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ABSTRACT

The interactions taking place in aqueous solution at pH = 7.4 between adcnosine
5 triphosphate (ATP) and aluminum were studicd by multinuclear magnetic reso-
nance, As an introduction to the ATP-Al system, a phosphorus-31 spin relaxation
study of ATP alone permitted the sorting out of the different dynamic contributions
to the overall relaxation rate. A solvation model for the triphosphate chain was also
proposed.

ATP-Al interactions were studied by 'H, 1*C, 3P, and %" Al NMR spectroscopics.
Qualitative *'P NMR measurements showed the existence of a unique 4:3 ATP:Al
aggregate present in solution. In this complex, there is the equivalent of one “free”
ATP molecule which is taking part in the aggregate but not directly implicated in alu-
minum complexation. For the three remaining aggregated ATP molecules, all three
phosphates were equally engaged in aluminum complexation. The overall complexa-
tion phenomenon was not dependent upon the total ATP concentration in solution.
The observed M P linewidth field dependencies of the complexed phosphates resulted
from a scalar relaxation of the second kind with the 27 Al nucleus and permitted the
determination of the complex correlation time of 2.8 ns.

'H and " C chemical shifts and spin-lattice relaxation studies permitted the propo-
sition of an overall geometry for the adenosine bases of the aggregate. In this complex,
each aggregated adenosine base is partially stacked and skewed by an angle of about
120° from the other bases. 'H chemical shifts and 3P T} experiments showed the
existence of rapid exchange between a free ATP molecule in solution and a surface
ATP molecule of the aggregate confined in a pre-aggregated state. Two-dimensional

NMR exchange spectroscopy revealed the presence of a chemical exchange between

il



aggregated and pre-aggregated ATP molecules as weil as giving a value of 0.8 57} for
the pseudo first-order rate constant.

#7Al NMR spectra confirmed that the cation was complexed by the triphosphate
side chain of ATD. It also indicated two different aluminum complexation sites with
a ratio of 2:1. Finally, the qualitative and quantitative descriptions of ATDP Al in-

teractions were combined to propose a model of the ATP Al aggregate.
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Chapter 1

INTRODUCTION

Representing 8.1% of the total earth’s crust, aluminum is the most abundant metal
and generally considered to be an inactive biological cation. The iuteraction of alu-
minum with cellular components has recently aroused interest [1] because it has heen
implicated in a number of toxic pathological and biological processes. Abnormally
high concentrations of aAluminum have been detected in the gray matter of the brain of
patients submitted to hemodialysis treatment {2,3] and in a progressive form of senile
dementia often called Alzheimer’s disease [4,5,6,7). The accunulation of aluminum in
the nuclear chromatin of brain cells {8] is believed to be responsible for a progressive
encephalopathy characterized by neurofibrillary degeneration [4,5]. The toxicity of
aluminum [21] is now widely rec~:nized and the volume of literature on the subject
is expanding. Aluminum has been shown to interact strongly with DNA [28,29],
producing three distinguishable complexes in solution, in which the metallic cation
binds to the phosphate groups or produces intrastrand cross-links {28]. In the blood,
aluminum is mainly bound and transported by plasma proteins such as transferrin
and hemoglobin [24,25,26,27]. The interactions of aluminum in model membrane
systems [30,31,32] show that aluminum binds strongly to the phosphate head groups

of the membrane. The effect of aluminum is to increase the fluidity or even induce a



phise separation of the membrane [31,32]. This event could constitute the first step
to the neuro-degenerative process, as the highly selective nature of the membrane has
been diminished. The neurotoxicity of aluminum is manifested by inhibiting a num-
ber of enzymes, such as acetylcholine esterase [33], choline acetyltransferase [21] and
Nat-K* ATPasc [34]. It has also been shown that aluminum inhibits the function of
hexokinase in the brain [10,11,22,23]. The toxic effects of aluminum are thought to be
due to the binding of aluminum to adenosine 5'-triphosphate (ATP) and the conse-
quent inhibition of reactions which require ATP participation. Indeed, the substrate
for most ATP utilizing enzymes in the cell is a complex of ATP and magnesium, and
the possibility of competition with aluminum deserved some attention [10]. For these

reasons, interactions between ATP and aluminum are of significance.

ATP-Aluminum interactions are part of the more general family of metal com-
plexes of nucleotides. This subject has resulted in considerable research activity.
Many approaches and techniques have been combined to elucidate metal binding
in solution [12,13,14,16] and have been compared to solid state studies [12,15]. Nu-
cleotides are made of three subunits, each one possessing some possible chelation sites.
In the case of ATP (sce Figure 1.1), the three nitrogen atoms N-1, N-3 and N-7 of
the adenine base, the two hydroxyl groups of the ribose sugar and the triphosphate
sidde chain represent an impressive series of potential binding sites. Among many
spectroscopic techniques available [17] to study metal complexes of nucleotides, nu-
clear magnetic resonance spectroscopy presents the advantage of looking directly at
the sites of complexation with a great nuclei selectivity. Chemical shifts, linewidths,
spin-lattice and spin-spin relaxation times, and Nuclear Overhauser Effects contribute
sotne powerful NMR parameters which, combined with a wide range of available pulse

sequences [154], makes multinuclear NMR spectroscopies an attractive tool for studies

SV ]



Figure 1.1: Structure and numbering of the adenosine 5'-triphosphate molecule,

of this nature.

ATP-Aluminum interactions were first studied by 3P and ¥ Al NMR spectro-
scopies at different pH values and for equimolar mixtures of ATP and aluminum
[18]. Qualitative interpretation of the obtained results supported the existence of
two complexes in solution.

During the course of our rescarch, two detailed multinuclear ('H, MC, 'P and
27 Al) spectroscopic studies appeared in the literature [19,20]. In the first study [19],
by varying the pH values from 3 to 10 and for different Al/ATP ratios, the presence
of two species in slow exchange with the free ATP in solution was established. For
an equimolar mixture of ATP and aluminum, only a dimer (ATP);Al, species was
present. For solutions in which the ATP concentration was in excess, an (ATDP),Al
species was formed. The formation of the two different species was found to be pll
independent. The data obtained supported the conclusion that binding occured at,

the v and § phosphates of ATP.

In the second study [20], by varying the pH from 1 to 12 but only for equimo-



lar ATP:Al mixtures, the combination of NMR results suggested that at lcast four
different ATP-Aluminum complexes were formed in solution. Their existence was
found to be pH dependent and, under any set of conditions, there was generally more
thian one complex in solution. Around neutral pH, a stacking of nucleotides in a
1:1 ratio was proposed in which the v and 8 phosphates were involved in aluminum
complexation.

It scems that these two publications contain some clear contradictory results
regarding the nature of ATP-Aluminum complexes formed in solution.

We studied the interactions occurring between ATP and aluminum at physio-
logical pH, focusing the work on concentration studies using multinuclear magnetic
resotimice spectroscopies of dipolar ('H, *C, 3P) and quadrupolar (*Al) nuclei.
Since many aspects of this work relied on relaxation studies, the general concepts of
nuclear spin relaxation are outlined in the second chapter. As well, general expres-
sions for the spin-lattice and spin-spin relaxation times were grouped and presented
for dipolar and quadrupolar nuclei. Chapters 4, 5, 6, 7, and 8 will deal with the
investigation of ATP-Aluminum interactions using dipolar nuclei, while in the final
chapter, the *"Al quadrupolar nucleus will be used to probe the environment of the

catlon.



Chapter 2

NUCLEAR SPIN RELAXATION

2.1 Description of Spin-Lattice and Spin-Spin
Relaxation Phenomena

In Fourier transformed NMR an excitation pulse is applied, resulting in a tipping
of the macroscopic magnetization Mp of 90° or 180° . This process is very rapid
and, in most cases, excludes significant relaxation during the pulse excitation [42].
After each 180° pulse, lecading to the inversion of the Ay, the restoration of the
equilibrium of spin population begins immediately due to spin-lattice interactions.
The time scale for M, to regain an equilibrium value My is a measure of the spin-
lattice relaxation time, T7. On the other hand, immediately following a 90° excitation
pulse, which causes M to coincide with the y axis, each microscopic component of
the total magnetization M, tends to get out of phase again due to interactions with
fluctuating local fields. The time scale for this loss of phase coherence is the spin-spin
relaxation time, T3 , which corresponds to the relaxation of M, in the xy plane. M,,
decays to zero as the nuclear spins resume a random precession around Hy without
any phase coherence between them. The signal detected by the NMIR spectrometer
is the decay of M, as a function of time which is called the Free Induction Decay

(FID) [43]. Fourier transformation of the FID results in an NMR spectrum as a



function of the frequency. However, M, may or may not be equal to Ay depending
on whether the spin-lattice relaxation process is completed. Bloch [38] viewed both

of these magnetic processes as first-order decays:

dﬂr’f: AJ: - A‘I
M. _ M M.(t) = My 1 — exp(—t/T})] (2.1)
dt T
dM,, M, _ LA 2.2
= = Ma(t) = Moexp(—7) (2.2)

In most cases these simple equations provide a correct description of relaxation phe-

nomena in the liquid phase.

2.2 Origin of Nuclear Relaxation

Nuclei are isolated from their surroundings by electron clouds and are therefore insen-
sitive to molecular collisions. Furthermore, the probability of spontancous emission
(W) in NMR is very small and is given by the following equation {35]:

2

. 2
W==-—— i == 2.
V 3 N2 AFE with AFE = hwy (2.3)

For a proton at 300 MHz, the spontaneous emission of a photon is 10=2! sec™?.
Therefore, ncither of the above mechanisms is responsible for nuclear relaxation. In
general, two conditions are necessary for a successful relaxation mechanism. There
must be some interaction, electric or magnetic in nature, acting directly upon the spin
systemn, and it must be time dependent. In order to know if at w = wy the interaction
leads to efficient relaxation, the variation of the strength of the interaction over a
frequency distribution is needed. If a random function F(¢) represents a fluctuation
interaction, around a mean value of zero, a measure of its strength is given by the

mean square average F*(¢ + 7)F(t). The autocorrelation function of F(t) is defined



G(r) = F*(t + 7)F(t) (2.4)
This function represents a measure of the persistence of the fluctuations after a time
7. Normalization of G(7) introduces a reduced autocorrelation function:

_G(n) _F{+nFQ®
G(0) =  F(t)F(r)

g(r)

g(7) is large for a short time because the correlation is important but then deereases
to zero when 7 increases as there is a loss of information. It is usually a good
approximation to consider that g(7) drops off exponentially with a time decay 7.
called the correlation time:

9(7) = exp(—7/7c) (2.6)
This has been shown to be the case for random Brownian motion of molecules as they
rotate and diffuse through a fluid [37]. The power spectrum of F(t) is the Fourier

transform of the autocorrelation function:
+00 .
J(mw) = f G(r) exp(—imwt)dT (2.7)
-0
It is usually more convenient to work with the reduced autocorrelation functions:

J(mw) = /+°° F*(t)F(t)g(r) exp(—imwT)dT (2.8)

If g(7) follows an exponential decay the spectral density functions or power spectruimn

are obtained:

—— 2,
=F — T 2.9
J(mw)=F (t)F(t)1 e (2.9)
As well the reduced spectral density functions are defined as:
j(mw) = ) _ 2% (2.10)

FOFD 1+ (mwr)?



Consider a nuclear spin system characterized by two eigenstates [a > and |8 >,
and a perturbation acting on these states represented by a random time dependent
Hamiltonian H(¢) (for example the dipolar coupling between two spins in Brownian
motion). The transition probability W, 5 between these two eigenstates is found using

time dependent perturbation theory [37):
+co .
Wap = f Gap(T) exp(—imwegt)dr (2.11)
-0

whiere Gop(7) is the autocorrelation function of the random function H(%):

Gap(r) = < aH=(t + T)H(2)|B >
In most cases H(t) can be written as [35]:
H(t) = A- F(2)

where A is an operator acting on the nuclear spins and F(¢) a random function. Then

equation (2.11) becomes:

Wag = < a| 4|8 >? J(wap) (2.12)

where < a|A]8 > represents the matrix element of the operator A (see Appendix A).
An essential requirement for relaxation in liquids is that the molecular motion has
a suitable time scale. Interactions which fluctuate with a distribution of frequencies
mich higher or lower than the Larmor frequency wp will be inefficient in relaxing
nuclear spins. Thus, electronic motions and molecular vibrations are unimportant
in liquid NMR [39]. On the other hand, any interaction which fluctuates strongly
at the resonance frequency wo will cause transitions between the |a > and |8 > spin

states and produce powerful nuclear spin relaxation. The time scale for magnetic

resonance is slow, so that diffusion, rotation and torsional motions are important



sources of relaxation in liquids. So are some chemical exchange processes. The
expressions for the spin-lattice and spin-spin relaxation times of a dipolar nucleus in
the case of dipole-dipole, chemical shift anisotropy, and scalar coupling interactions
will now be reviewed. As well, the effects of nuclear transfer on relaxation rates
will be outlined. Finally, quadrupolar relaxation conditions both in the extreme and

non-extreme narrowing conditions will be discussed.

