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ABSTRACT. 13C spin-lattice relaxation rates have been measured for two complexEsabferichia coli
adenylate kinase (AKe), viz., AKRJ-1°C]JATP and AKe[U-13C]JAMP-GDP in the presence of the
substituent activating paramagnetic cation Mn(ll) for the purpose of determination of the enzyme-bound
conformations of ATP and AMP. (GDP has been added to the AMP complex with the enzyme in order
to hold the cation in the bound complex.) Measurements of relaxation times at three diffé@ent
frequencies, 181.0, 125.7, and 75.4 MHz, indicate that the relaxation times in the erzyoheotide
complexes with the paramagnetic cation are not exchange-limited; i.e., they are larger than the effective
lifetimes of cation binding to these complexes and are, therefore, dependent on the-€atidistances.

An analysis of the frequency-dependent relaxation data allowed all of the ten MK distances to be
determined in each of the complexes. Similar measurements &Rhelaxation rate made on AK&TP

and AKeAMP-GDP complexes in the presence of Co(ll) as the activating cation yielded &)
distances for each adenine nucleotide. These distances, together with the interproton distances determined
previously from TRNOESY experiments [Lin, Y., and Nageswara Rao, B. D. (2B@@hemistry 39
3636-3646], led to a complete characterization of both ATP and AMP conformations in AKe-bound
complexes. These conformations differ significantly from the nucleotide conformations in crystals of AKe
APsA and AKeAMP-AMPPNP as determined by X-ray crystallography.

This paper presents structure measurements aimed at atructural characterization of these bound nucleotides requires
complete structural characterization of Ak#hd ATP bound the specification of a number of distances between different
to Escherichia coliadenylate kinase (AKe), which catalyzes nuclei in the molecule, as well as those with reference to a

the reaction well-defined external point. In the accompanying paj@r (
results of TRNOESY experiments yielding interproton
AMP + M(II)ATP < ADP + M(II)ADP distances that allow a determination of the glycosidic torsion

angle, and sugar pucker, characterizing the adenosine
where M(Il) is an obligatory divalent cation. In vivo, M(ll)  conformations of AMP and MgATP bound to the enzyme,
is Mg(ll), and in vitro, activating paramagnetic cations have been presented. In the present paper, distance deter-
Mn(Il) and Co(ll) may be substituted. Nucleotides, free in minations with respect to the substituent activating para-
solution, possess considerable internal mobility and are likely magnetic cations, Mn(Il) and Co(ll), made on the basis of
to assume a unique conformation appropriate for catalysisdistance-dependent enhancements of spin relaxation rates of
when they are enzyme-bound)( Therefore, a complete nuclei in the vicinity of the cations are presented. The
distance data obtained by both of these approaches allow a

t Supported in part by the National Institutes of Health (GM43966) complete characterization of the conformations of both AMP
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ATP. The measurements with Co(ll) are repeated here tolyophilization so that the buffer concentration increased to
verify if the cation is similarly chelated to ATP bound to ~200 mM and the protein concentration 4200 mg/mL.
AKe. It should be noted that the purpose of including GDP The pH of nucleotide solutions was adjusted to 8.0 before
in the AMP complexes is to hold the cation at the active the solutions were passed through a Chelex-100 column.
site so that distances could be determined with respect to itThey were then lyophilized and stored-a20 °C. The final

on the basis of spin relaxation rate enhancements of substratelissolution of the nucleotides in,D was made immediately
nuclei. GTP could not be used for this purpose becausebefore addition to the enzyme. The concentrations of the

adenylate kinase also catalyzes the reaction nucleotides and of the enzyme were determined spectropho-
tometrically with extinction coefficientsyrg = 15.4 cnm!
AMP + M(INGTP < ADP + M(I1)GDP for AMP, ATP, and AMPPNP¢M = 13.7 cntt for GDP,
and f@™ = 0.5 cn! for the enzyme (molecular mass

The main thrust of the experiments reported here pertains
to 13C spin relaxation measurements in Mn(ll) complexes

) . . ;
feterminaton of the disances of al J6C. nucler in . Presence of BD. Allbuffer soluions were passed through
adenosine with respect to the cation, which is chelated to a Chelex-100 column to remove trace metal impurities. )
the phosphate chain of the nucleotide at the ATP site on the [U-"°*CJATP was purchased from Isotec. However, this
enzyme. With adenosine conformations of the nucleotides Nucleotide required further purification by solid-phase extrac-
already determined by TRNOESY measuremef)sthese tion using SAX cartrl_dges._Wlth a stepwise salt gradient of
103C distances with respect to the cation represent the final L0-200 mM ammonium bicarbonate, pH 8.0, AMP elutes
set of distances needed for a complete characterization of/I'St and ATP last. Fractions were checked by NMR as well
the nucleotide conformation. The first example BC as by optical absorption at 259 nm. Separated adenine
relaxation measurements of this kind was reported recentlynucleotides were processed individually by repeated ro-
by Raghunathan et al4) for nucleotide complexes of tovaporation with 510 additions _of 2 _mL portions of
3-phosphoglycerate kinase. methanol to decompose the ammonium b_|carbonate, followed

