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P NMR measurements on CoADP bound to creatine kinase the relaxation rate due to dipolar interaction depends on tF
designed to estimate the relative contribution of scalar and dipolar  cation—nucleus distance, whereas that due to contact interz
interactions to 3P spin relaxation rates show that these rates are tion does not, an estimate of the latter contribution is useful fc
primarily_due_to distance-depeno!ent dipglar _interacFic_)ns and that evaluating the distance data computed from paramagnetic r
the contribution of the scalar interaction is negligible. © 1999 laxation measurements. This question is relevant for aton
Academic Press . . . . q

Key Words: paramagnetic cations; spin relaxation; adenine nu- dlrectl_y coordinated to the cation, a!"nd those conngcted to t
cleotides; enzyme—substrate interactions; ATP-utilizing enzymes. ~ coordinated atom, so that the cation-nucleus distances ¢
short <4 A), as in the case of Co(lI}2P distances in E
COATP or E- CoADP. The published Co(lI}2P distances in

In vivo, enzymatic reactions involving adenosinetphos- enzyme-nucleotide complexes were calculated by ignorin
phate (ATP) use Mg(ll) for activatiorin vitro, Mg(Il) may be possible contributions of the scalar interactiah-4). This
replaced by paramagnetic cations Mn(ll) or Co(ll). This fegrocedure seemed reasonable because the distances obta
ture led to the possibility of structural characterization dbr the complexes of creatine kinasp &nd 3-phosphoglycer-
enzyme-bound reaction complexes through measurementsaef kinase 4), for example, are consistent with the direct
distance-dependent enhancement of spin relaxation fBjg3 ( chelation of the cation with all phosphate groups of ATP (ol
of nuclei in the vicinity of the paramagnetic cation. SucADP), which was previously demonstrated by the observatio
measurements are performed under sample conditions in whi¢h'’O superhyperfine interactions with Mn(ll) as seen in
the enzyme metal- substrate (EM - S) and enzymesubstrate Mn(ll) EPR (5, 6). However, the contribution of the scalar
(E - S) complexes are undergoing chemical exchange, leadingeraction to the’*P spin relaxation in the presence of Co(ll)
to the circumstance that the observed relaxation rates &egs not been explicitly estimated by a direct measurement |
distance dependent onlyTt,, > 7, wherern, is the lifetime the contact shift for the complexes of any of these enzyme
of E- M - S. Previous work has shown that, for typical value$his Communication reports such a measurement for CoAD
of 7y, T1m for Mn(ll)-complexes satisfy this condition only for bound to creatine kinase.
cation—nucleus distances greater tha®.5 A, and for shorter  |nitial attempts to record th&'P NMR spectrum by adding
distances 0f~2.0 to 4.0 A, it is necessary to use Co(ll) as theo(ll) to an aqueous solution of EADP such that [Co(Il)]/
activating cation 1-4). [ADP] = p (<1) have resulted in a reduction in the observec

Nuclear spin relaxation enhancement by paramagnetic c&p signal (relative to that in the absence of the cation) by
ions arises due to electron—nucleus dipolar interactibn®(-  fraction approximately equal tp (for small values ofp),

S) and a scalar interactionA - S) which represents contactingdicating that most of the signal from the cation-bound com
and, if theg tensor is anisotropic, pseudo-contact interactiongiex is not observed. Searches for this signal over a range
The scalar interaction also gives rise to a shift of the nucleghout +2500 ppm have been unsuccessful in detecting ar
resonance, contact (or pseudo-contact) shift, by effectivelher resonances. The bound EoADP signal is either too

adding a termAl(S,) to the nuclear spin Hamiltonian whereproad to be observable (probably due to exchange) or too f
9gB(S,) is the thermal equilibrium magnetization of the cationgytside the chemical-shift range scanned. In order to overcor
A measurement of this shift, therefore, allows an estimate @fe first of these possibilities, it was planned to make th
the scalar contribution to the observed relaxation rate. SingRasurements at low temperature®fC) in appropriate cryo-

1 Permanent address: Tata Institute of Fundamental Research, Mumbai §86V6nts' A solvent containing ethylene glycol In 9'2 M K-
005, India. Hepes buffer, pH 8.2, was found to be useful for this purpose

