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ABSTRACT. Conformations of cationnucleotide complexes bound to rabbit muscle creatine kinase were
investigated by measuring paramagnetic effect$*@nspin relaxation in BMn[2-13C]JATP and EMn[2-
13C]ADP at three different frequencies, viz., 50, 75, and 125 MHz, and as a function of temperature in
the range of #35°C (at 75 MHz). Arrhenius plots of the temperature dependencies of relaxation rates
show a positive slope with low activation energies of £3.2 kcal/mol and 2.6t 0.2 kcal/mol for

E-Mn ATP and EMnADP, respectively. The relaxation rates of both complexes show strong frequency
dependence, indicating that these rates are not exchange limited. Analysis of the data yields2@n(ll)
distances of 10.@ 0.5 A for EMnATP and 8.6+ 0.5 A for EMnADP. These data were interpreted,
along with previously published information, on the location of the cation with respect to the phosphate
chain [Jarori, G. K., Ray, B. D., & Nageswara Rao, B. D. (19B)chemistry 243487-3494], and on

the adenosine conformation [Murali, N., Jarori, G. K., & Nageswara Rao, B. D. (Bi&8hemistry 32
12941-12948] in these complexes. The Mn(H2C distances depend on the orientation of the phosphate
chain relative to the adenosine moiety. Conformational searches were performed by varying the two
torsion angles$:1(Cs—Cs—0s5—P,), and¢,(Cs—Os—Py,—0qg), along with CHARMm energy computa-
tions, in order to determine acceptable conformations compatible with the distances determined. The
significant difference in the Mn(IH2C distances in 8nATP and EMnADP is indicative of the structural
alterations occurring at the active site as the enzyme turns over.

Enzymes utilizing ATP as a substrate occur in a variety An isolated ATP molecule has three internal mobilities:
of critical cellular processes and may be classified into three glycosidic reorientation of the adenine base, ribose pucker,
groups, viz., phosphoryl transfer, adenyl transfer, and pyro- and the internal flexibility and overall reorientational motion
phosphoryl transfer enzymes. All three categories of theseof the phosphate chain (Nageswara Rao & Ray, 1992). A
enzymes require Mg(ll) as an obligatory component of their determination of the conformation of the catiemucleotide
reaction complexem vizo. Most of them are activateith complex thus requires structural data that will reveal how
vitro by substituent paramagnetic cations Mn(Il) and Co(ll). the internal motions are arrested in the bound species. This
Therefore, paramagnetic enhancement of spin-relaxation rateslata may be gathered by a two-pronged approach of (a)
of nuclei, proportional to the reciprocal sixth power of their utilizing proton TRNOESY measurements to determine the
distances from the cation, offered a convenient method to glycosidic torsion and ribose pucker and (b) acquiring
deduce the conformations of the reaction complexes bounddistance data on substrate nuclei, with reference to the cation,
to ATP-utilizing enzymes (Mildvan & Gupta, 1978; Villa- by means of the paramagnetic enhancement in their relax-
franca, 1984). Such information is of considerable value in ation rates.
elucidating the mechanisms of these reactions. Conformational studies of catiemucleotide complexes

bound to ATP-utilizing enzymes by magnetic resonance
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Laboratory was partially supported by RR01077. Parts of this work suggested the intriguing possibility of am,-bidentate

have been presented at XllII International Conference on Magnetic i
Resonance in Biological Systems, Madison, WI (August 14, 1988), complex for bound MnATP. However, this result was

and at the Joint Meeting of Biophysical Society and American Society SuPerceded by the work of Reed and co-workers (Reed &
for Biochemistry and Molecular Biology, Houston, TX (Februaryis, Leyh, 1980; Leyhet al., 1985), who made elegant use of
1992). superhyperfine interactions between Mn(ll) aA® in
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1 Abbreviations: ADP, adenosiné-8iphosphate; ATP, adenosine ~ relaxation measurements in enzyme-bound nucleotide com-
5-triphosphate; BM-S, enzyme-metal-substrate; ES, enzyme- plexes of several kinases in the presence of Co(ll) have been

substrate; HepesN-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic ~ ;seq to establish that the cation is directly coordinated to
acid; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser

effect; TRNOESY, two-dimensional (2D) transferred NOE spectros- (€ phosphate groups. The enzymes studied include creatine
copy. kinase (Jarorét al., 1985), 3-phosphoglycerate kinase (Ray
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& Nageswara Rao, 1988a,b), adenylate kiddBay et al., from Bio-Rad Laboratories. All other chemicals used were
1988), and arginine kinase (Jareti al., 1989). of analytical reagent grade.