The motivation and rationale behind the NMR determi- Py passage through a Chelex-100 (Bio-Rad) column to
nation of enzyme-bound substrate conformation in solution "€Mmove metal ion contamination. The purity was then
phase arise in part from some inadequacies in the crystal-checked by**P NMR.
lographic data, among which is the failure to locate the cation [U-**CJAMP was synthesized from [EC]ATP by coupled
at the active site. Since the distance data from relaxationreactions of adenylate kinase and hexokinase and was further
enhancement are determined with respect to the cation, thgsolated from the reaction mixture on a C18 SPE column
location of the cation at the active site is unequivocal in the with a methanol/HO (viv = 4:1) elution.
structures obtained on the basis of the NMR measurements. NMR Measurements$!P NMR measurements on AKe

Co(INATP and AKeAMP-Co(Il)GDP at 202 MHz were
EXPERIMENTAL PROCEDURES made on a Varian UNITY 500 spectrometéfC NMR

Materials.AMP, ATP, AMPPNP, 0.1 mM MnGlsolution ~ Mmeasurements on AKBINATP and AKeAMP-MnGDP at
in 0.15 M NaCl, glucose, and hexokinase were purchased?5 and 125 MHz on Varian UNITY 300 and INOVA 500
from S|gma Chemical Co., Puratronic CQ(BHzo was from Spectrometers at the NMR Center of IUPUI, and those at
Alfa Aesar, DEAE-cellulose was from Whatman, Blue- 181 MHz were made on a UNITY-Plus 720 spectrometer at
Sepharose resin was from Pharmacia, 99.9% as from the National ngh Magnetic Field Laboratory, Ta."ahassee,
Cambridge Isotope Laboratories, Hepes was from ResearchL. All the spectrometers are equipped with 10-mm broad-
Organics Inc., [UL3C]ATP was from Isotech, GDP from band probes and hlgh-Stabl'lty variable-temperature control-
Boehringer Mannheim, Chelex-100 was from Bio-Rad lers. Measurements were made at°6. NMR sample
Laboratories, and SAX and C18 solid-phase extraction Volumes were 2 mL, contained in a 10-mm o.d. NMR tube.
cartridges were from Varian Sample Preparation Products. D20 was added directly to the sample for field-frequency
All other chemicals used were of analytical reagent grade. 0ck. Typical sample contents were 3:.5.7 mM AKe and

Samp|e Preparatio_nAn expression system of AKe was 2.0—4.1 mM nucleotides, with cation concentrations varied
kindly provided by Professor Paul "Beh, Universitt of between 0 and 5% of the ATP concentration in the AKe
Bayreuth, Bayreuth, Germany. The purification of the ATP complex experiments and between 0 and 10% of the
enzyme was performed following published procedufs (  AMP concentration in the AKéAMP-GDP complex experi-
The purity of the enzyme was ascertained by electrophoresis,ments (see footnotes of Tables 1 and 2 for further details).
and the specific activity of the enzyme, assayed by monitor- The relative concentrations of the enzyme and nucleotide
ing the formation of ADP by coupling with pyruvate kinase Were chosen on the basis of known dissociation constants
and lactate dehydrogenase reactiodls is usually~ 800 (8), such that free nucleotide concentrations were kept at
units/mg. <3% in all experiments.

For the NMR experiments the purified enzyme was T measurements were made using the standard inversion
dialyzed against 50 mM HepestK pH 8.0, containing recovery sequence with a compositpulse @). Frequency-
preequilibrated Chelex-100 resin to eliminate trace amounts modulated broad-band decoupling was used to obtain proton-
of metal ion contamination from the sample. The enzyme decoupledC NMR spectra'P NMR was frequently used
was then concentrated te-50 mg/mL in an Amicon to check the condition of these NMR samples, and no
ultrafiltration concentrator, lyophilized, and redissolved in significant ATP hydrolysis was found at the end of all the
chelexed DO to one-fourth of the volume used before measurements.

23.6 kDa) {7). The pH values reported are direct pH meter
readings for the prepared samples, uncorrected for the
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Molecular Modeling Molecular dynamics (MD) simula-
tions and energy minimizations were carried out on a Silicon
Graphics Octane computer, running IRIX 6.4, using the
program SYBYL 6.5 from Tripos Inc., St. Louis, MO. The
Tripos force field was used for all energy calculations, and
the conjugate gradient algorithm was chosen for the mini-
mization. The simulations and calculations were performed
on ATP, AMP, and AMPPNP molecules in a vacuum.

