 
the dialysis the enzyme was centrifuged at 15 000 g, and the 
supernatant was used for NMR experiments. The protein con- 
centration of the sample was determined spectrophotometrically 
using A,,, = 0.25 mg-' ml cm-' and a subunit mass of 34 kDa. 
The concentration of ATP was also determined spectrophotomet- 
rically using E , ~ ~  = 15.4 mM-' cm-'. Typically each set of NMR 
experiments took -70 hours, and samples were quite stable for 
this duration. 

The sample used for measurements on MgATP contained 
0.058 mM enzyme (sites) and 1 mM MgATP and 60 mM MgCl,. 
The high concentration of MgCl, was required to maintain the 
nucleotide chelated with Mg(I1) in the presence of 50 mM so- 
dium phosphate which also binds Mg(I1) (Li et al., 1978). The 
use of a low ligand concentration in this experiment also ensured 
that there is no significant non-specific binding of the ligand 
(Murali et al., 1993; Jarori et al., 1994). The dissociation con- 
stant, Kd, of MgATP from its enzyme complex is -50 pM (Gib- 
son et al., 1982). Under the sample conditions given above, over 
90% of the enzyme sites were occupied by MgATP. 

NMR measurements. 'H-NMR measurements were made 
on a Varian Unity 500-MHz NMR spectrometer. The sample 
temperature was maintained at 10°C. NOESY time domain data 
were collected in the hypercomplex mode (States et al., 1982) 
with 256 t, increments and 2K t2 points, with mixing times 40, 
60, 80, 120, 160, 200 and 300 ms. Zero-quantum interference 
was suppressed by random variation of the mixing time (10% 
of the mixing time) between different tl increments (Macura et 
al., 1981). A relaxation delay of 2 s was used in all the experi- 
ments, and the carrier frequency was placed at the HDO reso- 
nance. The HDO peak was suppressed by monochromatic irradi- 
ation using the decoupler channel during the relaxation delay, 
the tl period and the mixing period. Typically, 32 scans were 
accumulated in each experiment. Two-dimensional Fourier 
transformations were performed with a Gaussian apodization on 
both the dimensions and zero-filling to yield a 2K (F,)X4K (F,) 
data set. The spectra were phased to pure absorption mode. Frac- 
tional NOES were determined by dividing the observed NOE 
with the diagonal intensity of HI' extrapolated to zero mixing 
time. 

Relaxation matrix simulations. The theoretical formulation 
of the complete relaxation matrix for the TRNOESY is consider- 
ably simplified if the fast-exchange condition, which requires 
that the on and off rates of the ligand are much larger than typi- 
cal cross relaxation rates, is valid. Since PRibPP synthetase is 
known to aggregate appreciably, the rotational correlation times 
may be as large as 250 ns for an average oligomer. It is, there- 
fore, useful to estimate the relaxation rates and compare with 
the on and off rates for the MgATP complex with the enzyme 
and examine the validity of this condition. Assuming diffusion 
controlled rates of 10'- lo9 M-' SS' for complex formation and 
a dissociation constant of -50 pM for MgATP with PRibPP 
synthetase (Gibson et al., 1982) leads to an off rate in the range 
5000-50 000 s-'. The cross-relaxation rate given by y4hzz,/10P 
(see Eqn 9) is 58 s- for r = 250 pm and z, = 250 ns and goes as 
high as 445 SS' for r = 200 pm and z, = 500 ns. In simulations 
performed on a three-spin system in order to examine the accu- 
racy of the fast exchange condition as a function of the exchange 
rates (Landy and Nageswara Rao, unpublished results), we find 
that the fast exchange condition is valid to an accuracy better 
than 2% for exchange rates faster than the relaxation rate by a 
factor of 10. It may be noted that this calculation depends on 

the geometry of the spin system, and the above estimate is for 
the worst case represented by a linear arrangement of the three 
spins (Landy and Nageswara Rao, 1989). On this basis, there- 
fore, the fast exchange condition may be assumed to be valid 
for the TRNOE of the MgATP complex of PRibPP synthetase. 