Proton TRNOESY measurements have been used to Labeled Compound Synthesd®-13C]JAMP was formed
deduce the adenosine conformation of MGATP and MgADP from AMP by a series of steps with intermediate chromato-
bound to creatine kinase (Murai al., 1993), arginine kinase  graphic purification over Dowex-1 (formate). AMP was
(Murali et al,, 1994), and pyruvate kinase (Jarerial., 1994) initially oxidized to the 1-oxide with monopermaleic acid
and of MgATP bound to the adenyl transfer enzyme, (Mantschet al, 1975). This was followed by ring opening
methionyl tRNA synthetase (N. Murali, Y. Lin, Y. Mechu-  to the carboxamidoxime, reduction over Raney nickel to give
lam, P. Plateau, and B. D. Nageswara Rao, submitted), andthe carboxamidine, and ring closure witfJ]formaldehyde
to the pyrophosphoryl transfer enzyme phosphoribosyl- to give the labeled AMP (Meyer & Wong, 1981).

pyrophosphate (PRPP) synthetase (Jabal., 1995). The [2-13C]ATP was synthesized by enzymatic phosphorylation
glycosidic torsion angles ((3-Cy—Ns—Cg) deduced for  of [2-13CJAMP as described previously (Nageswara Rao &
these complexes are all in the narrow range of457°, Ray, 1992) with the one change of using ATP-Sepharose

suggestive of a common motif for the recognition and jnstead of free, unlabeled ATP to initiate the reaction. Thus,

binding of the adenosine moiety at the active sites of ATP- the [223C]ATP produced had 99% isotopic enrichment with
utilizing enzymes irrespective of the point of cleavage on yields of 90%-95%.

the phosphate chain. [2-13C]ADP was enzymatically synthesized from &]-

Complete characterization of the structure of the enzyme- ATp by hexokinase transfer of the terminal phosphate to
bound nucleotide requires information regarding the orienta- g cose followed by a DEAE-Sephadex chromatography,
tion of the phosphate chain with respect to the adenosinesjmilar to that used in ATP purification (Nageswara Rao &
moiety, which has not been obtained, thus far, for any of Ray 1992). Typical yields of [23CJADP were 90%-95%
the ATP-utilizing enzymes. Such information can be \yith 999 isotopic abundance.

i i 15

obtained through relaxation measurements“af and **N Enzyme Preparatian Creatine kinase was purified from

nuclei _in Fhe aden_osi_ne moiety, which wil enab_le th_e the rabbit skeletal muscles by method B of Kuby et al.
determination of their distances from the paramagnetic cat|on(1954) The enzyme so purified was subjected to an
coor?mateq with thle pth dosphate %hallrr. |H8V\|Ie:j/evl;}:i3:§e egperl— additional gel filtration chromatography on a Sephadex-G75
lns]Nert' shreﬂl1_|retnqc eoti ﬁs Sp?C' Ir(:'ahy a e% i atr} " column to remove adenylate kinase (Jarori et al., 1985). The
in at(t)erggptilnsg(]) t%%lg: r:rzlgagjerzgclavntlg V,XgS;n iii?iglegtezc \?vrespecific activity of the enzyme at this stage was between 50
) : o and 70 units/mg. The enzyme was finally dialyzed against
synthesized [25C]-labeled ATP and ADP at 99% enrich- 50 mM Hepes-K, pH 8.0, containing pre-equilibrated
ment. (Nageswara Rao & Ray, 1992). Chelex-100 resin to eliminate trace metal ions from the
'[hIS paper presents structural measurements on M”(”)'sample. The enzyme was concentrated up2d0—300 mg/
[2-°C]ATP and Mn(I)[2+*CJADP bound to rabbit muscle ) in an Amicon ultrafiltration cell (model 8010). Protein

Er?\/(latisne kina:se. The hcéosgtriblution_ of the Iifegmes ?; fthe and nucleotide concentrations were determined spectropho-
complexes o t rélaxation rates observed for t,fometrically, witheld™ = 0.896 cmi! and a dimer molec-

enzyme-bound complexes was assessed on the .baS'S Rar weight of 81 000 (Noda et al., 1954) for the enzyme,
frequency and temperature dependence of the relaxation ratesa.ln de™ — 154 cnr! for ATP and ADP. A Beckman
The Mn(Il)—[2-13C] distances calculated from the relaxation Alte;25r$10del 3500 diaital bH meter was used for pH
data were interpreted, together with our previously published 9 P P