2.3 Relaxation Mechanisms for Dipolar Nuclei

2.3.1 Dipole-Dipole

The prime source of spin relaxation in most diamagnetic liquids arises from local
magnetic fields produced by intramolecular nuclear dipole-dipole interactions. The
magnetic ficld produced at the nucleus j by any nucleus ¢ (I # 0) is given by:

2 2 w—
Hloc = Z:EF:‘ (Mj_l) (2.13)

r,-j

Molecular rotational Brownian motion introduces a time dependence in equation
(2.13) through 6;; and causes these random local fields to fluctuate with a charac-
teristic time scale, 7. , the correlation time. Intermolecular contributions via trans-
lational motion are usually ignored because of the r=% distance dependence of the
rclaxation times Ty and T,. It should be noted that, if the spins I and S are “like”
spins (two protons for example), only the sum < I, + S, > proportional to the mnacro-
scopic magnetization is observed; whereas, if the spins arc unlike < I, > and < S, >
are observed separately (< I, > rcpresents the expectation value of the macroscopic
magnetization along the z axis, at time ¢ and for the nuclear spins I'). In the case of

like spins, the macroscopic equations of motion for the longitudinal and transverse



magnetizations are of the type {35]:

d< I, .

-<‘T-:S‘Z = -%k L+S.>—-<I+85.> (2.14)
1

d<I,+5, > 1

—-——-—ydt : —-ﬂ[< L+ 5, >] (2.15)

whiere the dipolar contribution of the nucleus S to the spin-lattice and spin-spin

relaxation time is given by:

1h%43I

% g;lgiﬁmqu@m] (2.16)
h2+3

Ti;,’ - ll_o—k*”f;’_+l)[sj(0)+5j(w,)+zj(zw)} (2.17)

It should also be noted that equations (2.14)(2.15) and (2.1)(2.2) derived from Bloch’s
equations are equivalent. However, in the case of unlike nuclei, the macroscopic
longitudinal equation of motion for < I. > and < S. > are coupled in the following

manner [35):

d<l> _ -#k L>—<I, > %k S.> =<5 > (218)

<> kar> < I > - ﬂﬂ<3> <S.>) (219)
“’]1('1"'

o= LIRSS 4 D)5y — )+ 3j(n) + G +us)] (220)

% = 11—5 7’%:2(1. t1) [6(ws + ws) — j(wr — ws)] (2.21)

On the other hand the macroscopic transverse equation of motion is not coupled but

simaply given by:

d<I,> 1
bl Rl 29
T, TI < I > (2 )
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where

1 1 B*yjy3S(S+1) . _ _
T =30 e 4(0) +3i(wn) + jlwis)+
6j(wr + ws) + j{wr — ws)} (2.23)

Similar equations hold for TS, T3/ and TS by interchanging the indices I and S.
A very important feature appears in equation (2.18). The polarizations of the spins
S and I are coupled so that an r.f field applied at say w; will affect < S. > while
acting upon < I. >. The second terms in equations (2.18) and (2.19) are due to
crost: relaxation effects between spins § and I. Cross-relaxation can be cancelled by
irradiating the spins S at wg, making < S, > = < §. >¢ = 0, while observing the
spins I at w;. Equation (2.18) then reduces to:

d<lI,> 1
T=—Fﬁ[< I.> — < I, > (2.24)
1

Thus, the solution of the equation of motion for the longitudinal magnetization is a
mono-cxponential with a time decay of ,}fn

In the case of extreme narrowing conditions, that is when weme € 1, the spectral
density functions are no longer frequency dependent and j(0) = j(wo) = j(2wy) = 27..
Under these conditions, normally met for samples of reasonable molecular weight
(say < 1000 MW) in non-viscous solutions, the dipolar spin-lattice and spin-spin

relaxation times for like spins are equal and:

1 1 2.4
heyiI(I + 1)21'

T =71 = G €
T, T r

o
i
[l |
Somr

2.3.2 Chemical Shift Anisotropy

The magnetic field experienced by a nucleus depends upon its clectronic shiclding.

The existence of anisotropic electronic shielding around the nucleus results in a shicld-

11



ing tensor ¢, written in the Laboratory frame L(z, y, z) as:

Trz Oyr O:zf
C= |05y Oy 0Oy (2.206)
Oz Oy O

If the screening tensor is symmetric o,; = o (i # j), ¢ can be diagonalized into a
new set of eartesian coordinate axes (z', ', z’) known as the principal axis of this

diagonal tensor:

!

o 0 0
adn’agonu! = 0 a;y 9 (2°27)
0 0 o

By definition |a,.| < |o,,| < |o.,] represent the principal dircctional components
of this tensor. They are bound to the molecul-r frame and underge modulation
becanse of reorientational molecular motion in solution. The induced magnetic fields
also fluctuate and represent therefore a source of spin relaxation. The spin-lattice

and the spin-spin relaxation times are given by [35]:

1 2
T = %wS(Aa)z (1 + %—) J{wo) (2.28)
1 2
= ey (1 ¥ %) [47(0) + 33(w0)] (2.20)

L ’

where 7 s the asymmetry parameter (n = 27—‘51!) and represents the deviation from
Oss

axial symmetry in which case:

(Aa)? (1 + %2) = (o)~ o)

Ae is the chemienl shift anisotropy term and is defined [103] as:

AO"" ' _(U;=+U;I)
— Yazz 2



2.3.3 Scalar Relaxation

If there is spin-spin (scalar) coupling between the nuclei I and S, their NMR reso-
nance lines will be split into multiplets with a coupling constant J. Secalar coupling
can be a source of relaxation for I if the spin § relaxes rapidly. Such a situation
may be found when S relaxes via a quadrupolar relaxation mechanism. The spin [
will be relaxed by virtue of its coupling with S and the multiplet splitting of 7 will

collapse. This relaxation mechanism was termed the “scalar relaxation of the second

kind” [35] and:

2 12 .
i{ _ S=2iS(S+1) [ Tos . (2.30)
T] 3 1 +(WI —(A)S)Q(Tas))
1 artJ25(S+1) Ts
il T : 2.31
T! 3 [ 15+ 14 (wy — ws)'z(Tz,s)"] (231)

2.3.4 Influence of Nuclear Transfer
2.3.4.a The General Two-Site Case

A simple chemical exchange can be considered in which reversible transfer of & -
cleus X is taking place between two different molecular environments 4 and B. To
study the influence of such a nuclear transfer on both the spin-lattice and spin-spin
relaxation times, the starting point is to use the set of Block’s equations in the rotat-
ing frame of reference [38]. Using Bloch notations, u, v and M, denote respectively
the components of the nuclear magnetizations which are in phase with the rf field
Hi., out of phase with H,., and in the direction of the static magnetic ficld Ify,. In
pulsed NMR, where the magnetization components can be observed in the absence of

the r.f field (wy = vH1: = 0), the modified Block’s equations [44] including chemical

13



exchange are:

. UA Uy Ug
e Vi
2

. u u u
tty = —(w—wglvg— T—zi- - i + ﬁ (2.33)

vq = Flw—wylug—=—- =L+ — (2.34)

. vB UYB | VA =
vy = +(w - wg)ug - E - ; 4 ﬁ (230)

) A_ afA A B

app = MA-ME ME M (2.36)
Tia TA T8

. B _ 3, B A

N o MP-ME MP M (237)
Tis T8 TA

where Ty 4 and T4 are the longitudinal and transverse relaxation times for nuclei in
the environment A with a lifetime 74 and an equilibrium magnetization A in the
2 direction. Similar definitions apply for the state B. Equations (2.32) and (2.34)

t

(2.33) and (2.35) can be added by using the following short notation:

Fap=uap+ivap

and written as follows:

Fy, = —a Fy + r_lEFB
_ (2.38)
Fg = —PoFg+F4
Mgt = M} = —ao(Mg — M2+ L(MF - MP)
‘ . (2.39)
MP-ME = —B(ME~-MB)+ (Mg — M)
with:
1 1
- — 9
“ Tia * TA (2:40)
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1 1 )
Fa = — —_— —_ 24
2 Ton + - +i(w — wa) (2.41)

Similar definitions apply for 3, the B state., Equations (2.38) and (2.39) represent
two sets of two simultaneous equations of the form:
m = —am+bn

(2.42)

n = —-gn+am

the solutions of this set (2.42) of simultaneous equations are of the form [43):
m(t) = Ajexp(—®,t)+ A_exp(—B.t) (2.43)
n(t) = B, exp(—®4t)+ B_exp(—®_t) (2.44)

where ®; , A; and B, are evaluated with the aid of initial conditions and relited

by [45,46]:

By (®x — a)
As b

20: = (a+B)+/|(a— F)?+4ab)

¢, or ®&_ represent either the longitudinal or transverse relaxation time contribution
from site A and B to m(t) and n(t), a and 8 being chosen accordingly from couir-
tions (2.40) and (2.41). m(t) and n(t) then represent the evolution of the transverse
magnetization of each site, the Free Induction Decay (FID), as well as the evolution
of the longitudinal magnetization along the z axis. Equations (2.43) and (2.44) show
that, in the general case, the magnetization decay in each site is no longer described
by a single exponential. The magnetization evolution of cach chemical site m(t) and
n(t) is now governed by two different modes of relaxation due to chemical exchange

between two different molecular environments. A mono-exponential treatment of the
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FIDs would lead to erroncous relaxation data. Two component relaxation behavior
has already been observed for water vapor absorbed on silica gel [48,49] and benzene

molecules absorbed on silica gel {50).

2.3.4.b Approximate Solutions

Equations given for m(t) and n(t) represent the exact solutions of a system in which
i nucleus 1s undergoing chemical exchange between two different molecular envi-
romuents. However, it is possible to derive, under particular physical conditions,

approximate solutions for both the longitudinal and transverse relaxation times [47].

Slow Exchange: The slow exchange approximation will be valid when the rate of
exchange between the two enironments is much slower than the difference between

the two relaxation rates:

TlA le' an TQA T2B

T this case, two unique resonances will be observed with respective transverse and

longitudinal relaxation times:

Site A Site B
1 1 1 1
— = +xgk — = — 44k
T Tia " ® T Tis (2.45)
1 1 1
T, = 1, e T, = Ty Tk

There are no restrictions on the relative values of the chemical shift difference Aw,p

. Under

and the exchange rate k, nor on the relative values of Awap and |-7t -
slow exchange conditions two unique resonances will always be observed, regardless

of whether these resonances are resolved or not. If the resonances are not resolved,
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the observed spectrum will be the overlap of two resonances with their respective

characteristic linewidth and longitudinal relaxation rate.

Fast Exchange: The fast exchange approximations are valid when the rate of
exchange between the two environments 4 and B is much faster than the difference

between the two relaxation rates:

1 1

Tva Tis

1 1

K> -
T).A FJB

and k>

If the rate of exchange satisfies & 3> Aw,g, then the resonances are “exchange nar-

rowed” and a single resonance will be observed and centered at:

W =WAT A +wpTp (2.4G)

with a transverse relaxation time given by [45]:

1 TA Ig 1
— === 4+ ==t zpk AWl 247
T, Tha T B AB ( )

On the other hand, if # €« Aw,4p then the resonances are not “exchange narrowed”

but separated by Awsp and the two resonances will be observed with respective

transverse relaxation times:

1 1

—_— = — 4 k
T, Tha B
(2.48)
1 1 + 2k
o = gk
T3 T28 4

Whether the resonances are exchange narrowed or not, a single averaged lougitudinal

relaxation time is observed:
1 TA Tg

Tiv Tia T
It should be noted that the fast exchange condition for the longitudinal relaxation

(2.49)

times does not necessarily imply the exchange narrowed conditions for the transverse
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relaxation times. In faet, it is possible to observe two different resonances for the 4
and B environments with different respective transverse relaxation times but with

the same averaged longitudinal relaxation time.