Theoretical DetailsA detailed description of the theoreti-
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If wsty < 1, eq 6 gives

1

3tc

PTip— 7w = Tiy

-1 _
747 = 5Bty

(8)

7c (given by eq 5) becomes frequency independent, and a
plot of pT1p vs w? will be linear with a slope ofr{C)5(z¢/3)

cal basis and experimental strategy used in the measuremening an intercept given by + (r/C)é(1/3z)]. On the other
of nuclear spin-relaxation rates in the presence of paramag-hand, if wsry > 1, eq 6 reduces to

netic cations has been presented previousl—({16). An
extension of this theory, useful for analyzing frequency-

dependent relaxation rates for multiple nuclei in the same
complex, such as the current measurements on enzyme-bound

=55l 2 of =i ©)

Ts1= 58 "

[U-**C]nuclectides, has been given in a recent paper on arg; andzc are now frequency dependent. A plot of;pvs

similar study of the nucleotide complexes of 3-phospho-
glycerate kinase4). Summarized below, in a skeletal form,

w? will then be nonlinear.
The analysis of relaxation rates simultaneously measured

are the equations relevant to understand the analysis of datagr multiple nuclei in a complex is simplified by noting that

presented here.

a plot of (pr1p)1 values obtained for all the nuclei at =

For a sample containing exchanging paramagnetic ), versus the (,p), values obtained ab, = w- is a straight

(E-M-S) and diamagnetic ¢(5) complexes in fractional
concentrations op (1) and (1— p), respectively, the
paramagnetic contributionT{p) ! [observed relaxation rate
(T1.0p9~* minus the relaxation rate in-B, (T1p) ™Y is given
by

(M) "= (Tiopd = (Tip) ' =p(Tyy + 1) (1)

wherery is the lifetime of the paramagnetic complex and
(Tim) "t [>(T1p) Y is the relaxation rate in #1-S, which is
related to the cationnucleus distance(Mn—**C) by the
relation

(T = (CIN%f(z) (2
where
C = [(2/115)(S+ 1)g?y{B] M 3)
f(ro) = 3r(1+ 0?72 4)
o' =17+ g ()
and
Ter = Blr /(1 + w3 72) + 40,/(1 + 403 72)]  (6)

whereS ws, andg represent the spin, the EPR frequency,

and the isotropig-factor of the cation in BM+S, y, andw,

are the gyromagnetic ratio and Larmor frequency of the

nucleusS is the Bohr magnetortc is the correlation time

modulating the Mn(11)-13C dipolar interactions (for which

C = 512 A s18), 1 is the isotropic rotational correlation

time of the EM-S complexys; is the longitudinal relaxation

time of Mn(ll) in E-M-S, B is a constant proportional to the

square of the fluctuations in the strength of the crystal field

interaction implicit in the chelation of the cation, angdis

the correlation time characterizing such fluctuations.
Equations 24 show that

line, independent off, as given by

(PT1p)1 — Ty _ (Tam1 _
PTip2 —m  (Taim)2
[(1 + of 7)1+ 03 EN(tcTer) (10)

wheretc; andzc; are the values ofc, and [T1v)1 and (Tim)2
are the values offyy, at the two frequencie®; and wo,
respectively. If @1p vs w|2 is linear @c is independent of
frequency,rci = tc2 = tc¢), then the slopeR, of the linear
plot of (pT1p)1 VS (PT1p)2 iS given by

1+ wi ré
R(a)l,a)z) = 5 5 (ll)
1+ w5 1e
and it may be seen that
e =[(1 - RJ(Rwj — w})]"* (12)
and
7y = intercept/(1— R) (13)

On the other hand, if Bir vs w? is nonlinear tc is
frequency dependent), eqs 11 and 12 are not applicable. In
this case, the values & andy (and, therefore, the value

of 7s; as a function of frequency) can be obtained by fitting
the slopes and intercepts for different valuesgdndw, to

egs 9, 10, and 13 with the help of a computer program.

RESULTS AND ANALYSIS

(A) Location of the Cation with Respect to the Phosphate
Chain of ATP: 3P Relaxation Measuremenis mentioned
earlier,®'P relaxation measurements of &P complexes
in the presence of Co(ll) have been made for porcine
adenylate kinase3]. The results show that the relaxation
times are exchange limited{y < =v) with Mn(ll) as the
cation and are distance dependent with Co(ll). The Ce(ll)
31p distances calculated are ab&A for -P andy-P of
ATP, showing that Co(ll) is directly chelated to these
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Table 1: Comparison of Paramagnetic Relaxation Enhancemehig P((s™) of 3P Relaxation Rates, Activation Energia& (kcal/mol), and
Co(Il)—3P Distances (A) for AK -M(I)ATP and AK-AMP-M(I)GDP Complexes in the Presence of Mn(Il) and Co(ll) for Porcine (AKp) and

E. coli (AKe) Adenylate Kinase

p(Tip) L st (AE, kcal/mol)

r (A)