It has been shown that, in the limit of fast exchange, the 
intensity of the i-j cross peak in a TRNOESY experiment, 
representing polarization transfer from j to i, for a mixing z, 
time is given by (Murali et al., 1993; Jarori et al., 1994) 

where Moj is the equilibrium value of the j spin magnetization 
and R is an average relaxation matrix given by 

R = PhWb +pfWf. (4) 
In Eqn (4) W and Wf are nXn relaxation matrices, pb and pr 
are the population fractions for the bound and free ligand respec- 
tively each containing n spins (Landy and Nageswara Rao, 
1989; Koning et al., 1990; Campbell and Sykes, 1991; Lee and 
Krishna, 1992). The relaxation-matrix elements of Wb and W' 
are given by standard expressions for the case of the dipolar 
interaction (Abragam, 1961 ; Noggle and Schirmer, 1971 ; Kalk 
and Berendson, 1976; Keepers and James, 1984; Landy and 
Nageswara Rao, 1989): 

and 

in which y and o are the gyromagnetic ratio and Larmor fre- 
quency of the protons, r, is the distance between spins i and j ,  
and z, is the isotropic rotational correlation time. These parame- 
ters will correspond to the bound and free species depending on 
whether Wh or W'is evaluated. Eqns ( 5 )  and (6) assume that the 
spin system is in a single conformation characterized by the set 
of distances r,? and is undergoing isotropic rotational diffusion 
characterized by z,. Eqn (3) shows that the buildup of the inten- 
sity of a cross peak given by m,, (7,) vs z, in the TRNOESY 
spectrum is a polynomial in z,, and the initial slope of the 
buildup, which is just the linear term in Eqn (3), yields R,. 

The smallest active form of PRibPP synthetase is a penta- 
mer, and the enzyme appreciably aggregates in solution. The 
protein used in the NMR sample is thus composed of a variety 
of oligomers containing five or more subunits. The ligand will 
experience different rotational correlation times when bound to 
different oligomers. It is reasonable to assume that the correla- 
tion times of an oligomer is linearly proportional to the number 
of subunits, and that the ligand bound to all the different sub- 
units of all the oligomers is in fast exchange with the solution. 
Under these conditions R,i is given by 

(7) 

where vim is given by Eqn ( 5 )  in which the correlation time for 
the monomer, zcm, is used in the calculation, a is the number of 
subunits in an oligomer whose fractional population is given by 

Rij = Pt. W, + q.m C. a p b c  

Pha, i.e. 
xphn=Pb. (8) 

If ( ~ z ~ , , , ) ~ *  1, which is usually the case, Eqns (5 )  and (6) sim- 
plify to yield 
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Fig. 2. 500-MHz TRNOESY spectrum of PRibPP-synthetase * 

MgATP complex at 10°C. The sample volume of 600 1-11 contained 
0.058 mM enzyme sites, 1.0 mM ATP, 60 mM MgC1, in SO mM sodium 
phosphate pH 7.5. NMR parameters: 256x2 t ,  increments; 2K points 
during t2; 32 transients for each t ,  ; mixing time 160 ms; and a relaxation 
delay of 2 s. Two-dimensional Fourier transformation was performed 
along both dimensions with a Gaussian apodization and zero filling to 
obtain 2K (F1)X4K (F?) data set. 

and 

(9) 

for a single subunit. Therefore, the effect of the presence of 
multiple oligomeric forms of the protein is tantamount to defin- 
ing an effective value of rotational correlation time for all the 
bound species given by 

with the assumption that the conformations are identical on each 
subunit of every oligomer irrespective of its size (see Discus- 
sion). This value of 5: may then be used in Eqns ( 5 )  and (6) for 
the calculations of WJ which may then be included in Eqn (4). 
Furthermore, zz + zE, p, /p ,  = 0.1, and (COT!?)' 9 1 ;  therefore, it 
may be seen from Eqns (7) and (11) that R, = pb WJ,. Since R, 
is the initial buildup rate (see Eqn 3), to a very high accuracy the 
ratios of initial slopes are inversely related to the corresponding 
distances, i.e. 