2.4 Quadrupolar Relaxation

2.4.1 Quadrupolar Relaxation Under the Extreme
Narrowing Conditions

Nuclei with a spin I > 1/2 possess a nuclear electric quadrupole moment e@. The
existence of an asymmetric electronic environment creates an electric field gradi-
ent eg around the nucleus causing pure clectrical interactions between the electric
quadrupole moment and the clectric field gradient. Modulation of these interactions
by rotational motion induces transitions between nuclear quadrupole levels. Thus,
while the effect is electrical in nature, it does provide a means for magnetic spin relax-
ation. If the fluctuations of the electric field gradient, characterized by a correlation
time 7, arc fast enough so that wer, <« 1 (called the extreme narrowing conditions),

then nuclear quadrupole relaxation can be described [35] by:

1 3n? 2543 72\ (e2qQ\’ o
T T, 10 IP(2I-1) (1 + ?) ( ) (2:50)

1
T,
where 57 is the asymmetric parameter that measures the departure of the nuclear
environment from axial symmetry (7 = 1‘3”—:-’“) X = (%E-Q) is the quadrupole
coupling constant. Unless the electric field gradient is very small or zero due to

molecular symmetry, this mechanism dominates the relaxation of most quadrupolar

nuclel,
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2.4.2 Quadrupolar Relaxation Under the Non-Extreme
Narrowing Conditions

In studies of ion complexation with biological macromolecules like DNA, proteins
or other macromolecular systems like molecular aggregates, the extreme narrowing
condition usually applies for the free ion in the bulk solution. However, the extrene
narrowing conditions are often violated for the bound site, as a result of the slow
motion of these macromolecules. In the latter case, the concept of relaxation time
has to be revised for spins I > 3/2 as the longitudinal and transverse magnetization
decays are multi-exponential [51]. This is in contrast with spins I = 1 like Deuterium,
for which the longitudinal and transverse magnetization decays are still governed
by a single exponential [35]. For spins 3/2 (®¥Na, I, ¥ Rb) the longitudinal and
transverse magnetizations evolve as a weighted sum of two exponentials [51] and

analytical equations were derived [52] and expressed as:

4
M(t) = Mg(O){l—[Eexp(—TLn)-P%cxp(—ﬁ)]} (2.51)
2
Ma(t) = Mey(0) [gexp(=70) + 3 oxp(=7) (2.52)

The spin-lattice and spin-spin relaxation times corresponding to the single quantum

transition m = 1/2 -+ m = - 1/2 are:
1 w? 7\ .
- = = L 2.53
1 Tt 7?2 .
—_— = — 14 L) ¥ 2w 2.54

while for the m = & 3/2 — m = £ 1/2 transitions:

1 m? 7\ 2
_ = — _— y 9255
0 E (1 +3 ) x"7(wo) (2.55)
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= = 5 (1+5) ¥l +iteol (2.50)
T2 10 3
Equation (2.51) shows that the evolution of the longitudinal magnetization is com-
posed of two distinct modes of relaxation [53]: a slow relaxation component (7-)
with 80% weight and a fast relaxation component (7-) with a weight of 20% of the
total magnetization M?. A similar situation holds for the transverse magnetization
whicl is composed of a narrow component (lef) with 40% weight and a broad com-
ponent (7=) with a weight of 60% of the total transverse magnetization M?,. Fourier
transformation of the transverse magnetization does not yield a single Lorentzian line
shape but the overlap of two Lorentzians composed of a broad (equation (2.56)) and
a nirrow (equation (2.54)) component. Deviations from a simple exponential decay
are not exceptional and non-Lorentzian line shapes have already been observed, for
example, with 2Na [54,55,56].
For a §/2 nuclear spin (like *Mg, ¥"Al, %"Zn) the relaxation behavior of these

muclei is more complicated and it will be dealt with in detail in Chapter 9.



Chapter 3
MATERIALS AND METHODS

3.1 Introduction

Spin-lattice relaxation time determination has increasingly become an indispensable
tool for solving chemical problems and understanding solution dynaics [57]. Fourier
transformed NMR has made simultaneous spin-lattice relaxation time determination
possible for each nucleus of a complex molecule [58]. During the 70's there hias heen
a proliferation of pulse sequences {61,62,63,64,66,67,68,81] for measuring longitudi-
nal relaxation times leaving the NMR spectroscopist with a wide choice of pulse
sequences. The choice of a method depends on many factors: the specific nuclei and
chemical problems under investigation, the accuracy of T values to be achieved and,
finally, the amount of spectrometer time available.

It is important to realize that there are two main sources of measurement errors
associated with T determination. The use of a specific pulse sequence sometimes
depends upon the availability of the appropriate hardware on the spectrometer hut,
once the choice is made, it is associated with the inherent limitations of the pulse
sequence which generates systematic measurements errors. The experimentalist can
do little to minimize them. On the other hand, the adequate choice of an optional

set of experimental parameters [70,71,72,73], like the initial evolution time, the pulse
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delay, the spacing and the number of evolution times contributes toward the min-
imization of randoem measurement errors on T determinations. The selection of a
method [69] is of considerable importance for minimizing experimental and instru-
mental uncertainties, as well as the length of time spent on the spectrometer, to

determine spin-lattice relaxation times.

The different techniques commonly used for T} measurements can be divided into
two classes. The first class includes pulse sequences that perturb the magnetization
Ay from its equilibrium value, and then acquire the nuclear magnctization after
various different evolution times 7. This method is commonly used in Saturation
Recovery (SR) [63], Inversion Recovery (IR) [58], Fast Inversion Recovery (FIR)
[61], and Modified Fast Inversion Recovery (MFIR) [62] pulse sequences. The other
technique is to prepare the magnetization in a series of different steady-states before
sapling takes place. This is achieved in Progressive Saturation (PS) [64,66] and
Variable Nutation Angle (VNA) [67,68] pulse sequences.

When signal averaging is needed and the T is not too long, IR is the most com-
monly used pulse sequence for T} determination because it is the best experimental
approach to yield accurate T} results [69,72]). However, the system must be allowed to
relax back to its equilibrium state before the pulse sequence can be repeated. Typical
pulse delays (PD) range from 5 to 7 T [60]. For low sensitivity nuclei like 3'P,'3C, or
"N with long T; values, the need for this lengthy pulse delay at the end of each pulse
scquence, can be time consuming and is an obvious limitation to this pulse sequence.
In such cases, a better choice would be to use the FIR or MFIT pulse sequences in
which typical PD values are in the order of 2 T} {61,62]. In order to reduce systematic
T; error when using the IR method, the spectroscopist has to be aware that these

pulse sequences are scnsitive to off resonance effects, due to the finite pulse power

(o]
2



available, but has the advantage of tolerating pulse angle missetting by a few degrees
[70,71).

The selection of the saturation method [63,64,66] represents an alternative for
measuring spin-lattice relaxation times. The danger of this method lies in the possible
formation of echoes [59] which necessitate the application of field gradients [64], not
always appreciated by the spectroscopist. As well, the method is quite sensitive to
90° pulse angle missetting [70] and does not possess the attractive dynamic range
(sensitivity) of the inversion method [66,69). All these features make the saturation
method less prone to be used in T} measurements, unless the relaxation time becomes
too long (typically longer than 5 sec). In such cases the SR pulse sequence is preferred

over the PS pulse sequence for accuracy reasons [69)].

3.2 NMR Spectrometers

Two different NMR spectromecters were used to study the T; field dependency, The
resonance frequencies of 3P were 121.421 MHz (XL-300 Varian spectrometer) and
32.198 MHz (FT-80 Varian spectrometer) using quadrature and single phase detee-
tion, respectively. NMR tubes (Wilmad Glass Co.) were 10 mun on the FT-80 as
opposed to 5 mm on the XL-300 (the probe used on the XL-300 was a § mun broad-
band). For both fields a 20% D,O solution was used to catch the internal field lock,
and the sample temperature was kept constant at 22 + 1 °C throughout the stud-
ies. The pulse width calibration was done on a solution of ATP 100 mM at pH 7.3
with 20% D,0. The 90° pulse widths determined by the 360° mecthod (null method)
were 47 ps and 14.5 ps on the FT-80 and XL-300 respectively. Chemical shifts were
referenced to an 85% H3PO, solution with a coaxial tube filled with D, 0.

An important instrumental requirement for the inversion recovery experiment is
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Figure 3.1: Offset resonance effects and definition of the angles &, ¥ and ¥ in the
rotating frame of reference.

a suflicient r.f pulse power H, to irradiate the spins throughout the spectral window
of interest AH, [70]. In practice however, because of the finite radio frequency pulse
power available on the spectrometer, resonance offset effects may arise. This refers
to the magnetization which, away from the exact resonance frequency 7H, , does not
tip about the applied r.f field Hy but rather about an effective field H g [66] as shown
in Figure 3.1. The angles @, ¥ and ¥’ (corresponding to a 90° and a 180° tipping of

the = magnetization respectively) are defined by:

AH,

tan P = 72 ¥ = vH gig ¥’ = yH.gt1s0

in which AH, represents the offset from exact resonance. The effective field H,j is

given by:

Heﬂ = \/H?'*‘AH?
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H, AH,| k K’ K

(gauss) | (theoretical) | (experimental)*

FT-80 (3.1 04 [0.01 -097] -0.96 + 0.01t

XL-300(10.0 1.5 [0.01 -0961 - 0.95 + 0.01t

Table 3.1: 3P field strength, spectral window and pulse imperfection values at 32
and 121 MHz. () The experimental values represent the average over 39 k' values
on the FT-80 and 35 on the XL-300 NMR spectrometers. (1) The experimental &/
values are reported with the error as twice the standard deviation.

For a 90° pulse, the residual longitudinal component of maguetization immediately

after the pulse (M7}) in terms of the longitudinal component before the pulse (M)

can be written as [66]:

M :' = kM with k =sin® ® + cos? ¢ cos ¥
or for a 180° pulse as :

M =kM; with k' = sin® & + cos® ® cos '’

These k factors reflect the imperfections of the r.f pulse throughout the spectral win-
dow due to the finite pulse power available. In the case of perfect 90° and 180° pulses
k=0 and k' = - 1. Deviation from these ideal values results in erroneous signal
intensity measurements leading to systematic errors [69,70,71] in T} determination.
Determination of the pulse power and frequency offsets at both fields allowed the
theoretical £ and &' factors to be calculated (see Table 3.1). With regards to the
form of the equation of M,(t) taken in a non-linear regression analysis (sce equation

(3.1)) only the experimental &' could be determined. We report this experimental

25



value obtained from a curve fitting to the experimental data sets and there is ex-
cellent agreement between the theory and the experiment. At a frequency effect
corresponding to the resonance of the # phosphorus of ATP, we observe minor devi-
ations from ideal values of &' = — 1 and & = 0 which still fully satisfy the criterion of

ideal experimental condition at both fields [70].

3.3 Phosphorus-31 Spin-Lattice Relaxation Time
Measurements

Each sample in this study was oxygen degassed by bubbling argon through the solu-
tion for 15 minutes. The solution was then allowed to reach thermal equilibrium in
the spectrometer probe head (typically 10 to 15 minutes).

The inversion recovery pulse sequence was used to obtain all Ty values with-
out. proton decoupling. The pulse delay (PD) was always greater than 5 (T} )mex
[60]. In order to obtain accurate T} measurements we have used at least 7 to 10
different T values, generally lincarly spaced from 0.1 Ty to 2 Ty [71,72]. For the
most accurate results, the increment chosen between two successive 7 values satisfied
037, <7 <17, [72). For the ATP-H,0 system the reported average T; values
for cach phosphate at both fields represented at least three to five 7; measurements
on the same solution. In the case of the ATP-AI(III) system, we were only able to
determine one Ty value per sample because of sample decomposition, typically four
hours after the solutions were prepared.

Taking into account systematic errors due to resonance offset [71] and random
crrors arising from the experimental parameter set [72] for these experiments, the
standard deviation obtained o(T}) is about 2 to 3% of the T (see equation (3.2)). It

is important to note that these calculated standard deviations do not include errors



due to sample preparation which could introduce a 5% error in the Ty data. Because
all of the T} and NOE measurements have been determined at both ficlds on the
same sample, we consider our data to be “free” of sample preparation errors, and
these errors will not be taken into consideration in further calculations.

