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2!r’Mg NMR Relaxation Study of Mgz+-ATP Complexation in Solutions

Zhi-Shian Shien ( #LE % ), Tzy-Jiun Luo ( B#E ) and Lian-Pin Hwang* ( 3 R )
Department of Chemistry, National Taiwan University, and Institute of Atomic and Molecular Sciences,
Academia Sinica, Taipei, Taiwan, Republic of China.

Mg NMR relaxation has been applied to characterize the kinetic and dynamic parameters in the
complexation process of the Mg?* ion with adenosine triphosphate. A modified linear prediction with
singular value decomposition method developed earlier is used to obtain the preliminary chemical shift
separation between the free Mg ion and the *Mg*-ATP complex. Then the *Mg®* NMR null point
spectra is invoked to find the chemical shift separation and the quadrupolar coupling constant of the complex.
With the knowledge of those parameters, T, and line width data at 30.62 MHz and 18.37 MHz can be
analyzed to determine the correlation times for the fluctuation of electric field gradient at Mg and the
dissociation rate constants of the complex at the temperature range of 270-320 K. An activation energy of 8.8

kcal/mol for dissociation rate constant is obtained.

It is also found that the reorientational motion of the

PMg?'-ATP complex is not significantly affected by the formation of ATP aggregates. A similar conclusion
is further obtained by comparing the T, data of 2P in ATP and Mg**-ATP solutions.

INTRODUCTION

The magpnesium ion is an important cofacter in the
regulation of structure and reactivity of nucleic acids in
biochemical processes. The binding of the magnesium ion
with adenosine triphosphate (ATP) plays an essential role in
the metabolic pathways.'! WNMR methods for studying
chemical exchange rely on the study of the temperature-
dependent chemical shift variations. The use of 'P-NMR
has established a valuable tool for the study of the
biclogical processes in vivo. It was found that the resonance
lines of the B-phosphate groups in Mg?-ATP and in metal
free ATP are clearly separated.>*** The use of £"P chemical
shift for studying complexation of Mg**-ATP should woerk in
principle in a well-defined system, but is not very reliable in
a complex biological system influenced by variation of pH,
temperature, and ionic strength.’

In the present study, Mg NMR relaxation was used
directly to glean some insight into the nature of chemical
exchange in the Mg®'-ATP system. It is well known that the
*Mg chemical shift is very insensitive to the formation of
complexes.>™® Even at low temperature the chemical shift
separation between free Mg®" ion and Mg®*-ATP cannot be
resolved spectroscopically, but a method based on linear
prediction with singular value decomposition and the
minimum Euclidean norm condition have previously been
developed in our laboratory in attempts to trace the various
modes of frequency correlation in the free induction
decay.™'™!! The usefulness of this method has been verified

by applying it to resolve the chemical shifts of *Mg on
binding processes. Subsequently, after taking advantages of
the resolved peak separation as a preliminary input to fit the
spectra obtained near the null point in an inversion recovery
experiment, a successive approximation was applied to find
the "exact” chemical shift separation.
density matrix method with chemical exchange, the
complete descriptions of time evolution for longitudinal and
transverse relaxation were invoked in the simulation of the
spectra observed in inversion recovery experiments.'”"” ®Mg
longitudinal and transverse relaxation data in conjunction
with the spectral lines obtained near the null point in an
inversion recovery experiment were used to determine the
fluctuation correlation times of electric field gradient, the
effective quadrupolar coupling constant, and the dissociation
rate constants of the Mg¥-ATP complex at various
temperatures among 270 and 320 K. Thus, the aim of this
work is to characterize the relaxation and kinetic parameters
of Mg*-ATP so that the dynamics of complexation may be
revealed from Mg?* NMR study. Discussion is made to
examine the effect of ionic strengths on the kinetic process
and with the help of *'P T, studies, the effects of complex
aggregations on *Mg relaxation is also examined.

Here, using the

THEORY

Exchange Process
In the present system, Mg?* ions are partly bound 1o ATP

Dedicated to Professor Kung-Tsung Wang on the occasion of his 70th birthday.