ATP ATP
o-P B-P y-P AMP o-P B-P y-P AMP

AKp-MnATP2 660 (6.4) 860 (7.8) 1030 (8.4)

AKp-CoATP 27 (2.0) 160 (2.0) 230 (2.2) 3:%.1 2.9-3.8 2.7-3.6
AKp-AMP-CoGDP* 5.1(2.0) 5.16.8
AKe-MnATPP 671 (4.1) 990 (7.0) 1349 (5.6)

AKe-CoATP 44 243 278 3.64.7 2.7-35 2.6-3.5
AKe-AMP-CoGDP 3.8 5.4-7.1

@ Data taken from Ray et al3). The measurements were made at 121.4 MHz. Activation enefdie§n parentheses) have been determined
by measuringlip as a function of temperature in the range3 °C. ® Data taken from Ms. X. Lu's M. S. thesis, Department of Physics, IUPUI
(1990). The measurements were made at 121.4 MHhese are present data obtained at 202 MHz. Sample composition: enzymé,(BraM;
nucleotide of interest, 2:62.4 mM; CoC}, 0.024-0.12 and 0.030.50 mM for ATP and AMP complexes, respectively. The GDP concentration

in the AMP complexes was 2.0 mM.

Table 2: Paramagnetic Effectpé)* (s'1) of Mn(ll) on 3C NGHZ
Relaxation Rates at 75, 125, and 181 MHz for AK@a[U-°C]JATP o o o /N N
and AKe[U-13CJAMP-MnGDP Complexes %R Qe s | J
O—P-0-P-0-P30% ,, ,, N"o\72
AKe-Mn[U-*C]JATP AKe*[U-2*C]AMP-MnGDP O O O RIS
p(Tip) 1 (s p(Tip) 1 (s7Y) D oy @
181 125 75 181 125 75 _ OH ~ OH _
nucleus MHz MHz MHz MHz MHz MHz Ficure 1: Chemical structure of an ATP molecule with carbon
c2 8.9 109 23.2 17 iy s numbering and various torsion angles labeled.
c4 348 516 855 96 29.1 49.5 o o o
C5 82.7 103.1 1741 195 70.9 106.0 limited (Tim > 7m), Which is the case fot*C nuclei in
C6 373 490 86.0 113 39.4 64.8 enzyme complexes of [(fC]nucleotides located at distances
gf, 125g-52 2;'4?-21 3309657 341-9 11043-8 227511-2 larger than~5 A from Mn(ll), as shown below.
c? 362 832 1268 n/Bn ninP 446 (B) Orientation of the Phosphate Chain with Respect to
c3 319 606 852 15 7.2 27.2 Adenosine:*C Relaxation MeasurementSigure 1 shows
C4 46.0 748 1571 34 11.7 23.1 a diagram of the ATP molecule with the various carbons
C5  100.3 1905 2440 109 34.4 44.1

numbered and dihedral angles mark&@. relaxation rates

2 Typical sample concentrations in the experiments were enzyme, in AKe-[U-13C]JATP and AKe[U-13C]AMP-GDP were mea-

3.8-5.7 mM, and [UC]nucleotide, 3.24.1 mM. MnC} varied
between 0 and 0.18, and-0.4 mM for ATP and AMP complexes,
respectively. GDP concentrations in the AMP complexes were 2.7

sured as functions of added Mn(ll) concentration to deter-
mine p(T1p) 1. A typical T;-stack plot for AKe[U-2C]ATP

4.0 mM. Could not be measured with sufficient accuracy. The data at 125.7 MHz is shown in Figure 2, along with a juxtaposed

for C2 and C2in the AKe[U-13C]JAMP-MnGDP complex, both of

proton-decoupled®*C spectrum of [URCJATP free in

which were obtained at a single frequency, were not used to determinegg|ytion. The identifications of the individu&C resonances

v andtc appropriate for all the nuclei.

phosphates, but the Co(tp-P distance is~1.0 A longer.
In the present worlé!P relaxation rates and their activation
energies have been measured for AKEP complexes at

are based on a previously published assignnie)t (t may
be seen that th&C resonances show negligible1 ppm)
changes in chemical shifts with respect to those for the free
[U-13C]ATP. 13C—13C spin couplings between adjacéft
nuclei, with values of-40 Hz for ribose carbons and50—

202 MHz in the presence of Co(ll), and at 121.4 MHz as a 70 Hz for adenine base carbons, are resolved in the spectrum

function of temperature in the range-80 °C in the presence
of Mn(ll), to determine if the data parallel those for the

of free [U2C]ATP. However, in the enzyme-bound com-
plex, the resonances are too broad for the-sppin splitting

porcine enzyme. The results are presented in Table 1, alongo be resolved. The signals for C6 and C2 of the adenine
with those previously published for the porcine enzyme. It and those for Cland C4 of the ribose overlap, and in these

is evident that the data for the two enzymes are very similar. cases deconvolution procedures have been used to delineate
Note that activation energies ofiyJ are usually +3 kcal/ the T; values.

mol, whereas those faf, are 5-20 kcal/mol. Furthermore, The 13C relaxation rates fgs)~! measured at three

Tiv depends on frequency amg does not. Relaxation times  gjfferent frequencies, 181.0, 125.7, and 75.4 MHz, are given

with Mn(ll) are exchange limited and those with Co(ll) are iy Taple 2 for both AKeMn[U-3C]ATP and AKe[U-13C]-
not. Co(ll)—3'P distances indicate direct chelation witiP

andy-P in EATP and a longer distance for-P.