2To whom correspondence should be addressed. E-mail: brao@iupui.eBy varying the amount of ethylene glycol, it was possible tc
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FIG. 1. 3P NMR spectra (120 MHz, Varian Unity 300) of-ADP at different added Co(ll) concentrations. [Co(ll)]:[ADP] ratios are noted*3Raignals
are labeled. Typical sample consisted-ef.2 ml of E- ADP in an 8-mm NMR tube held concentrically inside another 10-mm tube. The annulus containe
31p-concentration and chemical-shift reference and field-frequency lock solution whose relaxation is enhanced by addir8ap@ composition: (A) 5.9
mM creatine kinase active sites, and 4.6 mM ADP, in 200 mM K-Hepes, pH 8.2, 5°C; reference solution, 4 mM phenylphosphaifat®indll,, pH 7.1,
in D,0. (B) Same as A except 6.9 mM creatine kinase active sites, 4.9 mM ABFRC in 30% ethylene glycol solutions. NMR parameters: sweep width, 48,01
Hz; data size, 8192; line broadening, 50 Hz; number of scans, 2000; recycle delay, 3 s; 30° pulse width, 8

reduce the temperature down as far-a30°C. Some optimi- aqueous solution. The differeftP signals seen in the spectra
zation was necessary to balance the various causes of mel the ratios of [Co(ll)]:][ADP] used are shown in Fig. 1.
broadening such as exchange rates and solvent viscositieFliere was some accumulation®f(and AMP) due to a small
order to record the signals and integrate their intensities wislmount of unavoidable enzymatic hydrolysis of ADP during
sufficient accuracy. Before the measurements were begun, tiine course of the experiment. This hydrolysis limited the du
enzyme was assayed for activity in the cryosolvent mixturgation of signal averaging in each of the spectra shown in Fic
The activity of creatine kinase at 21°C measured in a standdrdThe ratios of the integrated intensities of tH2 signals of
assay mix 7) in aqueous solution at pH 9.0 with Mg(ll) as theall the phosphate groups of ADP (includify and AMP) to
activating cation is 57 1U; with Co(ll) it is reduced to 12% ofthat of the phenylphosphonate standard for both samples ¢
this value. Under the same conditions but in 30% ethyles@&own in Table 1. It is evident from the data on the aqueou
glycol solution, the activity was reduced to 35% with Mg(ll)solution (Fig. 1A) that fop = 0.4 the fractional reduction in
and to 4% with Co(ll). The activity was measured at 21°Gignal intensity is approximately equal  (note that [E-
although the signals were recorded-85°C (see below) be- CoADP] is about 10% less than [Co(ll)] as stated above)
cause it is too low to measure at5°C. In addition, it was indicating that Co(ll)-bound complexes do not contribute to the
ascertained that the enzyme was not irreversibly denatu@aserved resonances. Fpr= 0.8, thereduction in signal
when the temperature was lowered by measuring the activityensity is only~50%. Several factors may have contributed
once again (at 21°C) after the experiment. to this change at higher Co(ll) concentrations: (1) there may b
Figure 1A shows thé&'P spectrum of E CoADP in aqueous some contribution to the signal intensity from the broad signz
solution at 5°C, and Fig. 1B shows those in the cryosolvent @ee below) due to the larger fraction of-ECOADP; (2) the
—5°C. Experimental details are given in the figure legendccuracy of integration of the enzyme-bound signals is lowe
Under the sample conditions chosen, on the basis of previoudlye to lower signal-to-noise and to nucleotide hydrolysis; an
published data on dissociation constaritsg, 9, over 95% of (3) adventitious binding of the cation to the protein. On the
the nucleotide is present in the enzyme—bound form, and owher hand, in the data for the 30% ethylene glycol solutiot
88% of the Co(ll) is present as-ECoADP. In the presence of (Fig. 1B), the total signal intensity remains unchanged withir
30% ethylene glycol (Fig. 1B), measurements of activatiaexperimental error, clearly indicating that-ECOADP signals
energy of*'P relaxation rates (see below) indicate that th@re observed. Activation energies of the paramagnetic rela
binding of the CoADP to the enzyme is tighter than in thation rates T;5) * of *'P nuclei, determined in the temperature
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TABLE 1 For 3!P relaxation in the Co(ll)-nucleotide complexes (free
Ratios of Integrated *'P NMR Signal Intensities of the Total and enzyme-bound), with a Co(IB* distance of 3 A,

Phosphates in E - ADP for Different Added Co(ll) Concentrations T = 268 K, and EPR parameters appropriate for Co(ll)
to That of Phenylphosphonate Reference for Two Sample Condi- (1,10,1),g = 4.33,S = 3 andrg, ~ 75, ~ 75 ~ 10 *?s
) 1 1 - 1 27

tions® (-.Te1 = Tco = Ts andw7s < 1), we find that the ratio of the
Area (phosphates)/area (reference) contact and dipolar contributions ,; is given by
[Co(IN)]
[ADP] Aqueous solution 30% ethylene glycol (Tlc)*1 . 8%
= - =1.2291X10° . 5. 6
0 7.0 4.9 g (TlD) 1 10 + 3((1)573)2 [ ]
0.2 6.1 5.4
0.4 4.4 5.6 At a magnetic field corresponding ta*# NMR frequency of
038 38 48 120 MHz, wg = 2.7 X 10" rad/s, so that