760 J Chin. Chem, Soc., Vol. 46, No. 5, 1999

and most of the Mg® in the sclution is in a hydrated state.
The dissociation and association of Mg*-ATP complexes,
with one metal jon per complex, may be described by the
equation’

K
Mg® + ATP = Mg®—ATP (1)
k,

where k, and &, are forward and backward rate constants,
respectively. In the *Mg NMR spectrum of such a sample,
the ¥*Mg resonance will be exchanging between the free and
metal-bound positions with exchange rates governed by Eq.
(1}. This exchange may also be viewed as a two-site
exchange problem between a slow motion site s and a fast
motion site f, |. e,

Ky
s k@ 5 @)
of

where k; is the rate constant for transfer from fast site f to
slow site s and & is the rate constant from site s to f, respec-
tively, to represent the exchange process of magnesium
nuclei between the free ion state and the bound state in
Mg**-ATP. Clearly,

k= g’ ‘] 3)
and

kg =k )
Also, the principle of detailed balance demands that

[tVese =[shey or PA=PA, )

where P, represents the equilibrium probability distribution
of the f site and P, represents the equilibrium probability
distribution of the s site. As all other experimental condi-
tions such as pH, ionic strength and temperature are unai-
tered, it should be noted that &, remains unchanged and %,
changes with [Mg?'], while the dissociation constant is
invariant at equilibrium, i.e.,

_ ksf [Adg 2+

o (6)

k
k = —..:.l.
D kl
The equilibrium population at site s may be expressed by'

2+
Carp [Mg }
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where C,pp and C,, are the total concentration of ATP and
magnesium, respectively. In cases of [Mg®"] >> k. i. e, the
strong association limit for Mg with ATP, we have

s

P

Cyrp /Cyy . To have a good estimation of binding population
following the analysis of null point spectra as will be
described in below, one may design the experiments in
which the concentrations of [Mg*] and [Mg?*-ATP] in
equilibrium, as determined by Eq. (1), may be comparable.
This condition can be simply arranged by adding the metal
ion to ATP in a given initial concentration ratio.

State Multipoles Representation

A number of mathematical formalisms have been app-
lied to study the relaxation of quadrupolar nuclei. However,
the use of state multipoles (statistical tensors) has become
popular since the multipole operators transform very simply
under rotations and can be associated with multi-quantum
coherence, spin order and measurable spectral magnetiza-
tion.'® State multipoles are specific linear combinations of
the normal density matrix elements. A rank £ state
multipoles with tensorial component m is defined by,

m

ol =229m‘(—1)““(2k+1)‘”(' P ) (8)
& o o -a -

where p_ ., are density matrix elements and [-’ ik J
a -a -m
is a 3-j symbol."*® It corresponds to k-quantum coherence
for m = 1 or -1 and to k-spin order for m = 0 in the case of a
multi-spin system with a total spin quantum number 7.
When & = 1 and m = 0 (or £ 1), o corresponds to the
longitudinal magnetization (or the transverse magnetization).
The advantage of using the state multipoles formalism is that
it transforms as a component of the full rotation group. For
example, an on resonance radio frequency pulse transforms

the state multipoles components according to the relation,?'

(6", =Dk (p-712,0,p-712)(c" ) )

where @ denotes an 6 angle rf pulse with phase angle
denoted by @ .

Relaxation Theory and Two-Site Exchange Equation of
Motion of Density Matrices

The basic relaxation theory is the same as that used in
our previous work,'>'*!*!¢ and the relaxation equations were
simplified by expressing the spin density matrix with state
multipoles.'® Magnesium ion binding to ATP forms a two-site
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Table 1. Relaxation Matrices R and R’ for the Quadrupolar Interaction on Resonance, for
Quadrupolar Nuclei with Spin-quantum Number I = 5/2. The Notation Follows

that of Einarsson and Westtund #%

. 4 E 0
Rlor Ry=—(2)*|E B F
125
0 F C
Longitudinal Transverse
2], + 8], 31+ 5]+ 21,-iQ, - 2iQ,

1/4 (82+831,)
25/4 (21,+1,)

1841403, -1,)
125/35 J3,)

2 T A T = e

1/24 (1231,+ 3701 + 4971, - 126iQ, +3iQ,)
5/12 (3J)+ 261, + 161, + 6iQ, - 9iQ, )