Typical accumulation time was 4 sec over 1000 Hz (FT-80) and 4000 Hz (XL- 300}
sweep width. Signal averaging was performed until a signal to noisc ratio of at least
100 was achieved. Each FID was then Fourier transformed, without any weighting

function unless indicated, using the full 8K (FT-80) and 32K (XL-300) data tables,

3.4 3'P-{'H} NOE Factor Measurements

Nuclear Overhauser Effects were measured by using a gated decoupling techniqgue
with the pulse delay equal to 10 times (T} )mar [60,78]. This fastidious waiting pe-
riod results from the non-exponential recovery rate of the M. magnctization [78§].
The decoupler utilized on the XL-300 was a Waltz-16, a broadband heteronuelear
decoupler, which offers substantial improvement in decoupling efficiency [77] while
using considerably less decoupling power (0.5 Watt) and preventing sample heating
problems. Experiments on the FT-80 were performed by using a pscudo-raudom
noise decoupling power of 2.5 Watts spread over a noise band width of 1000 Hz. The
frequency of the decoupler offset was set in the middle of the proton spectriun at

both fields. The NOE enhancement factor 5 was measured [57] using;:

n+1=I(on)/I(off)

where I{on) and I(off) refer to the peak heights when the decoupler is turned on or
off, respectively. Reported n values at both fields represent the average of typically

four successive measurements on the same sample used to determine T values, while
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o values represent twice the standard deviation.

In order to mcasure NOE factors with a degree of confidence better than 10%
[79], signal averaging was performed until a signal to noise ratio better than 100
was achieved. Special care was given to phasing spectra in view of minimizing in-
tensity errors resulting from a poor phasing [80). Because sharp peak intensities are
influenced by field inhomogencities, the NOE factors measured by intensities have
been compared, in a few cases, with a more time consuming peak area measurement
method [80] (the product of the peak height times the width of the peak at one half
peak height). The results by the peak area method were in very good agreement

(within two ¢ of our original measurements).

3.5 Data Analysis

Longitudinal relaxation times were evaluated using a non-linear three parameter least

square procedure which minimizes the following quantity:

Q = Z [y- - f(tl'?k"r MOle)]2

where y; are the measured intensity peak heights and f represents the three parameter
(K, My, T1) relaxation function. In the case of the inversion recovery sequence the

evolution of the longitudinal magnetization for different recovery times ¢; is given
by [G9]:
E1 - e—!/T:) + k'(l - e-PD/T;)e—tIT:]

M(t) = My [1 — kkte~PPITig=t/Ti]

A few justified approximations can be made. Keeping the pulse delay (PD) greater
than § (7 )mar makes the exponential term e~PP/Ti pegligible. As well, the theoretical

product k&' & 107 is very small (see Table 3.1) and under these conditions:

M(t) = Mo [1 = (1 - ¥')e™/T] (3.1)
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Equation (3.1) represents the three parameter relaxation function in which field in-
homogeneities and pulse imperfections are being considered. At this point, there
are basically two reliable methods for determining T} from experimental signal in-
tensities M. (), by using a linear regression analysis [75] or a non-linear least square
minimization with two [82,74] or three [83] parameters. There is also the use of o
semi-logarithmic method but, apart from its simplicity, it docs not provide any other
advantage. In fact, this technique is considered to be imprecise and time conswn-
ing because it requires an accurate measurement of the cquilibrium magnetization
My [71]. Both disadvantages can be avoided by fitting the experimental values to
an exponential function of the type given in equation (3.1). We have chosen the
non-linear three parameters least square fitting procedure because it does not entail
the precise additional experimental determination of the r.f inhomogencity factor K’
for each resonance line {84], which is needed in the case of lincar [75] or non-lincar

82| analysis with two parameters.
A f P

For each phosphorus longitudinal relaxation time of the triphosphate chain of

ATP the precision of our measurements is reported as twice the standard deviation

o(T}) calculated from [73]:

ofy) _ (_S_)‘ 5w+ (Tiuw)?]?
T\ \N (Xiu?)?

in which u; and v; are the dimensionless functions:

u; = 9 Ji ,~n/Ty
and !

v, = 1-— 2e~ /M
S/N is the signal to noise ratio, T} the spin-lattice relaxation time and 7; the different

recovery times in the IR pulse sequence.
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3.6 Sample Preparation

It is well known that phosphorus spin-lattice relaxation times are extremely sensitive
to paramagnetic impurities. It is therefore crucial to remove every trace of para-
magnetic ions in the sample. Throughout this work, the pH of the solution was
kept constant at 7.40 + 0.05 (20% D,0 solution). The pH meter reading (Corning
pH /ion meter 155) was always corrected for the deuterium isotope effect. The Corn-
ing pH eclectrode was filled with saturated ultrapure KCl1 (Alfa Products) dissolved
in triply distilled water, and standardized using a pH = 7 buffer solution (Fischer
Scientific Company). A cation exchange resin (Amberlite IR~120 analytical reagent
20 -50 mesh) was loaded on a column, treated with HCL (2M), rinsed with triply
distilled water and then converted into the sodium salt by passing through 2M ultra
pure sodium hydroxide (Alfa Products). The pH of the column was then adjusted
to pH = 8 by rinsing it with triply distilled water. The 20% D;O solution used :o
prepare all sample solutions was passed twice through the column. The water bed

was then removed by blowing nitrogen through the column.

ATP stock solutions (0.2M, 25 ml) were prepared as follows. In a volumetric
flask, ATP (Sigma Company) was dissolved in 20% D, 0O solution and then adjusted
to pH = 6 with ultra pure solid sodium hydroxide pellets, handled with teflen coated
tweezers. Paramagnetic jons in ATP were then removed by adding and stirring 2 g
of the dry treated resin into the ATP stock solution. The total exchange capacity
was 5.0 meq/g corresponding to a potential removal of approximately 3 mmol of Fe®+

ions.

Hexahydrated aluminum chloride (99.999%) gold label (Aldrich Company) was

used without further purification. The stock solution was (0.2M, 50 ml) in 20% D,0
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solution and used without any pH adjustment.

Aluminum-ATP samples were prepared by mixing, in the following order the
appropriate amount of ATP, 20% D;0 solution and the aluminum solution using
micropettor syringes (Scientific Manufacturing Industrices).

At this stage, typically 0.1 mM of solid EDTANay was added to the 4 ml sample
solution, and then the pH adjusted to 7.4 using ultra pure pellets of sodium hydroxide
previously dried under vacuum (120 °C overnight). Removal of oxygen was carried
out in the NMR tube by argon bubbling for 15 min. Every sample was then scaled
with parafilm.

Every piece of glassware used throughout for sample preparation {pipettes, heakers,
vials, syringes, caps) was carefully washed iz a hasic EDTA (50 ml) solution batls,
rinsed three times with triply distilled water and then dried in the oven. Spatulas
and tweezers were all teflon coated. NMR tubes were soaked in concentrated HCI,
washed at least twice in an EDTA bath, thoroughly rinsed with triply distilled water

and finally dried in the oven.
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Chapter 4

PHOSPHORUS-31
SPIN-LATTICE RELAXATION
OF ADENOSINE
TRIPHOSPHATE IN AQUEOUS
SOLUTIONS

4.1 Introduction

There is an extensive variety of important biological compounds containing phos-
pliorus atoms. Morcover, this nucleus is easily detectable due to a relatively high
gyromagunetic ratio ¥ = 10.8289 rd. T-!. sec™!, a natural abundance of 100%
and a receptivity of 377 compared to ¥C [114]. These NMR properties makes it
a convenient and popular tool to probe molecular dynamics in solution, by means
of relaxation studies and there is already a great deal of data present in the liter-
ature for phosphorus-proton NOE and phosphorus spin-lattice relaxation times of
orthophosphates [85,86,87,88,89,90,130], mononuclectides [101] and polynucleotides
[91,92,93,102] solutions.

In the early studies on aqueous orthophosphate solutions, several investigations

have shown that the variation of the relaxation rate of phosphorus was strongly



affected by the pH [85,86,87]. The trend of the T}-pH profile for such molecules
generally showed several minima for T} values close to the pIk,; of the different jonic
species present in solution. However, large relaxation rate discrepancies were ob-
served in orthophosphate solutions. For example, at pH = T, the ¥'P rclaxation
rate can vary from R = 1.0 sec™!, corresponding to a maximum relaxation rate for
non-purified samples [86], R = 0.2 sec™! for samples treated with a Chelex resin [87).
to R = 0.065 sec™* for highly purified samples [90). There has been a clear demon-
stration [90] that the 77 was almost independent of the pH in rigorously purified
samples and the observed minima 7} values from previous studics were erroncously
attributed to different jonic species in solution [85]. In fact, differences in Ty values
were largely dominated by paramagnetic impurities in solution [87,90] . In the case of
orthophosphate solutions it has been possible to separate the different relaxation rate
contributions to the overall spin-lattice relaxation rate and to analyze the dynmnies
of orthophosphate ions as well as to proposc a solvation model for this compound in

solution [90].

The influence of paramagnetic impurities present in aqucous solution samples were
also studied for different nucleotides [87). For ATP in the presence of parmmaguetie
ions in solution, all three phosphorus relaxation times were very similar regardless
of the solution pH. A clear distinction between relaxation rates for each phosphate
occurred when paramagnetic ions were removed by Chelex or EDTA treatmernt qd
longitudinal relaxation times generally followed the trend T)(P.,) > Ty(Py) > Ty(DP,,).
In this study {87], the T,—pH profiles were still tainted by minima, showing the pres-
ence of paramagnetic impurities left in solution. Although there are phosphorus spin-
lattice relaxation data available for nucleotides [87,92,03,115], different contributions

to the overall T} were not clearly resolved. Relaxation parameters like chemical shift
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anisotropy values, correlation times and spin-rotation coupling constants were not
unambiguously determined. As well, no detailed solvation model presently exists for
the phosphate side chain of nucleotides.

In this work, we have resolved the different dynamic contributions to the overall
spin-lattice relaxation rate for the three different phosphorus atoms of the triphos-
phate chain of ATP. As well, we have determined the correlation times and chemical
shift anisotropy values of the @, 8 and v phosphorus atoms. A solvation model was
also proposed for the triphosphate chain that is compatible with our results at a pH

of biological importance (pH = 7.4).

4.2 Results of Phosphorus-31 and Carbon-13
Measurements

Previous reports have clearly shown the dependence of phosphorus T} values on
puramagnetic contamination. Only a few research groups have been able to extract
valuable information from orthophosphate, mono and polynucleotides soluiions via
phosphorus spin-lattice relaxation (90,113,133] or NOE measurements [100,101,102]
because of careful sample preparations. Any comparisons to literature data should
be done cautiously.

A typical example of erroncous Ty value determinations is given in Table 4.1,
case (1), No special treatment of the sample solution was done and we observe quite
similar relaxation times for the v and g phosphorus atoms of ATP (7} = 1.0 sec).
Substantial improvement was achicved by use of distilled water and ultra pure NaOH,
as the P, and Py relaxation time values were double and became clearly distinctive
(see case (2)). Finally, erroncous T data (case (1)) can be compared with reliable T}

values when sample preparation is appropriately and carefully done (cases (3), (4)
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Case Sample Preparation T](p-,) {sec) T](Pa ) (sec) T| (Pﬁ) {nec)

(1) No special treatment 1.06 1.42 0.96
o 0.04 0.05 0.04
ATP used as is
(2) Distilled water 2.19 1.81 1.77
Ultra pure NaOH
o 0.05 0.04 0.04
(3) Ascase(2) + 3 mMEDTA 3.97 1.91 2.72
o 0.06 0.04 0.05
ATP treated on resin
(4) Distilled water 4.02 1.97 2.65
Ultra pure NaOH
o 0.06 0.04 0.0
(5) Ascase(4) + 3 mM EDTA 3.87 1.89 2.69
o 0.06 0.04 0.05
T 3.95 1.92 2.69
2a(T}) 0.06 0.04 0.05

Table 4.1: 3'P longitudinal relaxation times as a function of sample preparation at
121 MHz. Experimental T) values are reported with the error as twice the standard
deviation (see Section 3.5). Experimental conditions were: pH = 7.4, 20% D,0),
T = 22 °C, [ATP] = 100 mM, S/N > 100 at 121 MHz.
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Tl- {sec) 7.34 | 5.55 | 7.80

T o) | 6.2 | 45 | 7.0

Tuble 4.2: ATP phosphorus-31 longitudinal relaxation times at 32 MHz. (*) This
work, 32 MHz, 20% D0, 22 °C; (}) from reference {104] 40 MHz, 10% D,0 and 4 °C.

and (5)). An upper limit plateau is reached for each phosphorus atom which then

takes its own true Ty value.