. . .~ measurements. No correction was applied for the isotopic
Co(I)—2'P distances and TRNOESY-determined adenosine ) .
conformations for these complexes, with the help of molec- effect of DO on the pH. All the buffer and ligand solutions

ular modeling. Conformational searches coupled with were passed through a Chelex-100 column to eliminate trace

CHARMmM energy calculations were used to determine a paramagnetic |mpur|t|eis.
family of nucleotide conformations compatible with all of ~_NMR Measurements':C NMR measurements on f2€]-
the available structural data. Of particular interest in this ATP complexes at 75 MHz were made on an NTC-300 wide-

context is the ability to monitor possible differences in the P0ré NMR spectrometer equipped with & 12-mm multinuclear

conformations of MNATP and MnADP on the enzyme which Probe, a 293 C pulse programmer, a Nicolet 1280 computer,

may be indicative of the changes occurring at the active site @"d @ variable temperature controller. A typical sample
as a result of the phosphoryl transfer. contained~0.8 mL of the enzyme in an 8-mm o.d. NMR

sample tube placed inside a 12-mm NMR tubgODor field-
EXPERIMENTAL PROCEDURES frequency lock was added between the two tubes. Measure-
) o ments on [22C]ATP complexes at 50 and 125 MHz were

Materials  ADP, ATP, 0.1 mM MnCj solution in 0.15 ~ made on NTC-200 and VXRS-500 spectrometers at the
M NaCl, ATP-Sepharose, rabbit muscle lactate dehydro- pyrdue University Biochemical Magnetic Resonance labora-
genase, and pyruvate kinase were obtained from Sigmagyy,
Chemical Co., Hepes was from Research Organics, Raney 13C NMR measurements on [FCJADP com

. i plexes at 75
nickel was from Aldrich, f*Clformaldehyde (99%°C) was 4 155 MHz were made on UNITY-300 and UNITY-500
from Cambridge Isotope Laboratories, and Chelex-100 Wasspectrometers with high-stability variable temperature con-

trollers, 10-mm multinuclear probes from Cryomagnet
ZIn the case of adenylate kinase, however, the data indjtate Systems, and SUN Microsystems SPARC station 5/85 host

bidentate binding of the cation in the enzyrmaeta-ATP complex, 1 _
and$-monodentate binding in the enzymmetal-GDP complex. The computers. **C NMR measurements on f2€]JADP com

distance ofa-P to the cation is~1.0 A longer than that for direct ~ Plexes at 50 MHz were made on a 200 MHz spectrometer
coordination in both cases (Ray al., 1988). based on a Bruker magnet refitted by Cryomagnet Systems,
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FiGure 1: Typical T, measurement at 125 MHz for [2€]JADP bound to creatine kinase in the presence of Mn@}=8.64 x 1079).

NMR parametersz/2 pulse width, 22us; sweep width, 25 790 Hz; data size, 8192; line broadening, 60 Hz; number of scans, 448; and
recycle delay, 2.66 s. The delay timé§ (ised in theT; measurement are given in the figure. Unidentified resonances are due to natural
abundancé?C of carbonyls and aromatics in the enzyme. Computer fit gaVe\alue of 0.74 s and a standard deviation~d.04 s.

a 10-mm multinuclear probe from Cryomagnet Systems, and 1975) which adequately corrects for any deviations from
a console constructed by retuning the NTC-300 console, complete recovery at the end of recycle delay. The errors
described above, to 200 MHz. For these measurements, ajuoted for relaxation rates and activation energies are based
typical sample containest1.6 mL of the enzyme in a 10-  on standard deviations given by computer fits and deviations
mm o.d. NMR sample tube with a 5-mm o.d. NMR sample between measurements made with independent samples.