27121 (J,-1,- 21Q, +iQ,)
25712414 (31,- 14), - 170, - 6iQ, + 3iQ,)

*The flectuation of the electric field gradient in the quadrupolar relaxation mechanism is
assumed to change in direction but not in magnitude. In the two-site exchange system,
the effective quadrupolar interaction y and the motional correlation time in spectral
density functions, J, and Q, , are separately redefined for ., ¥,, z,and ¢ T

®The equilibrium value for the longitudinal state multipoles are, o}

| _ V35,8,
Y21+

and o} , o5 =0, where B, is the static magnetic field.

system, with the Mg® ion in exchange between the bulk

solution and the binding site of ATP. Here, for *Mg
relaxation in Mg*'-ATP complex, the quadrupolar interaction
is considered to be modulated by the reorientational motion
of the whole complex while the quadrupelar interaction for
the bulk Mg ion is modulated by the fluctuation of
hydration structure around Mg?' ions.? In this work we
focus on the magnesium nuclei in Mg*'-ATP that exchanges
with the bulk Mg?* ions at a rate that is slow on the
molecular correlation time scale that modulates the
interaction on quadrupolar nuclei. Thus, the density matrix
equation for longitudinal relaxation including exchange
between a free site, f and a slowly reorientating site, s, is

described by the following rate equation

dp\_(Ri-ksl kel Yo,
di\ p, kol —R—kyl ) p,

where 7 is a unit matrix, &, represents the microscopic rate
constant for transfer from site f to site s and &, represents the
microscopic rate constant from site s to f. Also R, (or R, ) is
the Redfleld relaxation matrix, as listed in Table 1, for the
longitudinal components of the state muitipoles in site f (or
s )."" Here kg, and &, are assumed a priori to be the same as
macroscopic rate constants used in Eq. (2). The column
density matrices p, and p, are defined as column density

(10)

matrices of state  multipoles in site f and s, respectively, by
By =Uan);(00).803) ;1 and 5; =[(e),.(07),.(03),] - To
guarantee that the state multipoles achieve thermal
equilibrium values at infinite time, the difference between
ot and its equilibrium value is substituted into Eq. (10).
Similarly, the transverse relaxation eguation modified to
include exchange is defined by,

4177 ~ Ry =kl ~ilon -8, ) kol Pl an
2| o kil R kg =il -8 | g,

where w, is the Larmor frequency, &, and &, are the
chemical shifis of magnesium nucleus at the fast and slow
sites, respectively. Rj(or R} is the Redfield relaxation
matrix, as listed in Table 1, for the transverse components of
the state multipoles in site f (or s).'"** Unlike the
longitudinal relaxation matrices, which are real, the transverse
relaxation matrices are complex. The real parts cause the
relaxation rate and the imaginary parts give rise to the dynamic
frequency shift. The column density matrices are defined
by 5 =ley),.(67),.(00),) and 5, =[(27),.(6)),,(a7),]. 1t
should be noted that Eqs. (10) and (11) apply for both
density matrix and state multipoles formalisms. In order to
guarantee the validity of Egs. (10) and (11) the condition z,
>> ¢, must hold. Here we defined 7, as 7, = P,/ k= P,/ ky
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and 1, as the correlation time for the fluctuation of electric
field gradient at s site. In the slow exchange limit the
condition [5, ~§J,| 7. >> 1 holds.

Simulation of Null Point Spectra

The use of the above theory in simulating the free
induction decay for two-site exchange in the inversion-
recovery experiment will be described here. Null point
spectra are merely those spectra acquired at 7 delays such
that the net magnetization is near 0. The equilibrium state
multipoles can be calculated from the corresponding density
matrix elements to be'”

N (L
v 2@+ kT

(07)e, =0 and (67),,, =0 (12)

where By is the external field and 1=5/2 is the total nuclear
spin quantum number of the Mg nuclei. Since we have
exchange species, the individual multipole must be
appropriately population weighted. The effects of the =
puise were then calculated. Thus immediately after the = pulse
and including population weighting the state multipoles are
(08) j15) = P 1(5)(08 )eq » Where (of),, is the equilibrium state
multipoles. Eq. {10) is then used to follow the evolution of
the longitudinal magnetization and the "motional" behavior
of the spins during the delay . Then, following the physical
significance of Eq. (9) the /2 pulse transforms the
longitudinal state multipoles into transverse state multipoles.
The rf pulses are considered to be delta functions and so do
not cause mixing of the site f and site s multipoles. The
effects of the n/2 pulse were calculated, and the result
formed the initial condition for calculating the evolution of
transverse magnetization during the acquisition period using Eq.
(11). The time evolution of the following term[(af)/ + (all)s]
corresponds to the free induction decay. The spectral line
shape is related to the real part of the Fourier-Laplace
transform of this term, which evolves during the acquisition
period.