The distances between any pair of protons may thus be estimated 
in terms of a calibration distance by the use of Eqn (12). For 
adenosine, the distance Hl'-H2', given by 290 ? 20 pm is 
known to be independent of the conformation of the moiety 
(Levitt and Warshell, 1978; Rosevear et al., 1983), and is, there- 
fore, a convenient calibration distance. Implicitly the calibration 
allows the evaluation of r: (effective). 

Molecular modeling and energy minimization. Molecular 
modeling and energy calculations were performed using the 

R, l R J k  f k  (12) 
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Fig. 3. Percentage NOE buildup curves for the PRibPP-synthetase - 
MgATP complex. The sample contained 0.058 mM PRibPP synthetase, 
1 .O mM ATP, 60 mM MgC1, in SO mM sodium phosphate at pH 7.5. The 
proton pairs for the different curves are: (a) (0) 8-l', (0) 8-2', (X)  

1'-4', (+) 1'-5'15''; (e) (0) 2'-3', (0) 2'-4', (X) 2'-5'/5"; (f) (0) 
3'-4', (0) 3'-5'/5" (X)  4'-5'15''. The solid curves represent simulated 
buildup curves based on relaxation matrix using the NOE determined 
distances (Table 1). The rotational correlation time used for the bound 
ligand was 35 ns. 

8-3'; (b) (+) 8-4', (0) 8-5'15"; (c) (0) 1'-2', (0) 1'-3'; (d) (X) 

CHARMM program (Brooks et al., 1983) in the software pack- 
age QUANTA running on a Silicon Graphics computer system. 
The calculations were performed on an AMP molecule in vacu- 
um. The distances derived from NOES were used as constraints 
with a force constant of 41.8 kJ . mol-' (100 pm)-' and allowing 
about ? 10% variation in the distances. The energy was mini- 
mized using Powell's method available with the software pack- 
age. 

RESULTS 

TRNOESY data and analysis. Fig. 2 shows a typical two-di- 
mensional TRNOESY spectrum of MgATP in the presence of 
PRibPP synthetase. The low ligand concentration used essen- 
tially precludes any contribution from adventitious binding of 
the nucleotide to the enzyme. The experimental data of normal- 
ized NOE versus mixing time are plotted in Fig. 3 along with 
the theoretical buildup curves generated by using the complete 
relaxation matrix as described briefly below. 

The analysis of the TRNOESY data and the simulation of 
the buildup curves was performed along lines similar to those 
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Table 1. Interproton distances of MgATP bound at the active site of 
PRibPP synthetase. The distances are given up to three significant dig- 
its because premature rounding off may lead to artifactual deviations in 
NOE calculations. These values must be rounded to two significant dig- 
its for model bulding purposes. The uncertainty in distances is about? 20 
pm. Note that the distances of H5’ and H5” (to any other proton) are not 
individually determined from the NOE. Since the resonances of these 
protons overlap and the NOE observed is a sum of their contributions, 
these distances are set equal to an effective distance given by [(2ej)-’ 
+ (2P,,)-‘]-”6. The differentiation of these distances is made only in the 
energy minimization calculations (see text). 

Proton pair Inter-proton distances in E . MgATP 

NOE-derived energy -minimized 

Hl’-H2’ 
Hl‘-H3’ 
Hl’-H4’ 
HI‘-HS‘ 
HI’-”’’ 
H2‘-H3‘ 
H2’-H4’ 
H2‘-HS‘ 
H2’- HS” 
H3‘-H4’ 
H3‘-HS‘ 
H3’- HS” 
H4‘-HS’ 
H4’-H5” 
H8-H1‘ 
H8-H2’ 
H8 - H2‘ 
H8-H4‘ 
H8-H5’ 
H8-H5” 

290 
328 
305 
388 
388 
262 
459 
369 
369 
281 
299 
299 
245 
245 
321 
255 
316 
375 
370 
370 