tube held concentrically inside to contain® for field- Theoretical Details The theory of nuclear spin relaxation
frequency lock. _ _ _in the presence of paramagnetic cations is well-known
T, measurements were made using a standard inversionypyek, 1973; James, 1973; Mildvan & Gupta 1978; Burton
recovery sequence with a composit@ulse (Levitt, 1982). ot 5| ' 1979: Jardetzky & Roberts, 1981). A summary of
Frequency-modulated broad-band decoupling was used toy,ig theory and the experimental strategy arising from it have
obtain proton-decoupledC spectr&. A typical spectral previously been published (Jaretial, 1985, 1989; Ray &
Stale plot useq foﬁ'l mgasuremgnt s shqwn in Figure 1. Nageswara Rao, 1988b; Ray al., i988). , The }elevant
;I;Ig:e] ;gprei?éaélg r; t'r_'r]ﬁ é:_n \t/gleug;aggg:be:gt%(igﬂe;{gr equations for the analysis of the data in this paper are given
the highest M.n(ll) .concerlwtrations used The.reéycle delay below. ‘Given a sample W.hiCh contains tvvp exchanging
of 2.66 s chosen in these measurementls is larger by a fact complexes, one paramagnetic and the other diamagnetic, with
' ger by a 1aclok, -tional concentrationsand (1— p) and nuclear relaxation
of 3.25 than the larged&f; value, rather than the customary rates Taw)-* and (o)L, respectively, such thal () >
factor of 5. This choice minimizes interference from sample- = "1 l't/lhe observleDd relaxation rate is qiven b M
degrading effects, such as adventitious hydrolysis of nucleo-( ) 9 Y
tides, by reducing the overall experimental time by one-third. 1— T 47
At the same time, no noticeable impairment of the accuracy (T, bs)—l = ( P) M M p
of the T; values for low Mn(ll) concentrations resulted. © Tp Tyt @—pry Tiwt@— Py
Furthermore, thel; data, such as that in Figure 1, was Q)
analyzed by means of a three-parameter fit (Levy & Peat,

wherety is the lifetime of the paramagnetic complex. pIf
3The proton decoupling also avoids complications due to the << 1, then eq 1 reduces to the commonly used form,

differentially-broadened line shapes of the proton-coupled®2-
doublet in the enzyme complexes (Nageswara Rao & Ray, 1992; see

footnote 5). (Tlp)_l =pl(Tym + ) ()




7242 Biochemistry, Vol. 35, No. 22, 1996 Ray et al.

Table 1: Paramagnetic EffeqdTip)* (s7%) of Mn(Il) on *3C Relaxation Rates and the Corresponding Activation Energi€3 (kcal/mol) for
Mn[2-13C]ATP and Mn[23C]ADP Complexes Bound to Rabbit Muscle Creatine Kinase and for N¥G2ATP Free in Solutiof

NMR frequency relaxation rate activation energy
complex (sample composition) (MHz) (PTp) 1 (sY AE (kcal/mol)

Mn[2-13C]ATP

([2-13C]ATP, 2.99 mM; MnC}, 0.158-0.552 mM) 75 73.6t2.0 2.0+ 0.1
E-Mn[2-13C]ATP

(enzyme, 6.24 mM; [2°C]JATP, 5.01 mM; MnC}, 0.109-0.319 mM) 50 59.4+- 3.0

(enzyme, 5.85 mM; [2°C]JATP, 4.67 mM; MnC}, 0.077-0.375 mM) 75 55.6+ 3.0 1.3+ 0.2

(enzyme, 5.74 mM; [2°C]JATP, 5.17 mM; MnC}, 0.084-0.469 mM) 125 30.2£2.0
E-Mn[2-13C]JADP

(enzyme, 5.98 mM; [2°C]JADP, 4.8 mM; MnC}, 0.0288-0.253 mM) 50 104+ 7.0

(same sample as for 50 MHz) 75 48:12.0 2.6t0.2

(enzyme, 5.2 mM; [2°C]JADP, 4.0 mM; MnC}, 0.0347-0.341 mM) 125 17.50.5

a Samples were in 50 mM HepestKpH 8.0, and measurements were made at-2IL°C. TheAE values were obtained from Arrhenius plots
(see Figure 2). Measurements were made at four to five different values=diE-M-S]{ [E-S] + [E-M-S]}.