Evaluation of Spectral Line Width
The calculated free induction decay and the spectrum
after a # /2 pulse may be obtained from the time evolution

of [("'11) f*’("hs] following the transverse relaxation

expressed by Eq. (1I). For this case the equilibrium

Shien et al.

distribution accounted for the initial conditions of transverse
multipoles, i.e., (O'f)f(s) = Pf(s}(cré‘ ).,q' Since the spectral lines

obtained in an exchange process may not be Lorentzian, the

full widths at half height (denoted by Av,;,) and at one-third

height (denoted by Av,,,) were both used in the evaluation

of exchange data in order to correctly reflect the
contribution of a slow component in the shoulder part of the
spectral line.

Evaluation of Longitudinal Relaxation Time

Simulation of *Mg longitudinal relaxation measurements
derived from the system with two-site exchange was in
essence the same as that for evaluating the null point spectra.
The intensity of the spectral line obtained from the term
[{(co); +(cy);] with 7 delay in the inversion-recovery
experiment was used to represent the magnetization for
longitudinal relaxation. The net magnetization derived from
this was well described by a single exponential with time
constant T,.

EXPERIMENTAL

*Mg obtained as 94.5% *MgO from Cambridge Isotope
Laboratories was dissolved in metal-free hydrochloric acid
and neutralized to a final pH of 7.4 with NaOH prepared in
D,0 solutions. Tris(hydroxymethyl)-aminomethane, tris(hy-
droxymethylJaminomethane hydrochloride and the dis-
odium salt of ATP (Grade II} were purchased from Sigma
MO. D,0 was purchased from Isotect OH. Other chemicals
were of guaranteed grade and used without further
purification. The *Mg NMR measurements were performed
on Bruker MSL-500 and MSL-300 spectrometers operating at
30.62 and 18.37MHz, respectively. Transverse relaxation
measurements were obtained from line width at half height
and at one-third height. The null point spectra and
longitudinal relaxation measurements were obtained using
the inversion-recovery pulse sequence. *Mg NMR null point
spectra were acquired only at 30.62 MHz. Typical *Mg
acquisition parameters were a spectral width of 30 kHz,
digitized into 4K data point with a x/2 pulse length of
about 20 ys, and NS = 30000. A decay of at least 10 T, was
allowed between scans for the T, and null point spectra, The
temperature was controlled within + 0.1 ¢ and was
calibrated with a methanol reference. There is an ~ 8% error
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Table 2. Temperature-dependent Spin-fattice Relaxation Time and Motional Correlation Time for f Site, Dissociation
Rate Constant, Reorientational Correlation Time of Mg™-ATP Complex, and Measured Viscosity at

Different Temperatures

Temp/K 270 275 280 285 290 300 310 320
T, (ms)f 522 63.3 78.1 93.8 105.3 130.4 160.4 190.7
t,(psf 10 8.0 6.4 53 456 38 3.3 23
ks f 643 1100 1500 2000 2800 4300 6500 10000
7, (ps)’ 1600 1350 1090 900 690 530 390 300
n{mPas)®  (3.97) 3.26 2.66 2.28 1.74 1.42 1.07 0.878

2Values have a 8% etror associated with them. "Values have a 6% error associated with them. “Values have a 1.5%
error associated with them. Viscosity at 270 K was obtained by extrapolation data above 270 K.

associated with the T, measurements and a ~ 10% error
associated with the line width measurements.