Note that the Co(IH-3'P distances in Table 1 have been
calculated as ranges using 10s < f(zc) < 5 x 10 ®sin
eq 2 in view of the lack of a precise theory applicable for

relaxation enhancement with Cofij3, 13. Nevertheless, a productC®(zc) in eq 2, the range of a factor of 5 chosen for the

the theoretical details outlined above are appropriate for yncertainty irf(zc) (as stated) implicitly covers the uncertainty in both
Mn(Il) complexes when the relaxation times are not exchange of these parameters.

2The uncertainty irf(zc) is related to the fact that the applicability
of the conventional theory of electron relaxation, which leads to eq 6,
for example, is questionable for Co(ll) complexes. Furthermore, there
is also some ambiguity in the consta@t (eq 2) due tog-tensor
anisotropy of Co(ll) £1-13, 19. However, sinc&C andf(zc) occur as
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FiIGURE 2: Typical stack plot of proton-decouplé®C T, measure- ;
ments of the AKeMn[U-13C]ATP complex at 125.7 MHz and 5 = 20
°C. The proton-decoupleéfC spectrum of free [USCJATP is
juxtaposed with**C assignments labeled. Delay times after the i A D DT
inversion are given in the spectra. The sample contained 4.2 mM 0 50 100 150 200 250 300 350
AKe, 3.5 mM [U-2C]ATP, and 0.08 mM MnGl See Figure 1 for pTip at 181.0 MHz (ms)

carbon numbering.
FiGure 4: Plots of @fp at 181.0 MHz vs fi;p at 125.7 MHz for

120 ‘ S — — (A) AKe-Mn[U-13C]JATP and (B) AKe[U-*C]JAMP-MnGDP
; ] complexes.
100 ]
r ] the 3C nuclei, which are shown above to be independent of
5 800 ] the cation-nucleus distances (see Theoretical Details).
% . b Examples of linear plots of pp(181 MHZz) vs @p (125.7
5 [ ] MHz) are shown in panels A and B of Figure 4 for AKe
40 | . [U-13CJATP and AKe[U-3C]JAMP-GDP complexes, re-
' ] spectively. Three such linear plots are made for each
20 A ] complex, yielding different values of slopes and intercepts
ol v v v ] (theoretically, only two of the slopes are independent).
2 4 6 8 10 12 14 Since fipvs w! is linear for the AKeMnATP complex,
©? (107 rad’s?) egs 1113 are applicable. A computer fit of the three slopes,