Figure 4.1 shows a typical phosphorus-31 T) inversion recovery experiment cor-
responding to the case (4) of Table 4.1. It has been difficult to compare our results
with published data because experimental conditions often differ from one work to
another (frequency of observation, D,O content, pH and temperature of the solution),
or simply because of a lack of confidence in published T; data of free ATP [87,103]
which are generally too short. As well, studies of the pH-T) profile [87] closely resem-
ble those found for inorganic phosphates, indicating in both cases sample contam-
ination by paramagnetic impurities. Among available 7} data on mononucleotides
[87.92,93,115], we have only found one example of published relaxation times of ATP
[104] which agree closely with our results (see Table 4.2). In that study, we have to
consider that the measurements were made at 4 °C and at 40 MHz. Under these
conditions, the contributions of both CSA and dipolar mechanisms to the overall
Ty data will be smaller in magnitude, resulting in a lower overall T} for all three

phosphate groups.

The overall relaxation rates for each phosphorus atom v, 8 and « are presented
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Figure 4.1: Display of a phosphorus-31 inversion recovery nmr experiment of ATP at
121 MHz. For experimental conditions see Table 4.1. Instrumental conditions were:
spectral width of 4000 Hz, acquisition time of 5 sec, pulse delay of 20 sec, no proton
decoupling and 40 transients in 5 mm tube. Recovery times in seconds are shown
near each spectrum.
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in Table 4.3, at two different magnetic field strengths, in 20% D,O solution and at
T =22+ 1°C. From our experimental relaxation rates at two different magnetic
fields, and for each of the three individual phosphates of the triphosphate chain
of ATP, we observed a clear field dependency upon the relaxation rate efficiency.
This means that relaxation by chemical shift anisotropy was definitely one of many
possible sources of relaxation contributing to the observed overall relaxation rates of
phosphorus nuclei in ATP molecules. For example, the a phosphorus at 121 MHz
had a relaxation rate of R(obs) = 0.521 sec™! compared with R(obs) = 0.180 sec™! at
32 MHz (sce Table 4.3}. Chemical Shift Anisotropy (CSA) only becomes an efficient
relaxation mechanism at high magnetic field strengths, as it is dependent upon the
syuare of the magnetic ficld (see Section 2.3.2). Contribution of CSA to the overall
relaxation rates has to be caleulated. Consider the observed relaxation rates at w,

and wey!
R(obs,w;) = R(CSA,uw,)+ R(left,w,) (4.1)
R{obs,w;} = R(CSA,w:)+ R(left,w,) (4.2)

Assuming that for each phosphorus nucleus the leftover relaxation rate R(left) is
not dependent upon the frequency of observation, equations (4.1) and (4.2) can be

subtracted and rearranged to obtain:

_ R(CSA,uwy)

R(CSA,w) = [1 R(CSA,w)

] [R(obs,w;) — R{obs,w,)] (4.3)

The ratio R(CSA,w;)/R(CSA,w,) is evaluated by expressing the CSA relaxation

equation at two different pulsations (see equation (2.28)). Equation (4.3) becomes:

R(CSA, wy) = ——1i{@1) S[R(obs, 1) — Rlobs,wa)] (4.4)

wfj(w,) - ng(‘-‘-’z
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P, P, P,

V; VQ Vl v'g V, v;»

fi(obs) (sec”!) | 0.253 0.136 | 0.521 0.180 | 0.372 0.128

20 0.004 0.002 | 0.008 0.003 | 0.007 0.002
R(CSA) (sect) | 0.125 0.008 | 0.365 0.024 | 0.261 0.017
+ 0.005 0.0003 | 0.010 0.001 | 0.008 0.001
R(left) ety | 0.128 0.128 | 0.156 0.156 [ 0.111 0.111
+ 0.007 0.007 | 0.007 0.009! 0.005 0.008
Tobs 026 055 | 019 0.72 | 0.13 0.53
20 004 0.05 | 0.03 0.08 | 0.02 0.05

R(P~H) (sec=t) | 0.054 0.061 | 0.082 0.105 [ 0.040 0.055
* 0.009 0.006 | 0.014 0.013 | 0.010 0.006

R{other) (sec=t) | 0.074  0.067 } 0.074 0.051 | 0.071 0.056
+ 0.016 0.010 | 0.016 0.010] 0.015 0.010

Table 4.3: Decomposition of the 3P overall relaxation rates into the different
operating sources of relaxation. Experimental conditions were: V; = 121 MHz,
V; = 32 MHz, 20% D,0, T = 22 °C, pH = 7.4, [ATP] = 100 mM.) The reported ob-
served relaxation rates R(obs) and NOE factors 7,5, represent the average of at least
three measurements on the same sample and at two different ficlds. All experimental
values are reported with an error of twice the standard deviation (sce Section 3.5).
Calculated relaxation rate values are reported with their respective uncertainty which
was calculated using a rigorous crror calculation.
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in which j{w,) represents the spectral density function at w; (see Section 2.2), The
contribution of R(CSA) at the pulsation w, is identical to equation (4.4) by inter-
changing the indices 1 and 2.

The contribution of CSA at a pulsation w,; (equation (4.4)) to the overall relax-
ation rate can be calculated if two T) measurements at two different pulsations, w;,
and wy, have been measured and if the rotational correlation time 7. of the phos-
phorus atom considered is known. For our purposes it will be assumed that the
rotational correlation time of the three phosphorus atoms is identical to that of an
ATP molecule. This assumption will be justified in the discussion section.

The contribution of CSA mechanism to the overall relaxation rate is reported
in Table 4.3, and is preponderant at 121 MHz R(CSA, P,) = 0.365 sec™! but neg-
ligible at 32 MHz R(CSA, P,) = 0.024 sec™!, as expected. Its efficiency to relax
the three phosphorus atoms of the triphosphate chain is different and occurs in the
following order: P, > Pg > P.. Note that even though the spectral density func-
tions j(w;) are very weakly frequency dependent, neglecting them in equation (4.4)
would introduce some error to the third significant figure. For example, at 121 MHz,
R(CSA, P,) = 0.122 scc™! when calculated with the approximate equation (4.4) in
which j(w;) = j{wz2), instead of 0.125 sec™! as indicated in Table 4.3.

We also report in Table 4.3 a leftover relaxation rate defined as:
R(left) = R(obs) — R(CSA)

due to other relaxation mechanisms. It was immediately observed that, for cach of
the three phosphorus atoms, the leftover relaxation rates were not dependent upon
the frequency of observation, which justifies our previous assumption used to derive

cquation (4.3). Furthermore, for cach phosphorus atom at two different fields the
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results were identical, providing confidence about the reliability of the measured T,
data.

We have determined the phosphorus Nuclear Overhauser Effects (NOE) upon
broadband proton irradiation for samples containing 20% D,0O (at 121 MHz and
32 MHz, see Table 4.3) and 70% D,0 (121 MHz only, sec Table 4.4).

Figure 4.2 gives an example of NOE spectra obtained at 32 MHz. The experiments
consisted of applying a strong r.f field at the proton resonance frequency wy so that
the proton longitudinal magnetization becomes zero. The phosphorus magnetization
was then enhanced by a factor [208):

Yo  OpPH

obs =
7 TP prH + PP

(4.5)

where vy and 4p are the gyromagnetic ratio of proton and phosphorus respectively
and opy represents the cross-relaxation rate between phosphorus and proton nuelei
(see Section 2.3.1). ppy; is the phosphorus heteronuclear dipolar relaxation rate while
pp represents other relaxation mechanisms contributing to relaxation of phospliorus.
If the extreme narrowing condition applies then ppy = 20py (sce equation (2.20)
and (2.21)) and the observed NOE factor ecquation (4.5) becomes:

TH Prit

A (4.6
2vp pri + ph )

TNobs =

If the relaxation of phosphorus nuclei is not purely dipolar, the observed NOE will

be smaller than the expected theoretical maximum value of;

in the case of pure dipolar relaxation (pp = 0) in the extreme narrowing conditions.

Otherwise, the theoretical maximum NOE factor becomes frequency dependent aned,
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Figure 4.2: Proton decoupled phosphorus-31 Nuclear Overhauser Effects of ATP at
32 MHz. For experimental conditions see Table 4.3. Instrumental conditions were:
sweep width of 1000 Hz, acquisition time of 4 sec, pulse delay of 40 sec and 40 tran-
sicnts in 10 mm tube. For spectrum (A), proton decoupling during the accumulation
only. For spectrum (B), full proton decoupling.



expressing the dipolar and cross-relaxation rates (sce equation (2.20) and (2.21)),

equation (4.5) becomes:

YH 6j(wp +wy) — jlwp —wy)

nmaz‘ —_ . . N
7P 6j{wp + wy) + 37(wp) + j{wp — wy)

(4.7)

From experimental NOE value at both fields, the theoretical maximum NOE fac-
tor 7maz = 1.235 was not observed (see Table 4.3 and 4.4) confirming that heteronu-
clear proton-phosphorus dipolar interactions are not the only mode of relaxation. A
short qualitative note on the conformational analysis of the triphosphate side chain
of ATP [104] via phosphorus-proton nuclear overhauser effects has already indicated
this. However, the published NOE values cannot be compared quantitatively with
our values because of magnetic ficld strength and D,0 content differences between
the two studies.

Comparison of NOE values at 121 MHz and 20% D;0 or 70% D.O solutions
(see Table 4.4) shows a clear dependency upon the deuterium content of the solvent.
For example, the observed NOE values for the v phosphate were 0.26 with 20%
D20 but only 0.12 with 70% D,0. As well, the observed NOE values at 121 MHz
were all smaller than those observed at 32 MHz (sec Table 4.3). These results can
be explained using equation (4.6). Since relaxation by CSA becomes cfficient at
high magnetic field strengths, the contribution of other relaxation mechanisms pj, is
more important at high field (121 MHz) than at low ficld {32 MHz). The resulting
observed NOE factors are thercfore smaller n,,(P,) = 0.19 at121 MHz as compared
to Nos(Po) = 0.72 at 32 MHz.

In the expression of the observed NOE factor (cquation {4.5)), the observed re-
laxation rate R(obs) = ppy + pp while the proton-phosphorus dipolar refaxation

R(P-H) = ppy. By rearranging equation (4.6) and using equation (4.7) we find the
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P, P, P;

20% T70% | 20% T0% | 20% 70%

I(obs) ey | 0.253 0.245 | 0.521 0.520 | 0.372 0.394

20 0.004 0.004 | 0.008 0.008 } 0.007 0.006
Thobs 026 0.12 | 019 0.13 | 0.13 0.05
20 0.04 0.03 | 003 0.02 002 0.02

R(P-H} (nee-t) | 0.054 0.024 | 0.082 0.055 | 0.040 0.016
+ 0.009 0.006 | 0.014 0.009 [ 0.007 0.007

Table 4.4: Dependence of the P Nuclear Overhauser Enhancement upon D,0 in
solution at 121 MHz. See Table 4.3 for experimental conditions and the significance
of reported values.

following expression:

R(P-H) = R(obs)f-ﬂb’— (4.8)

imar

The NOE experiments provided direct access to the heteronuclear dipolar relax-
ation contributions to phosphorus nuclei due tn solvent and intramolecular protons.
The dipolar relaxation rates R(P-H) reported in Table 4.3 and 4.4 were calculated
using cquation (4.8). The theoretical maximum NOE factor detectable 7., was
caleulated by means of equation (4.7). At 32 MHz and for a correclation time of
7. = T2 ps, the spectral density functions were not frequency dependent so that
fmar = 1.235. However, at 121 MHz, the spectral density function j{=; + ws)
beeame frequency dependent and the maximum NOE detectable was lowered to
oy = 1.212. At both fields and in 20% D,O solution (Table 4.3), the calculated
dipolar relaxation rates for the v phosphate, R(P-H, V;) = 0.054 sec™! and J phos-

phate ((P-H, W1} = 0.040 sec™! were smaller than the rate observed for the a phos-
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vl v2 vl V'g Vl v-r

R(CSAY% |50 6 |70 13|70 13
R(P-H)% |21 45|16 58|11 43

R(other) % |29 49|14 29|10 44

Table 4.5: Expression of each *'P relaxation mechanismi as a percentage of the total
relaxation rate at V; = 121 MHz and V, = 32 MHz.

phate R(P-H, V,) = 0.082 sec~!. A similar situation existed at 121 MHz in 70% D, O
solution (Table 4.4) where R(P-H, P.) = 0.024 scc™! and R(P-H, P};) = 0.016 see™!

compared to R(P-H, F,) = 0.055 sec™! for the a phosphate.