NMR samples with various ATP concentrations for “Mg
measurement ( Sample A : 40 mM, B : 30 mM, C : 20 mM and
D : 10 mM) were prepared by dissolving  Tris, Tris-HCI,
and ATP in D,O to give Tris 0.18 M, Tris-HC1 0.78 M and
Mg** 100 mM. fonic strength for samples B, C and D were
adjusted with NaClO, to give the same ionic strength (1.38 m)
as in sample A. The pH values of final solutions were about
7.4 at room temperature. Prior to NMR measurement, each
solution was bubbled with nitrogen for 3 min to remove

2500 9 -2500

Fig. 1. ¥Mg spectrum obtained in an aqueous solution of
sample D at pH 7.4 containing 100 mM Mg** and
10 mM ATP at 270 K and 30.62 MHz on a Bruker
MSL-500 Spectrometer. The initial 256 data
points in the FID were used in the analysis of
spectral lines. The two resolved resonance
expressed in dashed lines corresponding to the
Mg**-ATP (broad line) and free Mg?* (sharp line)
states, respectively. Other parameters used are
NS=75000, DW=5 s, and D3=20us. The
[Mg*)/[Mg**-ATP] ratios after corrections for the
effect of initial dead time relaxation was 9.02/1.

dissolved oxygen and then immediately flame scaled inside
10-mm NMR tubes. Samples of various ATP concentrations
([ATP] : 20 mM, 10 mM, 8 mM, 5 mM) with / without Mg**
for *'P measurement at 298 K and 11.75 T (202.46 MHz)
were prepared in the same way, but with different ionic
strength (0.12 m). Here, for a sample containing Mg®, the
concentration of ATP is twice the Mg®* concentration.
Temperature-dependent viscosity of sample A with normal
Mg salt was determined using an Ostwald viscometer with
deionized water as reference at respective temperature.?

RESULTS

Determination of Relaxation Parameters for Free Site of
Mg* Ion

In subsequent data analysis it was assumed that the
value of the electric field gradient at the gradrupolar nuclei
was independent of temperature and that only the direction
of electric field gradient altered. The quadrupolar coupling
constant for free Mg® ion was taken from *Mg nuclear
quadrupolar resonance spectra of MgCl, « 6H,0 measured at
77 K* It yielded a quadrupolar coupling constant and
asymmeiry parameter of 1477 kHz and 0.20, respectively. It
corresponds to an effective quadrupolar coupling constant
17 = 1487 kHz. Mg T, values, measured in the solution
centaining the same composition as in samples A without
ATP, was used to evaluate the correlation time for the
fluctuation of electric field gradient at f site {r,) as listed in
Table 2 according to

20+3 J ) a13)

43t 2043 ) o
T, 1o\r@r-n/
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where the motional narrowing condition is imposed and X
is in Hz.

Estimation of Chemical Shift Separation and
Determination of Relaxation Parameters from Null Point
Spectral Analysis

At 270K the formation of a Mg*-ATP complex in
solution was observed as a single resonance line. It has been
shown that at this temperature Mg** forms a 1 : | complex with
ATP in aqueous solution.”” The dissociation constant of [Mg?*-
ATFP] has been measured by several methods, notably by the
temperature-jump method. It yielded &, = {k_, /&, }=1071*°%
M at 298 K* with ionic strength 0.1 m. In all the samples
involved in this work, the most dilute {Mg?*] concentration
estimated was [Mg™] = 60 mM. The error occurred in
applying P, =C,p/Cy from Eq. (7) which can be
calculated to be less than 0.5% at 298 K. Since the
dissociation constant decreases stightly with temperature, the

approximation is valid over the temperature range studied here.

JL1 JL

Y
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#Mg spectra for deconvolution were obtained with NS =
75000 for sample D (10 mM ATP) and null point spectra were
conducted with NS = 30000 for sample A (40 mM ATP) at
270 K and 30.62 MHz. From theoretical calculation, the
choice of the sample with low complex concentration leads
to a larger separation of resolved chemical shifts. In order to
resolve the slow component, the use of the most
concentrated ATP sample for null point spectral analysis is
needed.

As in our previous work, chemical shift separation was
estimated from tracing the frequency correlation in the free
induction decay" according to the analysis based on the
modification of linear prediction with singular value
decomposition method. For sample D (10 mM ATP) at 270
K the resolved spectra were shown in Fig. 1 in which the
broad peak was assigned to the bound Mg®" resonance.
The spectral intensity for free and bound magnesium ions
after correction for the initial dead time was 9.02:1 which
agrees excellently with a stoichiometric estimation. This

-

N

p’\ﬁ““M’\J

AT

(d} (v

—L. L r N | .