Neglecting the contribution of scalar hyperfine interaction, complex free in solution ([MS])/[E-M-S]) never exceeds

Tim is related to the cationnucleus distance by ~3%.
Since structural information is not available from measure-
(TlM)‘lz (C/r)6f(rc) () ments in whichzy > Tiy, and can be computed from

measurements in whicty ~ Ty only if 7y is known, the
contribution ofry to T;p must be determined (see eqs 1 and
2). This was done by makint,r measurements as a function
of temperature in the range—85 °C and at three*C
frequencies (50, 75, and 125 MHz). Note that the activation
energies ofTyy are usually +3 kcal/mol while those for
and v are 5-20 kcal/mol. FurthermoreT;y depends on
frequency andy does not.
f(ze) = Bt (1 + witsy) (5) Molecular Modeling Molecular modeling and energy
calculations were performed using the CHARMmM program
for Mn(Il) complexes (withwstc, > 1). Also, (Brookset al., 1983) in the software package QUANTA (4.1)
running on a Silicon Graphics computer. The calculations
To =r§l+r§1 i=1,2 (6) were performed on an MnATP or MnADP complex in
vacuum.

where

C = [(215)(S+ 1)g™ A1 (4)

In egs 4-6, S g, and ws are, respectively, the spin, the

g-factor, and the Larmor frequency for the catiphandw, RESULTS AND ANALYSIS

are, respectively, the gyromagnetic ratio and the resonance

frequency of the relaxing nucleys,is the Bohr magneton, Relaxation Data For both the EMn[2-13C]ATP and the

7r IS the isotropic rotational correlation time of the complex, E-Mn[2-13C]ADP complexes, the values qiTi,) ! obtained
andrs; andrs are the electronic longitudinal and transverse at 50, 75, and 125 MHz along with the activation energies
relaxation times of the paramagnetic cation. These equation§AE) determined at 75 MHz are presented in Table 1.
assume an isotropig-factor and that the zero-field splitting  Measurements made on the free MnATP complex at 75 MHz
is smaller than the Zeeman interaction of the cation. Theseto determine the Mn(IBh-2C distance in this complex are
assumptions are valid for Mn(ll) complexess; is given also included in Table 1.

by The temperature dependenciesprfi)~* at 75 MHz were
measured in the range of-B5 °C (see Figure 2j. The
Ty = B[t /(1 + 057)) + 4t J(1 + 403rd)]  (7) activation energies obtained afE = 1.3 & 0.2 kcal/mol
andAE = 2.0+ 0.2 kcal/mol, respectively. Note that both
whereB is a constant related to the square of the fluctuations Of the Arrhenius plots in Figure 2 have positive slopes. If
in the crystal field interaction strength angds the correlation ~ (PTip) " is exchange limitedeyy > Tiw), then an Arrhenius
time for its modulation. It is implied that, < 7s. plot of (pTip)~! vs 1G/T will have a negative slope with an
Experimenta| Strategy By performing the experiments activation energy of 520 kcal/mol. On the other hand, if
exclusively on enzyme-bound substrate complexes, it will Tiv > 7w, then the temperature dependencepdiy)* arises
be possible to limit the exchange to two complexe§ &nd  from f(zc), which acquires temperature dependence, in turn,
E-M-S, as implied in eq 1, and maximize the contribution throughzr andz,, the latter of which governss (see eqs
of E:M-S to (Tzp)". In order to ensure this requirement, 2—7). Tr andz, decrease with increasing temperature with
sample conditions should be chosen such that{BE] >
Ka, whereKq is the dissociation constant for the substrate.  4in both of the Arrhenius plots in Figure 2, the data points in the
The concentrations chosen for the measurements presentetiinge of 15-20°C noticeably deviate from the expected linearity. This

here may be seen in Table 1. On the basis of the known type of deviation in the temperature dependence arourt2Q5C is
) onsistent with previous NMR and EPR measurements on nucleotide

dissociation constants for creatine ki_nase complexes (Re_ecﬁomplexes of both creatine kinase (McLaugtral, 1976; Nageswara
et al., 1970), the fractional concentration of the paramagnetic Rao & Cohn, 1981) and arginine kinase (Jaetral., 1989).
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FiIGURE 2: Temperature dependence of paramagnetic relaxation rate