292 
3 62 
296 
469 
409 
217 
406 
438 
436 
290 
258 
332 
240 
243 
350 
251 
323 
419 
395 
313 

for the studies with the nucleotide complexes of creatine kinase 
(Murali et al., 1993). The NOE data for various proton pairs and 
for mixing times up to 160 ms were fit with a second-order 
polynomial to calculate the initial slopes. Using an Hl’-H2’ 
distance of 290 2 20 pm as calibration, the ratios of initial slopes 
were used along with Eqn (12) to calculate a set of inter-proton 
distances which were used as a starter set of distances for 
the relaxation matrix calculations. The data of Hl’-H2’ also 
yields the value of the product of pb and T: (effectve) (Eqn 11). 
Since the resonances of H5’ and H5” overlap, an effective 
distance which yields half the observed NOE of the super- 
posed resonance is calculated. This distance is given by 
[(2eL)-’ + (2&-1]-1’6, where rli and rzi are the distances of H5’ 
and H5” protons from a third proton i, and does not equal the 
actual distance of i from either of these protons. These effective 
distances represent the sum of the NOES to H5’ and H5” from 
a third proton, and they remain equal in the relaxation matrix 
analysis. These two distances cannot be differentiated on the 
basis of the NOE data. The only way to distinguish these two 
distances is with the help of energy-minimization through mo- 
lecular mechanics calculations (see Table 1). For the contribu- 
tion of free MgATP (see Eqn 4) an energy-minimized structure 
was used and zt. was chosen as 0.3 ns (Landy et al., 1992; Murali 
et al., 1993). It may be noted that free MgATP makes about 
10% contribution to the relaxation matrix elements (see Eqn 6) 
if we assume the observed correlation time of 35 ns for the 
bound complex (this is the worst case). This correction will di- 
minish to 1-2% if the realistic correlation time is larger by a 

P=l14.9“ 

1 9  

Fig. 4. Schematic representation of conformation of MgATP and 
MgAMP bound at the active site of PRibPP synthetase. (a) The gly- 
cosidic torsion angle and (b) the signs of various torsion angles defining 
the ribose conformation as well as the phase angle of pseudorotation (P) 
are given. 

factor of 5 - 10. The calculated TRNOE values from the com- 
posite relaxation matrix are, therefore, not particularly sensitive 
to uncertainties in the input data for the inter-proton distances 
in free MgATP. Using all of these parameters, the complete re- 
laxation matrix was calculated. In order to account for relaxation 
effects for large mixing times, an external leakage relaxation rate 
of 1.25 S K I  was added to the bound proton’s part of the diagonal 
elements of the relaxation matrix. The distances and correlation 
times were then iteratively adjusted to obtain the best agreement 
between theory and experiment. The value of T: (effective) cho- 
sen was 35 ns. The buildup curves calculated in this manner are 
the solid curves shown along with the experimental data points 
in Fig. 3. The inter-proton distances obtained by this analysis 
are summarized in Table 1. 

Energy minimization calculations. The experimentally deter- 
mined distances (see Table 1) were used as constraints in molec- 
ular modeling and energy-minimization calculations using the 
program CHAFWM (Brooks et al., 1983) with the software 
package QUANTA. The distance constraints were applied se- 
quentially starting with the distances between H8 and all of the 
ribose protons. In the second step, the distances between H1’ 
and all other sugar protons were added as constraints. In the 
final step, all the NOE-determined distances were applied as 
constraints. A force constant F = 83.6 kJ . mol-’ (100 pm)-’ 
was used to obtain the initial structure that fits best with the 
experimental data. However, the energy of such an initial struc- 
ture was significantly elevated. In order to refine the initial 
structure further, all the distance constraints were used again, 
but the force constant F was reduced to 41.8 kJ/moV(lOO pm)-*. 
This resulted in minor changes in the inter-proton distances, but 
the energy of the structure was lowered substantially. In the final 
structure out of the 20 distance constraints 10 were fully satis- 
fied. The number of upper-bound violations were 6 with a sum 
of upper-bound violations (SUV) of 113 pm and the number of 
lower-bound violations were 4 with a sum of lower-bound vio- 
lations (SLV) of 57 pm. It may be noted that 4 of the 6 upper- 
bound violations and one of the 4 lower bound violations in- 
volve 5’ and 5” protons. In the final energy-minimized structure 
that is compatible with the NOE-determined distances a SLV 
value of 57 pm seem to be reasonable. On the other hand, a 
SUV value of 113 pm appear to be somewhat on the high side. 
However, it is worth noting that out of the 6 upper-bound viola- 
tions in the distances 4 of them are from protons involving H5’ 
and H5” distances and they deviate more than the allowed range 
in the constraints leading to a larger value of SUV. However, as 
pointed out earlier, in these cases it is only appropriate to com- 
pare the initial and final values of [(21*;,)-’ + (2&-1]-1’6 rather 
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Table 2. Various dihedral angles and the pseudorotation phase angle 
for the ribose moiety of MgATP bound at the active site of PRibPP 
synthetase. For the definition of torsion angles and phase angle of 
pseudo-rotation (P),  see Sanger (1984). The torsion angle x (04'-C1'- 
N9-C8) is 0" 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. Since u2 is negative, 180" was added to the calcu- 
lated value of P (see Altona and Sundaralingam, 1972). 