\ L i
19600 HeRTZ | ~10000 HERTZ

0
HEATZ

Q ]
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Fig. 2. Simulated (top) and experimental (bottom) *Mg inversion recovery spectra for sample A near the null point as a function
of the delay 7. The observed line width when the r delay was sufficient to ensure full refaxation was 195 Hz. The r
values and ordinate-magnitying values for the spectra are given respectively by (a) 1.65 ms, 16; (b} 1.75 ms, 16; (c} 1.85
ms, 16; (d) 1.90 ms, 16; (e) 10 ms, 1. The spectra were simulated using Egs. (9), (10) and (11) with quadrupolar coupling
constants g, = 1487 kHz and y, =3600 kHz and fluctuation cotrelations times of the electric field gradient of 7 r =10
psand 7, = 1600 ps and L.B = 25 Hz was used to account for the line broadening in experiment and simulation.
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was also confirmed by the fact that the intensity of the broad
component varies linearly with ATP concentration presented
in samples A, B and C. Thus, an estimated 9.9 ppm was
obtained as the observed peak separation between free and
bound magnesium state at 270 K. This value was taken as
the first approximation for chemical shift difference in the
fitting of null point spectra. Then taking the obtained &,
and increasing the magnitude of chemical shift separation, a
successive approximation has been applied to confirm the
same observed peak separation (9.85 ppm) for sample D at
270K with the final convergent parameters, e.g., y, = 3600
kHz, r, = 1600 ps, k, = 643 s and 5, —8,|=10.8 ppm.
The null point spectra of sample A together with their
corresponding simulations are shown in Fig. 2.

Longitudinal Relaxation and Transverse Relaxation of
Mg** Ions in ATP Selutions

Mg longitudinal measurements
conducted on samples at various temperatures and at 18.37
MHz and 30.62 MHz. The nonexponential transverse
relaxation is evident from the non-Lorentzian line shape due
to slow exchange process, especially for samples at lower

relaxation were

11 (2)

T, (msec)

| L A L U T
270 280 280 300 310 320

T(K)
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temperature. Therefore, in addition to the usual line width
measurement ( Av,,, ) at half height, the line width at one-
third height ( Av,;, ) is also employed to analyze the data. The
calculated and experimental T, and line widths are shown in
Figs. 3-5 for comparison.

Determination of the Dissociation Constants at Various
Temperatures

The longitudinal relaxation and line width measurement
at 18.37 MHz and 30.62 MHz for samples A, B, C, and D
were performed at a temperature range from 270 to 320 K.
The longitudinal relaxation times T, were calculated as
described in Sec. 2.6.

The determined y, and y, along with temperature-
dependent 7, values were used as inputs in the evaluation
of k, and =, at various temperatures. Experimental T, and
line widths at half height and one-third height were utilized
in the data analysis. It was found that within the experi-
mental error the same set of data can fit all A, B, C and D
samples, at a given temperature. The results are shown in
Figs. 3-5. The correlation time for the fluctuation of
quadrupolar interaction at site s, 7, and the dissociation rate

g (b)

-«
-«

T, {msec)
T
»

/

L]

/<

L3

:

/

"~ -

T T T T T T T
280 300 310 320
T(K)

T T T
270 280

Fig. 3. Experimentzl and calculated Mg spin-lattice relaxation rates as a function of temperature. (l),{( ® ),( A )and (¥ )are
measured T, data for samples containing 40 mM, 30 mM, 20 mM and 10 mM ATP, respectively, at (a) 30.62 MHz and (b)

18.37 MHz.
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Fig. 4. Experimental and calculated #Mg full line width at half height (Av,,z) forsamples A(HM).B(@).C(A)andD (¥ )as

Avys (Hz

a function of temperature at (a) 30.62 MHz and (b) 18.37 MHz.
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Fig. 5. Experimental and cafculated Z5Mg full linewidth at one-third height for sample A (W) ,B(@®),C(4A)andD (¥ ) as
a function of temperature at (a): 30.62 MHz and (b): 18.37 MHz
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Table 3. *'P Spin-lattice Relaxation Time of f -Phosphate in ATP
and ATP-Mg** 1,0 Solutions with Ionic Strength 0.12 m
at 298K and a Resonance Field of 11.75 Tand at 7.05 T
as Shown in Parenthesis