(PTip)~t (s7Y) at 75 MHz for [223C]ATP in E-Mn[2-1°C]ATP (@)
and for [213C]JADP in E-Mn[2-13C]JADP (O). Typical sample
conditions are given in Table 1. The activation energies aret1.3
0.2 kcal/mol for EMn[2-13C]ATP, and 2.0+ 0.2 kcal/mol for
E-Mn[2-13C]ADP.
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FiGure 3: Frequency dependences'8€ relaxation timesg{(Tiy)
at 21°C for EMn[2-13C]JATP (O, a) and EMn[2-13C]JADP (O,
#). Experimental data points>( O) shown are for 50, 75, and
125 MHz. Typical sample conditions are given in Table
Theoretical curves are drawn through the solid poinks ¢)
calculated by using the parameterss 10.0 A,B = 6.1 x 10%°
s2 andr, = 3.2 x 10°28s for EMnATP andr = 8.6 A,B = 3.8
x 107572 andt, = 3.2 x 10714 s for EMnADP, with C = 512
A s~13for both.

a low activation energy of-13 kcal/mol. Howeverss; may

Biochemistry, Vol. 35, No. 22, 19967243

Table 2: Mn(ll)-2C Distancesr) and ParameterB andz,
Obtained from the Numerical Fit qfTi, vs w? Data for MNATP
and MnADP Complexes of Creatine Kin&dsand the Value of for
Free MnATP

complex distancer(A) B(s? Ty (NS)
Mn[2-13C]ATPP 6.5+ 0.5
E-Mn[2-13C]ATP 10.0+ 0.5 6.1x 10  3.2x10™*
E-Mn[2-13C]ADP 8.6+ 0.5 3.8x 10%° 3.2x 10°®

aThe numerical fit was performed using eqs Bwith C =512 A
s 3 for 13C and Mn(ll) andrr = 42 ns for creatine kinase (Nageswara
Rao & Ray, 1992) Distance calculated assuming a correlation time
7c1 0f 0.1 ns in eq 5 (see footnote 6).

dependencies are significantly different from each other. The
plot is linear for the ADP complex and shows a curvature at
lower frequencies for the ATP complex. It may be seen from
eqs 2, 3, and 5 that ifc, is independent of frequencgTy,

VS a),z will be linear with a slope of {C)bzcy/3 and an
intercept of fu + (r/C)®37cq]. Frequency dependence of
Tc; arises throughs; (see eq 6), which in turn depends on
frequency ifwsty, = 1. Thus, the contrasting frequency
dependencies in Figure 3 suggest thatis different in the
two complexes and thaisz, > 1 for the ATP complex and
wsty < 1 for the ADP complex. A numerical fit of the data
for both the complexes, on the basis of eqs 5 and 7 along
with the use of eqs-24, yields the Mn(II)-2C distances in
the two complexes listed in Table 2 along with the associated
parameter8 andz, (see eq 7). The distance between Mn(ll)
and the 2C of adenine is 10400.5 A in EEMnATP and 8.6

+ 0.5 A in EMnADP.

Note that theB and t, values obtained are significantly
different for the two complexes. On the basis of these
parameters the value of; in the two complexes at the three
frequencies is in the range-12 ns. tr is estimated to be
42 ns (Nageswara Rao & Ray, 1992). Clearly is the
dominant correlation time for the electroenucleus dipolar
interaction. The various parameters involved can be used
to rationalize the positive slopes observed in the Arrhenius
plots presented in Figure 2. Also listed in Table 2 is the
Mn(Il) —2C distance calculated from the 75 MHz relaxation
data for MnATP free in solution by assuming a correlation
time ¢, of 0.1 ns. Note that since the expected internal
mobilities associated with the phosphate chain and the

either decrease or increase with temperature depending orglycosidic rotation of free MnATP affect the Mn(H2C

whetherwst, > 1 or wsty, < 1. Similary, f(zc) may be
directly or inversely proportional te-; depending on whether
witc1 < 1 orwtci > 1. Thus, in a general case, the slope
of the Arrhenius plot of T:,)~* can be positive or negative,
with activation energies in the range of-3 kcal/mol,
characteristic otg andz,. Observation of a positive slope
in the Arrhenius plot with low activation energy is thus
indicative of fast exchange. This is consistent with our
earlier estimate ofy ~ 0.5 ms (Jaroret al, 1985), which

is much shorter than the short@sf (16—17 ms at 50 MHz)
reported here. Furthermore, bothT(;)~* values exhibit
strong frequency dependence in the range of 586 MHz

vector, the distance calculated is, perforce, mobility averaged
(also see footnote 6).