Ficure 3: Frequency dependence of the observed relaxation rate Rlwy,w2), read.”y YIe!dS the only unknown parametey =
shown as plots of Pp vs wlz (square oft*C frequency) for C4 in .1'4 ns, andh is Slmllarly evaluated t.o be. 0.5 ms from the
AKe-Mn[U-3CJATP (A) and AKe[U-13C]JAMP-MnGDP () intercept data. The rotational correlation ting, of the AKe
complexes. Solid lines are drawn through theoretically calculated complexes was found to be20 ns from the TRNOESY
data points for each complex. The parameters used in the calculadata @). Thus, according to eq 5, a frequency-independent
tions arer = 9.2 A andBry = 1.37><31308 2‘1 for the ATP complex value of ic = 1.4 ns yieldsts; = 1.5 ns at the three
andr = 9.5 A andry/B = 2.1 x 10733573 for the AMP complex. frequencies, implicitly requiring thatwizy)? < 1 in this
AMP-MnGDP complexes. Plots ofTpe vs wlz for the C4 frequency range (see eq 6). Tée values corresponding to
carbon in the two complexes, shown in Figure 3, indicate the three'3C frequencies employed, viz., 75.4, 125.7, and
that the frequency dependence of the relaxation is qualita-181 MHz, are 1.24x 10'?, 2.06 x 10%, and 2.98x 10%
tively different in these two complexes. The plot for s1, respectively, leading tay < 10 s to satisfy the
E-MnATP is linear whereas there is appreciable curvature condition wstv)? < 1. According to eq 8, a value af; =
in that for EAMP-MnGDP. The data for each of théC 1.5 ns corresponds Bry = 1.37 x 1 s™. ThereforeB >
nuclei in the two complexes display similar contrasting 1.37 x 10°* s 2 in this case.
frequency dependence. The linear dependenceTaf v On the other hand, sinceTp vs o? is nonlinear for the
w,2 for the EMn[U-13C]JATP complex suggests that is AKe:-AMP-MnGDP complex;zc has a contribution from a
independent of frequency, whereas the nonlinearity in the frequency-dependents; and the slopes of Tap(w1) Vs
plot for the E[U-13C]JAMP-MnGDP complex indicates that  pT:(w,) are given by eq 10. A computer fit of the three
7s1 IS frequency dependent. sets of slope and intercept values yielded a value of 1.5 ms
Further analysis of the data was performed on the basisfor 7y andty/B = 2.1 x 10 3 s3. The fact thatry/B was
of slopes and intercepts offp{w1) Vs pTip(wy) plots for constant, althoughy, andB could be varied to obtain a fit,
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Table 3: Mn-3C Distances Determined from Relaxation 120 e
Measurements and Molecular Modeling for Afén[U-13C]JATP rA ]
and AKe[U-2°CJAMP-MnGDP Complexes - 100 .
AKe-MnATP AKe-AMP-MnGDP Ea 8oL ]
spin pair NMR model NMR model 5 60 N N ]
Mn—C2 114 110 106 108 gL N :
Mn—C4 9.2 9.1 9.5 9.4 3 40L + h
Mn—C5 8.1 8.3 8.3 8.3 ® N ]
Mn—C6 9.2 9.0 9.2 8.7 C a0r ]
Mn—C8 7.1 7.1 7.1 7.8 r 1
Mn—CY 9.9 9.2 11.2 10.2 o
Mn—C2 8.7 8.3 8.7 9.5 0 20 40 60 80 100 120
m:gj gé g? 1?_52’ 1%% Experimental pT,_ (ms)
Mn—C5 7.5 7.0 9.3 9.5 350
aThe NMR-determined distances were calculated using e@is/dth 3 B D "
C =512 A sB and the following parametersc = 1.4 ns andy = 300 +
0.5 ms for the ATP complext¢ is frequency independent)c = 6.1, m F .
3.6, and 1.5 ns for 181, 125.7, and 75.4 MHz, respectively, rane E 250 : E
1.5 ms for the AMP complexz€ is frequency dependent). Distances = 200F 3
from the model are mean values of a structural ensemble for the g F ]
corresponding nucleotide. Errors in distances from molecular modeling % 150 ]
are+0.2 and+0.5 A for the NMR measurements. 3 F 4 ]
g 1000 :
shows thats; is given by eq 9, which applies whewdry)? 50+ g
> 1. Thus, withry = 2.5 x 1071?s to satisfy the condition 0B L
(wstv)? > 1 for thews values given aboveB > 1.2 x 10% 0 50 100150200 250 300 350

s2. This value ofB is comparable to that for the ATP Experimental pT, (ms)

complex. Substitutingz(/B) = 2.1 x 10°% s3 into eq 9 FIGURE 5: Plot of calculated and measured;p of 13C for (A)
givesrts; values of 1.6, 4.5, and 9.3 ns’&€ frequencies of  AKe:Mn[U-3CJATP and (B) AKe[U-*C]JAMP-MnGDP com-

75.4,125.7, and 181 MHz, respectively. Withgof 20 ns plexes. Parameters used for back-ca}&lculations were-viaéues for

’ L ’ ’ each carbon given in Table 8,= 512 A 513 andB andzy values
the cor_respondlngtc values are 1‘5’_ 3.7, and 6.4 ns, given in the legend of Figure 3. The solid line through the origin
respectively (see eq 5). The contrasting frequency depen-is grawn with a slope of unity.