ATP(mM) Mg™(mM) T,(sec)*
20 10 0.20 (0.22)
10 5 0.23 (0.24)
8 4 0.28 (0.25)
5 2.5 0.31 (0.31)
20 0 0.18
10 0 0.21
8 0 0.24
5 0 0.27

* 8% crror has been associated with T1, measurement

rate constant used in fitting experiments are listed in Table 2.

DISCUSSION
Compared to previous studies of magnesium ion binding to
ATP, no detailed relaxation theory was applied to the

analysis of previous experiments. The present study used the

18~

15(10'2;35)

2I4 6l8I10I12r14 16
n/T(uPasecKt)

Fig. 6. Fluctuation correlation times of electric field gradient
at free Mp?* site and Mg?™-ATP binding site as a
function of "W/T. The straight lines are the results from
linear regression of the data with slope 111000 and
600 ps K/(mPa s) for s site and f site respectively.
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complete relaxation theory to simulate the spin relaxation
data and, in particular, the null point spectra in an exchange
system. The physical origin of the usual null point spectra
reported previously was related to the effect of the third
rank multipoles for quadrupolar nuclei with [23/2"7,
However, the null point spectra as displayed in Fig. 2 were
the consequence of two different relaxing species in the
slow exchange regime. The quadrupolar nuclei undergo
exchange between a site T in the extreme narrowing
condition and a site s near the dispersion region. Thus, the
component at site f relaxes much slower than that at site s.
The line shape of the s component was figured out from the
spectral shoulder region. The complex formation between
Mg®" and the triphosphate anion resulted in a larger electric
field gradient than that at the free Mg®* ion. Therefore, this
effect along with the slow reorientational motion of the
complex gave rise to the broadening of the spectral line for
site s. Here we refrained from attempting to calculate y,
since a number of important parameters were not known,”
As pointed out by Rose and Bryant,® the absence of
covalent bonds between the exchanging ion and the binding
site also complicates the interpretation of 4, .

The fitting of observed spectra from null point
measurement with those calculated is based upon the line
shape, appearance time, and intensity of null point spectra
relative to the fully relaxed spectrum. Line shape of the nuli
point spectra contains information complementary to normal
longitudinal and transverse relaxation measurements. Also
the position of fine structure that shows up in (a) and (b) of
Fig. 2 is sensitive to the value used for chemical shift
separation between component spectra as the other
parameters are fixed.

Fig. 3 shows the temperature dependence of the
observed Mg T, for various ATP concentrations cited. The
observed *Mg spin-lattice relaxation times were almost
field independent. This could be explained by the fact that
the reorientational modulation of quadrupolar interaction is
much slower than the Larmor precession frequency (cf.
Table 2). The T, minimum that occurred around 290 K
correspended to a value of w,r, =0.133. From the
simulation it was found that the @,r, values corresponding
to T, minimum varied with the exchange rate. The usual
way to use @,7 ~1 to estimate T, minimum was no longer
valid for the exchange system. As shown in Figs. 4 and §
the general trend for the variation of line width with
temperature is the same for all samples. On the low
temperature side, the increase of line width with temperature
indicates that the gradual mixing of the slow component
with the fast component through exchange until reaching the
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maximum width the and then the effect of motional
narrowing appears with increasing temperature. In contrast
to field-independent T, the result for the field-dependent
line widths reflects a larger chemical shift separation of
spectral lines at high field.