Molecular Modeling In order to deduce the conforma-
tions of the catior-nucleotide complex compatible with the
distance data obtained above, a molecular modeling proce-
dure is used in which previously obtained structural data from
3P NMR and TRNOESY measurements on these complexes
are incorporated. Thus, with the glycosidic torsion and sugar
pucker set up in the manner determined by TRNOESY, and
with the cation directly coordinated with all the phosphate
groups, the orientation of the phosphate chain with respect
to the adenosine moiety is determined by three rotations,

(see Table 1 and Figure 3). Thus, it can be concluded thaty(Os—Cs—Cs—C3), ¢p1(Cs—Cs—0s—P,), andgp(Cs—Os—

the pTy, values have negligible contribution frorg and are
essentially equal td,v (see eq 2). Therefore, the Mn(H)
2C distances are calculable from this data.

The plots ofpTy, vs w2, shown in Figure 3, for both the
E-MnATP and EMnADP complexes indicate that the

Pa—0qp).

The first of these rotationsy, may be deduced, in
principle, from the TRNOESY data involvingsHand H-.
However, the resonances of these two protons are superposed
in the spectra. The NOE data, therefore, do not differentiate

magnitude of the relaxation times and their frequency the two distances;; andri;, of Hs and H, respectively,
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A

FIGURE 4: Stereoviews that illustrate the conformations compatible with the MA2K) distances of 10.& 0.5 and 8.6+ 0.5 A in
E-MnATP and EMnADP complexes, respectively, for different combinations of the angléS,—Cs—0s—P,), and ¢(Cs—0Os—P,—
Oup). (A) Superposition of two ATP conformations witl(¢-) = (120,120) and (136;130). (B) Superposition of two ADP conformations
with (120,60) and (136;70). (C) Superposition of ATP (120,120) with ADP (120,60). (D) Superposition of ATP (1138)) with ADP
(130,~70).

from a third protonj. y is, therefore, arbitrary. However, was calculated to fit the TRNOESY data for the superposed

an average distance, given by resonance (Muralkt al., 1993). Note that; does not equal
eitherri; or ri;. In order to reduce the arbitrarinessjina
—6 —6]—1/6 . . . . .

iy +r1, conformational search was set up in whichvas varied in

(8) the range-180° to +18C in steps of 2 and the CHARMm
energy was computed for each orientation. For each of these
corresponding to half the initial slope of the observed NOE structures, the quantity

2
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f£6 + @6 2 Table 3: Various Torsion Angles in the Adenosine Moiety
Q = z B e | (9) Obtained by Refinement of TRNOE Data of Creatine Kinase
T or 76 Complexes of ATP and ADP
I
designation torsion angle (deg)
is calculated. A range of values ¢fwhich provides the X Os—Cy—No—Cs 46
best agreement with the observed NOE’s of the superposed vo 84':84':21':%’ _13
Hs and H resonances, i.e., the smallest values@omwas V; Cz_C;_C;_Cj _13
identified. The lowest CHARMmM energies of these 1Qw- Vs Cp—Cy—Cy—Oy 8
structures occur in the range of 66y < 78. The energy 2 C3—Cs—0s—Cy 1
variation in this range is minimal, and therefore the value Y Os—Cs—Cs—Cs 72

of y = 72, in the middle of the range, was chosen. Note P =tam{[(va+v1) — (vs+ vo))/[2v(sin 36 + sin 72)]} = 158.2

that the TRNOESY data show that the conformation of the  aThe TRNOE data is from Muralet al (1993). The definitions
adenosine is the same in botAMJATP and EMgADP. used for various torsion angles are the same as described by Sanger
This conformation has been refined further for the present (1984). Pis the pseudorotation phase angle. Singis negative, 180
computation by using QUANTA (4.1), which is an improved was added to thP value computed (Altona & Sundaralingam, 1972).
version of the program previously used by Murati al.

(1993). The various torsion and dihedral angles of the han~6.5 A. For shorter distances, the relaxation rates with
structure are given in Table 3. Mn(ll) are exchange-limited (Jarcet al.,1985). In addition,