dence in Figure 3 occurs because the valug,a$ larger in
the AMP complex by a factor of about 25 compared to that followed by exponential coolingtO K over 5 ps. Molecular
in the ATP complex. mechanics energy was then minimized on these nucleotide
The 10 ¥C—Mn(ll) distances calculated for the two structures with the Mn(Ih-**C distances, determined above,
complexes are given in Table 3. Using these distances andas added constraints. At this point, the ambiguity regarding
other parameters entering the theory in eg®1the Tyy the effect of resonance delocalization on the charge ap-
values were back-calculated and are plotted against thepropriate for the deprotonated hydroxyl oxygens, mentioned
corresponding experimental values. These plots are shownabove, was reexamined by repeating the simulated annealing
in Figure 5 for the data at all three frequencies. The and energy minimization, with the Mn(H)!3C distance
agreement between the points in these plots and a straightonstraints included, for different methods of charge delo-
line of unit slope suggests that the analysis leading to the calization assignment available with the SYBYL software
determination of one set dfrc) andzy values compatible  package. These simulations yielded identical energy-
with all 10 °C relaxation rates in each complex is appropri- minimized structures for the different runs, suggesting that
ate. the distance constraints overcome variabilities in these force
Structural CharacterizationA starting structure was taken field parameters arising from ambiguities in the charge
from one of the conformers for ATP and for AMP for which  delocalization assignments.
the adenosine conformations have been determined from For ATP, the calculations yielded 14 converged structures.
TRNOESY experiments as reported in the preceding paperThese 14 structures form three groups of 5, 5, and 4 structures
(2). Mn(ll) was added to the starting molecule, with a formal of nearly identical geometries. The torsion angles character-
charge of+2 assigned to the cation. Accurate estimates of izing the adenosine conformations agreed with each other
partial charges for the hydroxyl oxygens of the phosphate for all three groups. The glycosidic angjg,is found to be
groups are not readily available. With a formal charge of 51° 4+ 2°, in agreement with the TRNOESY determined
—1 assigned to these groups, the Gasteigarsili (19, 20 value @). The other torsion angles have changed, however
method returned values ranging betwee®.57 and—0.82 (see Table 4). One structure from each of the three
for the different nonbridge oxygen atoms in the phosphate conformations is illustrated in Figure 6A. All three structures
chain. The correction appears to take the effect of resonanceare compatible with the Ma*3C as well as the TRNOESY
delocalization into account, and these values were, thereforedistance constraints. For AMP, 18 structures converged and
used in subsequent modeling simulations. On this structure,are shown in Figure 6B. The glycosidic torsion angleyas
MD simulated annealing calculations were performed, in 45° £+ 2° for all 18 structures, whereas the TRNOESY
which the nucleotide structure is repeatedly heated to 2000determined value was 37All torsion angles are given in
K and allowed to equilibrate at this temperature for 2 ps, Table 4, in which the values from X-ray data are shown for
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Table 4: Various Torsion Angles Characterizing the NMR-Determined Enzyme-Bound Nucleotide Structures, Determined by NMR and
Molecular Modeling

[U-C]ATP [U-*C]AMP AMPPNP AMP
designation torsion (model) (model) (X-ray) (X-ray)
b4 04—-C1—-N9-C8 50 45 83 —4
y 0O5-C5-C4—-C3 37 37 37 74

1 C4—-C5-05—Pa 164 -84 —170 -117

Vo C4-04—-Cr-C2 —-11 -19 4 -9

V1 04-C1-C2-C3 9 10 14 —-19

V2 Cl-C2-C3-C4 —4 2 —26 38

V3 C2-C3-C4-04 -3 -13 26 —42

Va C3-C4-04-C1 9 20 —20 35

aThe values given arg-2°. The corresponding values in the X-ray da2d)(are shown for comparison. The definitions for the various torsion
angles conform to those by Sanged)

Adequate data are available for the determination of this
orientation through3C measurements presented in this paper.

The strategy of stepwise acquisition of distance data, first
to locate the cation with respect to the phosphate chain by
means of3'P relaxation measurements with Co(ll) as the
cation, second to determine the glycosidic torsion and sugar
pucker in the adenosine fragment through TRNOESY
measurements, and third to determine the distances of all
1013C nuclei in adenosine from Mn(ll) through the enhance-
ment of 13C relaxation rates, was necessary to arrive at a
complete characterization of each nucleotide as a whole. This
necessity arises due to the fact that free nucleotides are floppy
molecules with large amplitude mobilities. The approach was
initiated with the premise that the bound nucleotide assumes
a single preferred conformation for catalysis, and the results
obtained appear to justify this view. There are other
assumptions implicit in this strategy. For instance, the three
sets of measurements mentioned above have been performed
with three different cations in the complexes, Co(ll) and
Mn(ll) for 3P and'®C relaxation measurements, respectively,
and Mg(ll) for TRNOESY measurements. Mg(ll) is the
natural activator, and Mn(ll) and Co(ll) are substituent
activators. Therefore, the implicit assumption is that the
productive conformations of the enzyme-bound nucleotides
with the three cations are close enough that the distance data
gathered separately in the three sets of experiments may be
pooled together to characterize the conformation of the

, , nucleotide in EM-S complexes. The fact that the distance
Ficure 6: Conformations of (A) ATP and (B) AMP in (A) AKe

M(INATP and (B) AKe-AMP-M(I)GDP complexes, obtained by data_ set is _|mpI|C|tIy oyerdetermlngd and _that mtern_al

applying distance constraints, determined from both TRNOESY consistency is an essential element in deducing compatible

and the relaxation measurement in the presence of paramagneticonformations makes the results reliable.

cations, in molecular modeling. The cation is included in the figure - . .

for each nucleotide. The glycosidic torspn angle, for AMP in the EAMP-
M(I)GDP complex, which was deduced to be’3F 5° from

comparison. It is evident that the X-ray and NMR-determined the TRNOESY datad), changed to 45+ 2° when the M-

adenosine conformations are significantly different. 13C distances obtained here were introduced as additional
constraints. This new value is in good agreement with the
DISCUSSION range 51 + 7° determined from TRNOESY measurements