The correlation time for the fluctuation of electric field
gradient at the slow site is mainly dependent on the
molecular reorientation. Within the present scope of
quadrupolar relaxation, there is no way to distinguish two
separate motional correlation times as used in the
anisotropic  diffusion model®' Hence, the obtained
reorientational correlation time 1, can be related to the
effective molecular radius using the Debye equation,

P
r =277

14
ST (14)

where k is the Boltzmann constant, r is the effective
hydrodynamic radius of Mg*- ATP complex and 5 is the
viscosity. The bulk viscosity at various

solution

9.5 4

9.0+

8.0+

In k_1 (5-1)

6.5 =

31 3.2 33 3.4 35 38 37
T (100K

Fig. 7. A logarithmic plot of the dissociation rate
constant vs the reciprocal temperature. See text
for comparsion of the activation energy obtained
in other work.
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temperatures may be found in Table 2. The plot of 7 versus
n/Tis displayed in Fig. 6. From the slope of linear
regression result we calculate that r is (.72 nm. It
represented an effective radius of the complex. Further, the
plot of 7 versus /T yields » = 0.13 nm. It is about the
radius of a water molecule. The tumbling-like motion of
water molecules in the hydration layer of Mg* ion may be
accounted for by the fluctuation of electric field gradient at
Mg nuclei of free ions.

The criterion for fast exchange requires 5.z, S6-Fy fhy <<l
where § = |0, -6,|. Insample A (C,;,= 100 mM and C,p
=40 mM } k, = k;= 643 5 it corresponds to a value of
8.7, =18 while at 320 K we obtain £, = 10000 s and
#-1, =0.12. Therefore, in the temperature range studied
here the system is in the intermediate exchange region.

In accordance with *'P chemical shift studies it was
concluded that in aqueous solution with ATP concentrations
above 10 mM, the Mg®'-ATP complex exists as aggregates.
Below this concentration the aggregate dissociates.* It is
observed that the changes in chemical shift of *'P with
different ATP concentrations studied here are within 15 Hz.
The variation of chemical-shift-anisotropy interaction with
ATP concentration may not account for the cause of
differences in relaxation rates. As cited in Table 3. the
dependence of *'P T, upon ATP concentration is also
evident for the presence of ATP aggregation. In view of the
good fit of our model to the relaxation data virtually all the
samples with various ATP concentrations share the same T,.
The value of effective radius of the complex obtained from
the Debye equation suggests that the aggregation of ATP
moieties has no significant influence on the *Mg quadru-
polar relaxation. Furthermore, with variation of ATP
concentrations, the presence of Mg® causes 10~15%
decrease in *'P relaxation in comparison with the correspon-
ding solutions without the Mg®* ion. Since *'P relaxation is
in the motional narrowing region as shown in Table 3, it
indicates that the extent of agpregation becomes less
effective and the ATP moieties become more flexible upon
the addition of the Mg™ ion. In the exchange processes, it is
believed that the complexation between Mg® and ATP
lessens the interaction in aggregation so that Mg relaxation
reflects only short-range molecular coupling. Thus, 1, is not
sensitive to the increase of ATP concentration.

The dissociation rate constant of the Mg®*-ATP complex
as a function of the temperature is shown in Fig. 7. The
activation energy can be calculated from the slope in the
Arrhenius plot as 8.8 kcal/mol (37 k¥/mol), which agrees
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very well with 9.8 kcal/mol found by Sontheimer® and 10.0
keal/mol by Bryant.® Also Vasavada® found an activation
energy of 8.1 kcal/mol with no buffer and Hepes buffer, and
6.8 kcal/mol with Tris buffer,

In the present work ionic strength effects on dissociate
rate were expected to be significant. At 25°C, Vasavada®
found that in a Mg*'-ATP system with ionic strength 0.06 m,
k, = 1200 s, and Bryant® found £, = 20000 s with ionic
strength 4.5 m. The ionic strength in the present system is
1.38 m; we obtained k&, = 4300 s'. The trend with the
variation of jonic strengths seemed to be consistent, but no
direct quantitative comparison and theoretical estimation
could be made here for the present system.

Traditional methods of analyzing quadrupolar relaxation
in exchange systems become more complicated as the
condition of fast exchange exireme is even further
violated. For instance, a valee of 260 ppm for chemical
shift separation was found by Byrant from a *Mg NMR
study.® With this chemical shift separation, the slow
component should be resolved from *Mg spectra. In
comparison with previous work, this study presented more
detailed results regarding the dynamics and relaxation
behavior of the complex. The study clearly demonstrated
that analysis of null point spectra provides a convenient and
experimentally simple means to study the binding
quadrupolar ions in chemical exchange systems and allows
more accurate estimates of the relevant relaxation
parameters.
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