A conformational search was then set up independently Mn(11) is preferable to Co(ll) from the point of view of the
varying the two torsionsp; and¢,, in steps of 10overthe  applicability of the theory to evaluate the catiomucleus
range—180° to +180°. For each of these 1369 structures, distances from the relaxation data. Frequency-dependent
the CHARMm energy was computed and the distance relaxation measurements analyzed on the basis of €gs 2
between Mn(ll) and the adenine 2C was measured. Thisyjeld accurate values of the distances provided that the
mOdeling Computation y|8|ded Virtua”y identical results for assumption of a Sing|e conformation described by a Sing]e
MnATP and MnADP complexes. From this rather large correlation time is appropriate. In this context, the question
array of data, acceptable ranges for the two torsion anglesof internal mobility of the nucleotide needs to be examined.
were identified first by comparing the Mn(H)2C distances  The Mn(I1)—2C distance is readily affected by the glycosidic
in the model with the experimentally determined values and torsjon, as well as the mobility of the phosphate chain. Both
then by choosing among the ranges those with the leastof these motions are known to occur in MgGATP and MgADP,
energy. Finally, the structures were discriminated on the free in solution, with large amplitude and low activation
criterion of minimal change required in the torsion angles, energy. Evidence that these mobilities are arrested in the
¢1 and ¢, to go from a structure representative of the enzyme complexes was obtained from the differentially
Mn(ll) —2C distance in the ATP complex to that in the ADP  proadened line shape of the proton-coupled3{Z doublet
complex. This procedure yieldegh in the range 120~ of the ATP complexes of six different enzymes of molecular
130 for both complexes.¢, has two acceptable ranges, mass ranging from 20 kDa (adenylate kinase) to 240 kDa
100°—120¢° and—130C to —15C for the ATP complex and (pyruvate kinase) (Nageswara Rao & Ray, 1992l is
40°—60° and —70° to —90° for the ADP complex. Some therefore, plausible to describe the reorientation of the
of these conformations are shown in the superposed stereomn(11) —[2-13C] dipolar vector througli(zc) (see eq 5) with
views juxtaposed in Figure 4. Figure 4A shows the two ATP 3 singlezc. Nevertheless, the presence of some degree of
conformations with¢s,¢) = (120,120) and (136;130), and  conformational heterogeneity and low-amplitude internal
4B the two ADP conformations with (120,60) and (130,  mopility cannot be entirely ruled out. As long as such factors
70). Figure 4C shows a superposition of the ATP conforma- cause a minor change in the catiemucleus distancer) of
tion (120,120) with the ADP conformation (120,60), and interest the effect on the accuracy is not serious in view of
Figure 4D has a similar superposition of ATP (13030) the r—¢ dependence of1y (See eq 3).
with ADP (130;-70). Together, these superposed structures  From the point of view of the structure of the enzyme-

depict the disparate conformations that are compatible with hound catior-nucleotide complexes, the two Mn(HRC

the distance data obtained thus far on the individual cation

nucleotide cpmplexes of creatine kinase. Figures4CandD Differential broadening of the proton-coupl& doublet of [215C]

show the differences between bound ATP and ADP. Be- nucleotides arises due to interference effects between the!3@vo

tween the superposed structures of ATP and ADP, the cationrelaxation mechanisms, viz}’C—H dipolar interaction and*C

is displaced byv1.7A. chemical shift anisotropy (CSA) as they are both second-rank tensor
interactions. The line width difference depends on the principal values
and relative orientations of these two tensors in additiontgo

DISCUSSION Experimental measurements of tR&€ CSA tensor of [Z3C]JAMP

. . . . provided information on all the parameters excaptso thatzgr can be
A considerable amount of data is now available regarding calculated from théC line shapes of bound [ECJATP in the enzyme
the location of the cation with respect to the phosphate chaincomplexes (Nageswara Rao & Ray, 1992).
and on the conformation of the adenosine in the nucleotides  ° '.‘;.the conformational ir‘]eterolge”eri% a“dhimerlna' ”.‘Obigty 'ea‘?l'lto
. . significant excursions in the value of then the relaxation data wi
bound to phosphor}" tra_nsfer enzymes. The prlentatlon of yield a distance closer to the shortervalues. Conversely, if the
the phosphate chain with respect to adenosine forms thedistances calculated correspond to an extended conformation, it is
missing information required for complete characterization unlikely that these factors contribute significantly to the measured

_ ; ;. relaxation rates. By the same token, the relatively short Mr@Q)
of the structure of enzyme-bound nucleotides. Paramagnetlciiistance of 6.5 A computed for free MNATP suggests that the mobilities

relaxation_meas_urements With_ Mn(ll) offer a reliable means of the phosphate chain and the glycosidic rotation occurring in this
for gathering this data for catiemucleus distances larger complex modulate this vector and affect the relaxation data.
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