After subtraction of the CSA and dipole-dipole relaxation rate coutributions from
the overall observed rate R{obs) for cach of the three phosphorus atoms, a residual
relaxation rate remains called R(other) which is due to the sum of several other rates,
The source of these residual relaxation rates will be discussed in detail in the next
section. Each relaxation mechanism contribution to the overall rate is expressed as
a percentage in Table 4.5. These residual relaxation rates are far from negligible as
for each phosphorus v, # and a they account for 49%, 44% and 20% of the observed

rate at 32 MHz respectively, in comparison with smaller residual relaxation rates of

29%, 19% and 14% at 121 MHz.

Very often in this study, the rotational correlation tine value of an ATP imoleenle
in solution was necessary so that relaxation rates and structural parmmeters conld

be determined. For this reason, the carbon-13 spin-lattice relaxation times of ATP



Cc2 C8 C-1U C-2 C-3¥ C4 CH;
Ti{obs) (sec) } 0.42 040 0.50 0.48 040 0.53 0.24
20 0.03 003 0.04 0.04 0.04 0.04 0.02
Nobs 120 145 134 144 140 155 1.73
20 0.05 0.06 0.06 0.07 0.07 0.08 0.08
T (C-H) () | 0.69 0.54 0.73 0.65 0.68 0.67 0.27
+ 0.08 006 0.09 0.09 0.09 0.08 0.03
Tee (1) 67 86 63 70 67 69 85
+ 8 10 8 9 9 9 11

Table 4.6: Carbon-13 spin-lattice relaxation times of ATP Experimental conditions
were: [ATP] = 100 mM, pH = 7.4, 20% D,0, 75 MHz, T

= 22 °C. The obsecrved

spin-lattice relaxation times Ty (obs) and NOE factors 7., are reported with an error
of twice the standard deviation (see Section 3.4 and 3.5). The calculated dipolar
spin-lattice relaxation times Ti(C-H) and correlation times 7. arc reported with an
error which has been rigorously calculated.

(100 mM, pH = 7.4, 20% D,0) with their respective Nuclear Overhauser factors
(see Table 4.6) were determined allowing the rotational correlation time of an ATP
molecnle in solution to be calenlated. Figures 4.3 and 4.4 present the spectra obtained
for the inversion recovery and NOE experiments, respectively. From the experimental
results of the carbon-13 spin-lattice and NOE factors, the rotational correlation time
of ATP was caleulated using equations (4.7) and (4.8) and by expressing the proton-
carbon dipolar relaxation rate' using cquation (4.10). For each protonated carbon

the resulting correlation time value is summarized in Table 4.6, and an average value

“I'he proton carbon internuclear distance chosen in (4.10) was dependent upon the type of carbon
[121] used in the calculations: r(aliphatic) = 1.070 & 0.007 A and r(aromatic) = 1.084 + 0.006 A.
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Figure 4.3: Proton decoupled carbon-13 spectral display of an inversion recovery ex-
periment of ATP at 75 MHz. For experimental conditions sce Table 4.6 Instrumnental
conditions were: sweep width of 9000 Hz, acquisition time of 1.5 see, pulse delay of
1 sec, full proton decoupling and 1000 transients in 10 min tube. Recovery times are
shown in seconds near each spectrum.
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Figure 4.4: Proton decoupled *C Nuclear Overhauser Effects of ATP at 75 MHz. For
experimental conditions sce Table 4.6. Instrumental conditions were: sweep width
of 9000 Hz, acquisition time of 1.5 sec, pulse delay of 3 sec and 1500 transients in
10 mm tube, For spectrum (A) full proton decoupling. For spectrum (B) proton
decoupling during the acquisition only.
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of 72 + 9 ps was calculated.

4.3 Discussion
In this discussion, the following points will be examined:

o What is the nature of an ATP molecule in solution under our experimental

conditions 7
o What are the different conformations of the triphosphiate chain ?

e After a short presentation of the various possible relaxation mechanisms of a
phosphorus nucleus, the pertinent mechanisms operating in this case will be
sorted out along with the information these mechanisms give about the ATP

molecule.

A pK, of 6.42 for ATP in water corresponds to the deprotonation of the g phos-
phorus, as compared to pIX, = 6.96 in D;0 accounting for a deuterium isotope effect
[95]. From these values, it can be shown that 88% of the ATP in solution is in the
fully deprotonated form ATP'~ (for these calculations, a linear variation of the pK,
with deuterium content in solution was considered). It is well known that nucleotides
have a tendency to form aggregates in solution [94,119,120,131]. Iu the case of ATD,
the stacking equilibrium constant using an indefinite isodesmic model is K* = 1.3 &
0.2 M~? [94] or K** = 0.9 £ 0.3 [106]. Assuming this model and using an averaged
stacking equilibrium constant of I{** = 1.1 M~!, the proportions of ATP present as
a monomer, dimer and trimer in solution are 83%, 15% and 2% respectively. As a
result, for this discussion, only the presence of a fully deprotonuated monomer ATP

molecule (ATP*") will be considered.
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Figure 4.5: Schematic representation of an ATP molecule in the A form. The triphos-
phate side chain shows a left-handed helix conformation. The adenine base is per-
pendienlar to the plane of the paper.

The conformation of the triphosphate chain of ATP has been studied by means of
X-Ray crystallography [96,97,116), molecular orbital calculations [98], phosphorus-
proton Nuclear Overhauser Effects [104] and by using the Lanthanide probe method
[99].

I the solid state [96,97,116), two ATP molecules, four sodium ions and six water
molecules constitute the unit cell of the crystal. In the two crystallographically
different ATP molecules (A and B), the triphosphate chain is folded backwards toward
the adenine base (see Figure 4.5 and 4.6). In molecule (A) the triphosphate chain
shows a typical left-handed helix conformation (Figure 4.5), while the other molecule
(B). shows a right-handed helix conformation (Figure 4.6). Two sodium ions are

imbedded into this dimer, representing the fundamental structural unit. For both
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Figure 4.6: Schematic representation of an ATP molecule in the B form. The triphos-
phate chain shows a right-handed helix conformation. The ribose sugar ring is per-
pendicular to the plane of the paper.

molecules (A and B} of this dimer, each sodium ion coordinates to the phosphate
oxygens and the nitrogen N-7 of the base. The remaining sodhun ions and water

molecules serve to build up the three dimensional crystal structure.

The folded conformation of the triphosphate chain of ATP conld be dne to the
influence of the metallic cation, and give stability to the chelated form. Moleenlar
orbital calculations [98] for a frece ATP molecule have confirmed that this folded erys-
tallographic conformation is more stable than any other selected folded or extended
ones. This result suggests that this folding is an intrinsic tendency of the molecule,
the interaction of the adenine base with the terminal phosphate having a stabilizing
effect. The role of the metallic cation is to give additicaal stability to the complex,
Phosphate side chain folding geometry has been investigated using lanthanides [29)

and manganese probes [103] and the overall structure obtained resembles closely the
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ATP B form in the solid state.

The decomposition of the overall relaxation rate into different contributions as well
as the interpretation of each relaxation rate for a phosphorus nucleus is complicated
by many possible sources of relaxation. The overall relaxation rates could be written

R(obs) = R(CSA) + R(P-H) + R(P-D) + R(P-P) + R(trans) + R(SR)  (4.9)

where R{CSA) represents relaxation by Chemical Shift Anisotropy, R(P-H) and
R(P-D) are due to heteronuclear dipolar interactions arising between a phosphorus
micleus and protons or deuterons. In fact these heteronuclear dipolar interactions
can be intermolecular, in the case of a solvent-solute interactions, or intramolecular.
(P -P) is derived from homonuclear dipolar interactions while R(trans) represents
the contributjion of the translational relaxation rate arising from molecular diffu-
sion through the medium. Finally one has to consider the spin-rotation mechanism
R(SR).

As a classical approach to proton-phosphorus dipolar relaxation rates it could be
considered that dipolar relaxations occur via translational and rotational interactions.
The heteronuclear rotational dipolar interaction between a phosphorus atom and

protons introduces a relaxation rate given by [35] (sce cquation (2.20)):
R(P-H) = nh*y}yir~°r, (4.10)

in which % and 5 have their usual meanings, n is the number of protons, r the proton-
phosphorus internuclear distance, and 7. the rotational correlation time. Assuming
a non-solvated fully deprotonated triphosphate chain, there is no dipolar relaxation
arising from the solvent. However, the intramolecular P-H interactions must be

considered. By examination of an ATP molecular model in a B conformation (sce



Figure 4.6) as it is thought to exist in solution {99,105], the protons H-4' and H-2’
are too far away (r > 3.5 A) from any phosphorus a, 3 or ¥ of the chain to cre-
ate any significant intramolecular relaxation contributions and the calculated rate,
using equation (4.10), is smaller than 7 x 1073 sec™'. The only potential dipolar
relaxation could be from the CH; group and the H-3' proton, both close enough to
the a phosphate group. Considering an average internuclear distance value of r =
2.8 A, found in models for DNA backbone motions [132] or used in the interpreta-
tion of internal molecular motions in deoxyoligonucleotides [133], the corresponding
calculated relaxation rate using cquation {4.10) was R(rot) = 42 x 1073 sec!.

In the following section the translational dipolar relaxation contributions are cou-
sidered assuming Brownian diffusion through a homogencous viscons medium. The
translational rate is given by [35):

2N ) (4.11)

R(trans) = h¥4%~y3 (15%
where N is the density of protons in the medium (N = 5.4 x 10* em™ in 20% D0
solution), r is the closest internuclear distance approach for a P-H interaction, and
D the average of water and ATP molecules translational diffusion cocflicients. For
water at 23 °C, the diffusion cocfficient is 2.30 x 10~° em?sec™ [107]. The ATDP

diffusion coefficient may be estimated from [35):

_ kT
= Gmnr

(4.12)

7 being the macroscopic viscosity of 0.1 M ATP solution (17 = 1.00 ¢p at 27 °C {100]).
r, the apparent radius of an ATP molecule, can be estimated by a water volume
displacement technique [117]. A parafilm wrapped ATP molecule was immersed in
a water bath and the resulting water displacement was measured.  This inethod

has previously given satisfactory results for a variety of different molecular shapes
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and sizes [117,118]. Idealizing an ATP molecule to a rigid sphere we find r = 4.2
+ 0.1 A. This result was tested by calculating the resulting correlation time from the
Stoke-Debye-Einstein formula:

4z nre

anel the value, 7. = 75 + 6 ps is in excellent agreement with 7. = 72 4+ 9 ps obtained
by carbon-13 NMR. Using the value r = 4.2 A, a diffusion coefficient was calculated
from equation (4.12) D = 0.5 x 107° em?sec™! giving D = 1.4 x 10~ cm®.sec™'. The
phosphorus-proton with the closest internuclear distance approach in cquation (4.11)
was estimated? to be # = 2.77 A for the ATP - . - H,O system in the solid state. Under
these conditions R{trans) = 1.7 X 107 sec™!, The sum of translational and rotational
dipolar components for phosphorus 8 and v is in the order of R(tot) ~ 2 x 1073 sec™?
while for the o phosphate group R(tot) & 44 x 10-3 sec™!. These calculated values
are far from the observed rates (P-H, P.,) = 0.061 sec™?, R(P-H, Ps) = 0.055 scc™!,
or R(P-H, P,) = 0.105 sec™! at 32 MHz (see Table 4.3). In the previous section we
cousidered a naked negatively charged triphosphate chain (ATP?") in an aqueous
medium, without being preoccupied by the triphosphate chain moiety hydration. A
situple model was tested in which the translational and rotational dipolar relaxations
would explain our experimental results. This simple solution dynamics model clearly
did not agree with our observed relaxation rate values for all three phosphorus atoms.

A more elaborate solution dynamics model is to consider in the first hydration
sphere nowater molecules, hydrogen bonded to the triphosphate chain of ATP and

in rapid exchange with the bulk solvent. This model has previously been treated

“The ' -+ H internuclear distance was estimated by using averaged structural values from ATP
in the solid state [96,116), P-O = 1.50 A, PO .- OHa = 2.74 & {which compares very well with an
average oxygen-oxygen distance of 2.66 A in different phosphate compounds (110}) and P = O ... 0l

= 119°. From phosphate ester values {110} the PO--~1l — Ol bond angle was calculated to be 168°.
The bond distance HO-H was taken as 1.05 A [90].
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theoretically [107,108,122]. If the residence time (7.) of water molecules in the first
hydration sphere, before exchanging with the bulk solvent, is greater than the strue-
tural relaxation time for the bulk water molecules (typically 2 ps) [107,109] then the
system is described as a positive hydration.