The distances characterizing the conformation of each ©n @ number of adenine nucleotides bound to ATP-utilizing
enzyme-bound nucleotide determined in this and the preced-enzymes 22). Thus, the glycosidic torsion angles for both
ing paper ) represent virtually a complete set of structural enzyme-bound nucleotides are consistent with the suggestion
data that may be obtained from liquid-state NMR method- of @ common motif for the recognition and binding of the
ologies. Another set of relaxation enhancement measurement@denosine moiety of adenine nucleotides binding to ATP-
could be made, in principle, with [eN]nucleotide in the utilizing enzymes 22). The availability of computer pro-
presence of Mn(ll). These distances are relevant to thegrams for iterative modeling based on distance constraints
orientation of the phosphate chain, which is chelated by the imposed on molecular dynamics was critical in order to arrive
cation, with respect to the rigid and planar adenine fragment. at the final structures.
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The contrasting frequency dependence<tf relaxation
times in the two different nucleotide complexes of the
enzyme is analogous to what has been observed in published
measurements on ATP and ADP complexes of 3-phospho-
glycerate kinase4) and creatine kinasel6). In those
complexes, the tridentate MNATP complexes show a larger
value of B and a longer value afy (by a factor of over 25)
compared to the ADP complexes. Thus, the frequency
dependence ofi3C relaxation times (Pip Vs w,z) was
nonlinear for the ATP complexes and was linear for the ADP
complexes. In the present work, tBevalues are similar in
AKe-MnATP and AKeAMP-MnGDP complexes, consistent
with the fact that both complexes are bidentate. On the other
hand, thery value for the AKeAMP-MnGDP complex is
larger (by a factor of over 25) compared to that in the AKe
MnATP complex, suggesting that the fluctuations in the
crystal field occur more rapidly, and consequently the cation
may be more accessible to the solvent in the latter. Consider-
ing that both nucleotide binding sites are occupied in the
AMP complexes, the lower accessibility of the cation to the
solvent in this case appears reasonable.

The NMR-determined nucleotide conformations differ
from those in published X-ray crystallography. This differ-
ence was observed for the adenosine conformations deter-
mined from TRNOESY data2j. The set of Mn-°C
distances determined here could not be compared with the
X-ray structures as the cation was not located in the X-ray gigure 7: Overlay of NMR-determined AKe-bound (A) ATP and
data @3, 24. Overlays of NMR and X-ray-determined (B) AMP structures on AMPPNP and AMP from the crystal
structures of AMP, and of ATP (NMR) overlaid by AMP-  structure of AKeAMP-AMPPNP @4), respectively, by superposing
PNP (X-ray), are shown in panels B and A of Figure 7, On the heavy atoms on the ribose ring. One of the three structures

. . in Figure 6A is shown for ATP. The glycosidic orientations of both
respectively. These panels, prepared by approxmatelyATP and AMP, as well as the phosphate chain orientations, are

superposing the ribose regions of the nucleotides, indicatenoticeably different from those of the X-ray results. For clarity,
the extent of divergence between the structures determinedhe locations of protons and cations, which are not known in the

by NMR and X-ray crystallography. The X-ray data are X-ray structures, are also not shown for the NMR-determined
derived with ATP analogues, sometimes of necessity, to SIructures in the figure.
avoid ATP hydrolysis during crystallization. In addition, prolific in this regard 23, 24, 29-34; also see references
location of the cation in the crystal structure was either not cited in the Supporting Information attached to ref 2). Thus,
possible or not unequivocal, presumably due to interferencewhile the substrate conformations determined by crystal-
from anions in the crystallization medium. The crystallization |ographic research may not be as appropriate for catalytic
process traps the bound nucleotide in a specific conformation, activity as those obtained by NMR, crystallographic data are
which may well be fortuitously productive but not guaranteed the best means to acquire structural information on the
to be so. The NMR measurements, made in solution phase protein environment at the active site. Crystal structures have
on natural substrates, in which the cation is unambiguously been published for the AKAMP-AMPPNP complex 24)
placed at the active site, avoid the limitations in the X-ray at 2.0 A resolution and AK@PsA complex @3) at 1.9 A
data and may be the most appropriate ones to be consideredesolution. It is therefore attractive to examine the compat-
for the purpose of identifying the catalytically productive ibility of the NMR-determined nucleotide conformations
conformations. presented here with published X-ray determined enzyme

It is a generally accepted paradigm of structural biochem- Complex structures by iterative computer methods for dock-
istry that a prerequisite for understanding the molecular basising the structures together. Such studies are currently in
of enzyme catalysis is a knowledge of the structure of the Progress, and the results obtained will be presented soon.
productive conformation of the substrate and its protein
environment. The information on the protein environment ACKNOWLEDGMENT
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