Angle Value 

x 04'-Cl'-N9-C8 
Do C4'-04'-CI'-C2' 
0, 04'- c 1'- C2' - C3' 
u, Cl'-CY-C3'-C4' 
v3 C2'- C3' - C4' - C5' 
v, C3'-C4'-C5'-04' 
y 05'-CS-C4'-C3' 

(04 + 0,) - (0, + U,J 

20, (sin 36" + sin 72") 
P = tan-' 

degrees 

50.4 
-21.9 

18.6 
-8.8 
-3.0 
15.2 
44.3 

114.9 

than the individual distances. On such a basis the SUV value 
becomes 79 pm and the SLV value becomes 38 pm. Thus, the 
distances in the energy-minimized structure match reasonably 
well with those determined by the NOES. The distances in the 
energy minimized structure are also given in Table 1. The struc- 
ture so determined, shown in Fig. 4, has a glycosidic torsion 
angle x = 50 -f_ 5" indicating an anti configuration of the adenine 
ring with respect to the ribose. Various dihedral angles for the 
ribose rings are summarized in Table 2. In the notation of Altona 
and Sundaralingam (1972), the phase angle of pseudorotation P 
is 114.9" corresponding to a ,To sugar pucker. The amplitude of 
the sugar pucker, z = (v,/cos P), is about 21". 

DISCUSSION 
The analysis of TRNOE data presented in this paper, and the 

consequent deduction of the conformation of MgATP bound to 
PRibPP synthetase involve two assumptions: (a) that all the sub- 
units of every oligomer of the enzyme bind MgATP in the same 
conformation, and (b) the TRNOE analysis may be carried out 
without considering the dipolar interactions with the protein pro- 
tons. The first assumption is made implicitly (or explicitly) in 
most TRNOESY determinations of ligand conformations in all 
oligomeric enzyme systems. If this assumption is not valid, i.e. 
if the ligand assumes several distinct bound conformations in 
fast exchange, it will be difficult to reliably deduce these confor- 
mations (Landy et al., 1992), unless TRNOESY experiments can 
be performed to choose selective occupancy of these conforma- 
tions in some manner (Jarori et al., 1994). On the other hand, if 
there is no biochemical evidence to the contrary, this assumption 
is reasonable and it offers a plausible means of making the 
analysis tractable. In the case of PRibPP synthetase no such 
evidence is known although the enzyme is found to exist in 
active oligomers (Schubert et al., 1978). The fact that the 
TRNOESY data could be fitted with a single conformation for 
the bound MgATP lends some credence to the validity of this 
assumption. The second assumption of not considering the dipo- 
lar interactions between ligand and protein protons is made be- 
cause there is no means available to do this as the active-site 
environments of the ligand are not known. The analysis is, there- 
fore, confined to the eight ligand protons perforce, although 
there is an awareness of the possibility of transfer of magnetiza- 
tion to the protein protons from the ligand. In practice, however, 
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it was noticed in a number of TRNOESY analyses (Nirmala et 
al., 1992; Murali et al., 1993; Jarori et al., 1994) that ignoring 
the protein protons participation leads to a reduction in the effec- 
tive correlation time, 7:, of the bound complex. Such a reduction 
can easily be qualitatively rationalized by arguing that the mag- 
netization of the ligand protons is partially lost through dipolar 
interaction pathways involving protons on the enzyme in the 
neighborhood of the ligand protons (London et al., 1992; Nir- 
mala et al., 1992; Murali et al., 1993; Jarori et al., 1994). This 
reduction is less severe for smaller proteins such as arginine 
kinase (Murali et al., 1994). Theoretical models to quantitatively 
understand this reduction of ~2 are under way. Other than the 
possibility of this reduction in T:, the structure obtained for 
MgATP appears reasonable, suggesting that the consequences of 
not considering the protein proton interactions may not be se- 
vere. This is an important and unresolved question, and may be 
regarded as a limitation of the TRNOESY method. 