It is possible that cach phosphate ion is hydrated, by n water molecules in the
first coordination sphere, through hydrogen bonding to the free oxygen atoms of
the phosphate group. It will be shown that this solvation model accounts for our ob-
served heteronuclear phosphorus-proton dipolar relaxatior. data. The relaxation data
are in principle complicated by cross-relaxation terms [111,134] as the heteronuclear
dipolar interaction between a phosphorus nucleus and a surrounding proton must he
written as a set of coupled differential equations (sce Section 2.3.1). The spin-lattice
rclaxation of the ¥ P nucleus can be described as a sum of two spin interactions [113]

by the following equation:

% =—{pp — PpN(< L. > - <Ly >)—opy(< §: > — < 5 >) (4.14)
where < I, > and < S, > represent the expectation values of the longitudinal
magnetizations of the phosphorus and proton nuclei while < Iy > and < S, > are
the corresponding magnetizations at equilibrium. ppy and opy are the dipolar and
cross-relaxation rates respectively while pp represents other relaxation mechanisms
contributing to relaxation of the 3'P nucleus. It will be shown that the triphosphiate
chain is surrounded by a solvation sphere of water molecules in rapid exchange with
the bulk solvent. On the M. recovery time scale of the experiment, the proton spin
reservoir will always remain close to equilibrium (< S; > — < Sy >) = 0, and
the cross relaxation term opy(< S > — < Sp >) can therefore be safely negleeted

in equation (4.14). The evolution of the longitudinal *'P magnetization will there-
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fore follow a single exponential recovery characterized by a relaxation rate given by
{ppn — pp). This rapid dynamic exchange of water molecules is equivalent to the
application of a r.f ficld, at the resonance frequency wy. We are dealing with an
internally self-decoupled system. In the case of the CHy group or the H-3' proton,
these heteronuclear P-H spin systems are too weakly coupled to create any signifi-
cant errors due to cross-relaxation terms [112]. Furthermore, the smaller vp relative
to 7y means that relaxation of these protons by a phosphorus nucleus will be much
less efficient than proton-proton interactions.

The examination of a molecular model of the triphosphate chain of ATP in the B
forny leads to the reasonable assumption that the a and 8 phosphates are solvated by
two water molecules and the 4 phosphate by three water molecules. This assumption
was niade by taking into consideration the conformation of the chain as well as steric
hindrance factors.

This solvation model is also supported by other studies. A gravimetric study
on DNA (123] shows that two molecules of water are strongly bound to each phos-
phate group. This result was confirmed by NMR [124,125] which detected the water
molecules as being bound to the phosphate groups. Phosphorus-31 spin-lattice re-
laxation times of orthophosphate ions [90] in aqueous solution were analyzed by
using a solute-solvent interaction model in which the phosphate ions were hydro-
gen bonded to four water molecules, As well, recently, rationalization of the dipolar
proton-phosphorus spin-lattice relaxation rates of phosphoglucomutase [126], during
the conversion of glucose 1-phosphate to glucose 6-phosphate, led to the identifica-

tion of an enzymatic phosphate solvated by three water molecules.
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The proton-phosphorus dipolar relaxation rate for this model can be expressed,

using equation (4.10), as:
R(P-H) = 2nh®y}vhr~®r, (+.15)

in which n represents the number of water molecules in the first hydration shell of the
triphosphate chain, r the internuclear P-H vector distance between the phospliorus
atom and the hydrogen of a water molecule (r = 2.77 A), while 7. represents the
correlation time characteristic of the P-H vector reorientation in solution. In 20%
D;0 solution 2n = 4.8 for the v and § phosphorus atoms and 3.2 for the o phos-
phorus atoms, while the dipolar relaxation rate values R(P-H) are taken from Ta-
ble 4.3. Under these conditions the calculated correlation time using cquation (4.15)
is 7. = 65 &+ 11 ps. This value represents a time characteristic for the rcorientation
of the P-H vector and is comparable to the rotational correlation time of an ATP
molecule measured by carbon-13 (72 + 9 ps). However, this calculated 7. is not rep-
resentative of a water molecule residence time in the first hydration shell of the ATD
triphosphate chain. The fast molecular tumbling of ATP in solution prevents the
detection of a water molecule residence time longer than the rotational correlation
time of ATP. The residence time 7, is therefore at least 7. 2 7.. It is much longer than
the structural relaxation time for water molecules in the bulk solvent (2 ps) meau-
ing that there is a strong well developed hydrogen bonding network surrounding the
triphosphate chain.

The solvation model described above, in which seven water molecules solvate the
triphosphate chain, has been tested by increasing the deuterium content of the sol-
vent. The experimental NOE’s listed in Table 4.4, in the casc of a 70% D0 solution,

are much less intense than those observed in 20% D,0 content, supporting our solvi-
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tion model. The resulting cerrelation time, using equation (4.15), of 67 + 16 psis in
excellent agreement with the study made with 20% D0 for which . = 65 £ 11 ps.

It should be emphasized that these correlation times were only calculated from the
experimental proton-phosphorus dipolar relaxation rates of the v and 8 phosphates,
as the o phosphorus relaxation data arise from three contributions: dipnlar relaxation
fromn the first hydration sphere composed of two water molecules (ideutical to the 8
phospliate) and relaxation from the CH; group and H-3' proton of the sugar. It
is possible to extract the overall o phosphiorus intramolecular proton-phosphorus
relaxation contribution arising from the CH, group and the H-3' proton by assuming
that the relaxation rate due to water molecules in the solvation sphere are the same
for the g and o phosphates. Using Table 4.3 and 4.4 onc finds R(P-CH, + H-3') =
0.050 see™! (at 32 MHz) and 0.042 sec™? (at 121 MHz) in 20% D,0 sclutions while
R(P-CH; + H-3') = 0.039 sec™! (at 121 MHz) in 70% D,0. Using equation (4.10),
an average proton-phosphorus internuclear distance was calculated as 2.79 + 0.10 &
which is in excellent agreement with reported values in DNA [132] or structural
parameters used in the interpretation of NMR relaxation experiments with DNA
[137] or RNA [136).

The following calculation will be made under the assumption that the correlation
times of cach phosphorus atom are identical to those of the carbon atoms of ATP,
caleulated by carbon-13 NMR, 7, = 72 ps (see Table 4.6). To support the validity
of this important assumption it is nccessary to consider the nature of internal and
overall motions of nucleotides. The mobility of nucleotides is usually described by

three modes of internal motion [135):

¢ Rotation of the base around the glycosidic bond represented by a syn-anti

cquilibrium, in the proportion of 75:25 for ATP.
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¢ A ribose puckering characterized by a conformational equilibrium between two
states called the S type (C-2' endo) or N type (C-3' endo) in the proportion of

60:40 for ATP.

¢ Internal rotation about the (C—4')-(C-5") carbon bond of the ribose side chain

giving rise to a distribution of rotamers gg, gt or tg in favor of the gy confor-

mation (55%).

Activation encrgies for the rotation around the glycosidic [138] bond and the
pscudo-rotation of the furnnose ring [139] in adenosine have been determined:
E, = 26 kJ.mol™! and E; = 20 kJ.mol™! respectively, while activation encrgies of
18 to 25 kJ.mol~! for the motion of the phosphate backbone unit were evaluated hy
P NMR for deoxyoligonucleotides [133] and poly(inesinic acid) [113]. The inser-
tion of these activation energies into the Boltzmann cquation yiclds the result that,
at room temperature (RT = 2.5 kJ mol™?), the majority (99.9%) of molecules are
locked into a fixed conformation. This indicates that the transitions between the syn
and anti states for the base and S or N states for the sugar will be too infrequent
to contribute to relaxation. The purine base and sugar backbone of ATP should
therefore reorient as a whole rigid molecule in solution giving rise to identical '*C
dipolar spin-lattice relaxation times. This was what occurred, and the results are
recorded in Table 4.6, showing the average dipolar T) for the protonated carbons of
the sugar and base moicties of 0.66 % 0.06 sec.

Internal rotation around the side chain carbon-carbon bond has been treated
theoretically [140]. Depending upon the isotropic rotational correlation time 74 of
the molecule and the value of the internal rotational correlation time 7¢ of a group

undergoing internal rotation, the carbon-13 dipolar spin-lattice relaxation times could
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be significantly affected. In the case of an ATP molecule, rapid internal rotation
about the (C-4")-(C-5') bond would be expected to increase the effective motion

* and hence increase its T, value. The experimental data show

for the carbon C-5
that the NTy of C-5" and C-8 are the same (T} = 0.54 sec.) and a little shorter
than the average Ty for all protonated carbons (7} = 0.66 + 0.06 sec.). Thercfore,
internal rotational motion about the (C-4')-(C-5) bond in 5-ATP does not affect

the 7y values, allowing the conclusion that internal motions cannot be as fast as

7 = 1071 sec [140].

What is happening to the triphosphate chain of ATP ? According to our model,
the triphosphate side chain of ATP is solvated by seven water molecules hydrogen
bonded to the non-bridging phosphate oxygens. Each phosphate ion is locked into a
structural network of water molecules whose residence time is at least equal to the
re-orientational correlation time of an ATP molecule (72 ps). From this solvation
model and equation (4.8) and (4.15), the rotational correlation time responsible for
the P +-- HyO vector re-orientation in solution was calculated to be 7, = 65 ps,
identical to those of the sugar and adenine base carbons. For similar experimental
conditions, analysis of the *Na NMR linewidth gave a correlation time of 109 ps for
a sodiwmn jon bound to the phosphate group of guanosine 5'-monophosphate (GMP)
[120}. Finally, the intrinsic folding property of the triphosphate chain of ATP [98],
folded backwards to the adenine base, gives an extra stability to the conformation of

the whole chinin-sugar-base assembly.

All of these arguments allow the safe assumption that the ATP molecule reoricnts
in solution as a rigid body and, as a consequence, the phosphorus rotational correla-
tion time is identical to those of the carbons. The contribution of the spin-rotation

relaxation mechanism to the overall observed relaxation rate (see equation (4.9)) will
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now be discussed.

In order to be consistent with the spin-rotation theory [127.128], a model must
be devised in which very fast molecular rotation of small groups are interrupted
by frequent molecular collisions. Typical spin-rotational correlation times rgpn, at
room temperature, lie in the range of 107! — 1072 sec [129] and, as a consequence,
this solvation model will not allow for the spin-rotation relaxation mechanism to
contribute effectively to the overall observed relaxation rates of equation (4.9).

The magnetic fields experienced by a nucleus depend upon its electronic shiclding,
Anisotropic shielding of the nucleus results in a shielding tensor Ao which can induce
spin-lattice relaxation (sce Section 2.3.2). This mechanism is very well known for

phiosphorus-31 and is described by the following equation (see equation (2.28})):

2
R(CSA) = f—swg(aa)? (1 + %) Te (4.16)

where 5 represents the asymmetry parameter, 7. the phosphorus rotational corre-
lation time estimated by carbon-13 and wp the spectrometer pulsation. As shown
in Table 4.3, this mechanism is mostly effective at high ficld because of the square
field dependence. For example, R{CSA) = 0.365 sec™! at 121 MHz compared to
R(CSA) = 0.024 sec™! at 32 MHz for the a phosphate. From the calculated relax-
ation rate due to CSA (sce Table 4.3} and equation (4.16), chemical shift anisotropy
values Ao (1 + ”33)1/2 can be estimated for each phosphorus atom 7, f and « (sce Ta-
ble 4.7). Average values for the 7, 8 and o phosphates were 147 £ 12 ppm, 212 4: 18
ppm and 252 £ 21 ppm respectively. The calculated shielding constants iu Table 4.7
support the general trend that, for phosphate monoesters, chemical shift anisotropics
(typically 80 - 140 ppm) are smaller than their diester counterparts (160 - 175 ppm)
[103]. The chemical shift anisotropy of the 4 phosphate (147 £ 12 ppm) falls into
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P, P, P,

V1 VZ V. vz vl V2

Aa(1+ %)% ppm) | 150 143 | 256 247 [ 216 208
+ 12 12 {2 21|17 19

Table 4.7: *'P chemical shift anisotropy values of ATP at V, = 121 MHz and
V, = 32 MHz.

the typical range for monoesters while values for the 8 (212 + 12 ppm) and a phos-
phates (252 £ 20 ppm) are higher than would be expected for phosphate diesters.
This may indicate that the clectronic structure of the # and o phosphate of ATP
have triester-like characteristics as their chemical shift anisotropy values are closer
to a phosphate tricster compound like phosphorus pentoxide POy (265 ppm) [141).
Prineipal values of the chemical shift tensor for ATP or ADP have not yet been de-
termined but similar triester-like characters for the 8 and a phosphates have already
been reported for an ATP molecule bourd to G-actin [103]. It may well indicate a
general structural property of ATP.