Note. Experimental error, estimated based on multiple measurements, is

about=10%. £(120 MH2) = 3.8566X 10%82,
2 Sample conditions: (1) In aqueous solution at 5°C and (2) in 30% ethylene

glycol solution at—5°C, both with 0.2 M K-Hepes at pH 8.2. and with 5(: — 50 ppm,

— -6
range—5 to 15°C, yielded 11.4 kcal/mol far-P(ADP) and 9.8 §(120 MHz, 50 ppm = 96.42> 10°% [7]

kealfmol for B-P(ADP), indicating that the slow exchange_l_hus the contribution of the contact interaction Tq,; is

condition >T revails in the cryosolvent. The activa- > . . .
i ) P y nishingly small compared to that of the dipolar interaction

tion energy in aqueous solutions was 1-3 kcal/mol, appropri%’}% . : .
for fast exchangelj. Thus, the exchange broadening is re- ere could be some uqcertalnty |n.the value rgf It7|32
enerally accepted that this value lies in a range around0

duced in the cryosolvent making the-ECOADP signals ob- 9 . .
servable and the signal intensity remains unchanged as Cofll L 1(_)’ 1. Equation [6] showg that as a function of the
erating frequency, the maximum value 6éf &.,.. =

is added. It is evident from Fig. 1B that tA# chemical shift
1S adce S Svicen’ Tom Hg 4 cnemica’ Saitts é..2291>< 10°8Z, occurs for wgts < 1. Furthermore, it is

of E - COADP are within the range of the recorded spectra, i. . . e
less than=50 ppm. important to recplg]nlze that at higher magpletlc fields, such th:
The contribution of dipolar and scalar interactiofig{) > “S™s > 1, (T,g)™" decreases whereas$,) " reaches a con-
ptant value as seen from Eqs. [1], [2], and [6], so that the valu

and (T,0) * to (T;) * can be estimated on the basis of " . . - :
well-known expressions for these relaxation raté&®, (L), of ¢ |§1reQUced. Alternatively, W'th,"%‘r,s = 2.7 as in Eq. [7],
(T,o) ~ will be comparable toT,p) -, i.e. & = 1, only for §¢

written assuming an isotropgtensor, and isotropic rotational R .
9 P P = 5092 ppm which is inordinately large.

tumbling as
g The estimates made above do not include contributions frol
. . . anisotropy of theg factor. The Co(ll) EPR spectrum of the
(Tan) ™ = (Tip) " + (Tod) 7, [1]  creatine kinase transition state analog complex@ADP -
2 PB*2SS+ 1) 31e Tre COOQO - creatine, recorded at 4.2 K, displaysnisotropy with
1 & e ) . .
(Typ) * = 15 ; [1 R s wéTéz] , [2] principal g-tensor values in the neighborhood of 6.0, 4.0, an

2.0 (9). The g anisotropy also gives rise to a pseudo-contac
Tso contribution to the shift observed, and a corresponding rela
l+w§7§2] ' [3]  ation contribution. The shifts observed in Fig. 1B include the
pseudo-contact contribution. Accurate estimates of the rela
ation effects due t@ anisotropy depend on a knowledge of
orientational factors involving thg tensor and the cation—
P nucleus dipolar vector. However, these contributions are sme
To = TR tTg, =12, [4] compared to those computed above (Eq. [6]) by considering ¢
isotropicg tensor (2).
wherery (i = 1, 2) are the electron relaxation times of the Large®'P contact shifts of-2000 ppm ¢*P NMR frequency
cation, 75 is the rotational correlation time, and the otheof 108 MHz) were observed by Leroy and Gae (13) in
symbols have their usual meaning. The contact shiff,is Co(ll) complexes of AMP and ATP free in aqueous solutions

(T = 2 WS(S + 1)[

with

given by These experiments were performed with nucleotide concentr
tions in excess of 100 mM. Sternliclet al. (14) estimated
8 = A(gB) S(S+1) _ [5] similar values for COATP¥P NMR frequency of 24 MHz) in

Vi 3kT earlier measurements on 350 mM samples. If similar shift
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were to occur in enzyme-bound complexésmay become 4. G.K. Jarori, B. D. Ray, and B. D. Nageswara Rao, **P and *H NMR
appreciable (10-30%). The motivation behind the current ftgdies of thel structure Ofk?”zymeéb?””‘:_ substrate Comp'fxes_?r‘:
P P obster muscie arginine Kinase: elaxation measurements wi
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