The agreement between the expirimental and computed 
NOE values is very good and is better than it was in previous 
studies on creatine kinase (Murali et al., 1993) arginine kinase 
(Murali et al., 1994) and pyruvate kinase (Jarori et al., 1994). 
This is due to the fact that the fractional NOE values are larger 
and the scatter in the values correspondingly lower for the mea- 
surements with PRibPP synthetase compared to the other en- 
zymes. Low concentration sample protocols were used in the 
experiments with all the enzymes to obviate the contribution to 
the observed NOE due to adventitious binding of the ligand. The 
enzyme concentrations in the present work are actually smaller 
than those used in the experiments with pyruvate kinase (molec- 
ular mass 238 m a ) ,  but the NOE values are typically larger by 
a factor of three or more. This is indicated by the fact that the 
7: for the PRibPP synthetase is 35 ns whereas it was about 11 ns 
for pyruvate kinase (which is the heaviest ATP-utilizing enzyme, 
thus far, on which TRNOE measurements of nucleotide confor- 
mations were performed). This difference suggests that the mo- 
lecular mass of the average oligomer of PRibPP synthetase in 
the NMR samples is roughly four times larger than that of py- 
ruvate kinase, i.e. =lo00 kDa, which corresponds to about 30 
subunits, six times larger than a pentamer which is the smallest 
active oligomer known (Schubert et al., 1975). It must be em- 
phasized, nevertheless, that these estimates are, at best, approxi- 
mate and that the value of 7: obtained here is a factor of 5-10 
lower than the value estimated from the Stokes-Einstein relation 
for a protein oligomer of this size. As pointed out above, this 
has been the pattern found in most of the TRNOE data analyses 
thus far; the values of 7: that fit the experimental data are typi- 
cally much lower than those expected on the basis of protein size 
(Rosevear et al., 1987a; Williams and Rosevear, 1991 ; Murali et 
al., 1993; Jarori et al., 1994). Thus, the approximate estimate of 
the molecular mass of an average oligomer in PRibPP synthe- 
tase, made above by comparing with the data on pyruvate ki- 
nase, is based on the qualitative assumption that the fractional 
loss of magnetization to the protein protons in these two en- 
zymes is nearly the same. 

In the final structure, the glycosidic orientation determined 
for MgATP bound to PRibPP synthetase is 50 ? 5" and it differs 
from the only other orientation previously proposed for this 
complex (62k 5") by Granot et al. (1980) from indirect measure- 
ments. However, this value of 50 5 5" is in general agreement 
with TRNOESY structures for MgATP bound at the active sites 
of creatine kinase (51 +- 5 " ;  Murali et al., 1993), pyruvate kinase 
(44 2 5 " ;  Jarori et al., 1994), and arginine kinase (50k 5'; Mu- 
rali et al., 1994). The values of the phase angle of pseudorotation 
(P), describing the sugar pucker, differ for the various enzymes: 
70.5" for creatine kinase, 42.4" for pyruvate kinase, 130.8" for 
arginine kinase and 114.9' for PRibPP synthetase. The glyco- 
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sidic torsion and the phase angle of pseudorotation P were 4.7" 
and 29.1", respectively, for the free MgATP used in the relax- 
ation matrix calculations. The fact that the glycosidic orientation 
for all the phosphoryl transfer enzymes agree with that for the 
pyrophosphoryl transfer enzyme, PRibPP synthetase, is note- 
worthy. It suggests that a pattern may be emerging regarding the 
conformations of the adenosine moiety in the nucleotide com- 
plexes of various ATP-utilizing enzymes. 
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