At the beginning of the discussion the phosphorus-31 overall relaxation rates (Ta-
ble 4.3) have been sorted out into possible sources of relaxation (see equation (4.9)).
So far, the CSA and proton-phosphorus relaxation rates have been analyzed. As
well, it was concluded that solvation of the ATP triphosphate chain did not allow for
the spin rotation relaxation mechanism to be effective under these conditions. The
caleulated translational relaxation rate component R(trans) = 1.7 £ x 10~2 sec™!
(equation (4.11)) is too small to account for the residual relaxation rates R(other)

tabulated in Table 4.3. The last two relaxation rates to be considered are the homonu-



clear dipolar relaxation between phosphorus nuclei R{(P-P) and the heteronuclear
dipolar relaxation between the solvent dcuterons and a phosphorus nuclens R(P D).

Relaxation by homonuclear dipolar interactions between pliosphorus nnelei are
expected to be negligible due to the length of the P-P average internuclear dis-
tance of r = 2.95 &, (P-0 = 1.61 A and P -0 — P = 133° are average values by
X-Rays [96,116]). The homonuclear dipolar rotational relaxation rate for a molecule

undergoing isotropic rotation is given by:
3 124 6 -
R(P-P) = =nhypr~"r. (4.17)
3 P

r being the spatial internuclear distance between two phosphorus atoms, n the mun-
ber of phosphorus involved in the interaction and 7. the rotational correlation time
of the phosphorus nucleus. Relaxation rates of 2.5 x 107" see™! for the a and +
phosphorus atoms and 5.0 x 1073 sec™! for the B phosphorus atoms were caleulated
using equation (4.17).

For an equal number of nuclei, dipole-dipole relaxation due to solvent denterons
is 6.3% as fast as relaxation from protons: R(P-D) = 6.3% R(DP-H). Applying equa-

tion (4.15) to our solutions we estimate:

R(P-D) = 0.063 x %R(P—H) =0.016 R(P-H)  for 20% D,0
3.5 oy
R(P-D) = 0063 x —°R(P-H) = 0.055 R(P-H) for 70% D0

the 1/4 and 3.5/4 factors reflect the deuterium/hydrogen concenutration ritios. For
20% and 70% D0 sclution samples, these relaxation rates contribute to 1077 see!
or less of the overall relaxation rate for cach of the three different phosphorus atoms.

The observed overall relaxation rate R(obs) of equation (4.9) cannot he disseeted

any further and, as a result, the sum of the following rclaxation rates If(trans),
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R(P D) and R(P-P)is~ 4 x 1077 sec™! for the a and « phosphates and = 7 x 1073
see™! for the # phosphate. These calculated rates are far too small to account for
the residual relaxation rates R(other), tabulated in Table 4.3 at two different fields,

and is defined by:
R{other) = R(obs) —~ R(CSA) — R(P-H) (4.18)

As can be seen from Table 4.3, these residual relaxation rates R(other) are far
from negligible as the average of R(other) = 0.073 % 0.016 sec™! at 121 MHz and
fi‘(nt.lu-r) = 0.058 £ 0.010 scc™' at 32 MHz were calculated. Within experimental
error, these residuad relaxation rates are also identical at both fields. Similar residual
relaxation rates have also been reported by 3'P spin-lattice relaxation of aqueous
orthophosphate solutions [90). It was suggested that this residual rate arises from
a Quasi-Spin Rotation (QSR) mechanism. This relaxation process results from the
rotation of an electric charge around the PO, group. The net effect being the creation
of & pulse of electronic current through the ions which generates an electromagnetic
licld eapable of relaxing the nuclear spin. The QSR relaxation rate was expressed as
[90):

R(QSR) = %ﬁ,ﬂ%ir;l (4.19)

in which H represents the magnetic field strength gencrated by the pulse clectron
current, 7, the duration of the pulse and 7. the quasi-rotation jump time. According
to the hydrogen bonded solvation model developed earlier for the triphosphate chain
of ATP, each PO, unit is locked into a sphere of water solvent molecules. However, the
departure of a solvent molecule of the phosphate solvation sphere is associated with
an clectronic charge redistribution along the P~O bond. The continuous exchange of

solvent molecules between the phosphate solvation sphere and the bulk solvent has the
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net effect of rotating the electronic charge around the PO, wunit, without physically
rotating the POy group. This overall process leads to nuclear spin relaxation via
the QSR mechanism expressed by equation (4.19). The following caleulation shows
that the QSR relaxation mechanism accounts for the residual relaxation rates of
Table 4.3. The rotating clectronic charge creates a magnetic field equivalent to one

Bohr magneton () at a distance r from the *'P nucleus [90):
H=LZ (-1.20)

where the pulse duration of the magnetic field pulse is given by the oscillation time
of a hydrogen bonded water molecule (7, = 107" see). 7, may be identified with the
average residence time of a water molecule in the first phosphate solvation sphere
(1. = 65 ps, sce carlier discussion and Section 8.4). Then the only unknown of equa-
tion (4.20) is the distance r for the *'P nucleus. Using the different values of R{other)
from Table 4.3 an average distance of 0.7 £ 0.1 A was caleulated. This value is in
close agreement with the distance of 1 A taken for the caleulation of R(QSR) for
orthophosphate solutions [90], which yielded a relative rate of 3 x 107% see™!, in the
same order of magnitude (R(QSR) = 6 x 10-2 scc™!) for cach phosphate group of

the triphosphate side chain of ATP.

4.4 Conclusion

phospliorus-31 spin-lattice relaxation rates and Nuclear Qverhauser Effects were mei-
sured for ATP aqueous solutions at two magnetic ficld strengths and two solvents
differing in their deuterium content. It was shown that relaxation rates may be eas-
ily dominated by paramagnetic impurities. In purified samples, proton-phosphorus

dipolar interactions, chemical shift anisotropy, and leftover components represent
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the different contributions to the observed overall relaxation rate of each phosphate
gronp. A solvation model of the triphosphate side chain of ATP was supported by
proton phosphorus dipolar interactions. Finally, a quasi-spin rotation mechanism in-

troduced for aqueouns orthophosphate solutions accounted for the leftover relaxation

rates,
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Chapter 5

QUALITATIVE AND
QUANTITATIVE
DESCRIPTIONS OF
ATP-ALUMINUM
INTERACTIONS

5.1 Introduction

Aluminum is generally considered to be an inactive biological metallic cation. In
the past few years, interactions between aluminum and ATD have however aroused
interest because aluminum was suspected to be respousible for a number of toxic
biological processes (sce Chapter 1).

In the first study (18], the interaction between AI(IIT) and adenosine triphosphate
was investigated by means of Al and *'P nuclear magnetic resonance. Results were
obtained by varying the pH (4.4 < pH <€ 10.2) of an equimolar ATP:Al mixture in
aqueous solution. For acidic or neutral conditions (4.4 < pH < 7.5) it was snggested
that aluminum was coordinated to the 8 and v phosphates of AT in a 1:1 ATP:Al
complex. In mildly acidic conditions, infrared spectroscopy qualitatively confirmed

the existence of an aluminum complexed to a 4 phosphate. In basic solution, a second
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complex was speculated to be (ATP),:Al; or (ATP),:Al in which aluminum would
be coordinated to the 8 or a phosphates. More recently, a detailed 3'P, " Al and
'H multinuclear NMR study on AN(III} complexes of ATP showed the presence of
at least four different 1:1 ATP:Al complexes, whose existence was dependent upon
the pH of the solution {20] . In all of them, aluminum was bound to the 3 and «
phosphates, or ouly to the v phosphate, but never was the a phosphate implicated
in aluminum complexation. Under any set of conditions, there was generally more
thian one complex in solution.

In this chapter, the interactions between aluminum and ATP at various concen-
trations are reported at a physiological pH (7.4) by means of phosphorus-31 NMR
spectroscopy. P spectra were recorded at three different magnetic fields (32, 81 and
121 MHz) and for three different ATP concentration (25, 50 and 100 mM). For each

series, the Al/ATP ratio was varied from 0 to 1.0.

5.2 Qualitative Description of ATP-Aluminum
Interactions

Figure 5.1 displays a set of phosphorus-31 NMR spectra of ATP (100 mM, pH =
7.4) at 32 MHz in which the Al/ATP ratio was varied from 0 to 1. From previous
studies [135,143), the three resonances centered at — 6.5, — 11.2 and - 21.5 ppm in
spectrum A of Figure 5.1 were assigned to the 7, o and 8 phosphate resonances of
ATP in solution respectively. The apparent triplet resonance for the # phosphate is
due to the similar spin-spin coupling constant values of the # phosphate with the o
and 4 phosphates (2J(P-P) = 18-19 Hz).

By increasing the aluminum concentration (Figure 5.1 spectra B, C, D, E and

F) ATP and aluminum formed complexes in slow exchange on the NMR time scale
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Figure 5.1: A series of 3P NMR spectra of ATP-Al aqueous solutions at 32 Mllz,
The Al/ATP ratios were: A) 0; B) 0.33; C) 0.50; D) 0.75; E) 0.90 and F) 1.0. The
instrumental and experimental conditions were as follows: spectral width of 1000 Hz,
acquisition time of 4 sec, pulse delay of 10 sec, 0.5 Hz line broadeuning, typically GO0
transients, no proton decoupling, [ATP] = 100 mM, pH = 7.4, 22 °C and 20% D,0.
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Figure 5.2: Display of an ATP spectral region between - 8§ and - 16 ppm recorded
under full proton decoupling (A) as compared to no proton decoupling applied (B) for
which the AI/ATP ratio was 0.50 (sce text for peak attributions). Same instrumental
and experimental conditions as in Figure 5.1.

giving rise to the appearance of new resonances.

The resonance shifted upficld from the 8 phosphate resonance of ATP was at-
tributed to a g phosphate complexed by aluminum as it behaved as a triplet (sce
speetrum E of Figure 5.1). This attribution is in agreement with previous studies

[20] and will be called a 3’ resonance.

Spectrum A of Figure 5.2 shows part of an ATP spectrum between - 10 and
- 14 ppu under full proton decoupling. Spectrum B of Figure 5.2 shows the same

chemical shift region but recorded without proton decoupling. Under the latter con-

70



ditions, the phosphorus « is spin coupled to the two methylene protons an:l to the
H-4' proton of the ribose sugar. Phosphorus-proton spin-spin coupling constants for
ATP in solution were reported [135] to be *J(P-CH;) = 10 Hz and "J(P-CH-4) =
2 Hz giving rise to a broad multiplet resonance. For a total ATP concentration of
100 mM at pH = 7.4 and no added aluminum the proton decoupled a phosphate line
width at half height was measured to be 10 Hz broader than its equivalent proton
decoupled resonance. The use of proton decoupling removed scalar magnetic cou-
plings and an intense doublet of narrow lines was expected for the a phosphate and
observed in spectrum A of Figure 5.2. The removal of heteronuclear spin-spin cou-
plings, yielding a better spectral resolution, also permitted the appearance of a new
doublet centered at — 10.9 ppm. This spectral region was then composed of three

doublets, one of which was the a phosphate resonance of ATP .

Examination of a full spectral integration (see Scction 5.3.3) showed that the
two new resonances always had an equal weight in the total spectrum integration.
Furthermore, the sum of their respective integrals was always twice that of the '
resonance. These results suggested that the two new resonances were representative
of two different complexed phosphates. Upon addition of aluminum in ATP solution,
complexation occurred resulting in the appearance of two new resonances in the o
region, attributed to complexed 4 and « phosphates of ATP. They will be called 4/

and o' respectively.

Assignment of the o’ and %' resonances was done by comparing two spectra of
the same solution for which different decoupling parameters were applied (see Figare
5.2). For the broad doublet, shifted upfield from the « resonance of AT and cen-
tered at - 12.6 ppm, the increase of the line width at half height between the proton

decoupled spectrum (spectrum A) and the normal spectrum (without proton decou-
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pling, spectrum B) was measured as 10 Hz. This increase in line width value for the
complexed resonance doublet was identical to the one observed for the a phosphate of
ATP (10 Hz) and suggested that this broad resonance corresponded to an aluminum
complexed a phosphate, henceforth called a’. The remaining resonance was therefore
attributed to a complexed v phosphate, called 4'. Under normal conditions, (for a
spectrum recorded without proton decoupling at pH = 7.4) this 4’ resonance will not
be observed as it is hidden underncath the « resonance of ATP (sec spectrum B of

Figure 5.1).

This set of threc resonances (o', §', 7') was alrcady clearly obscerved in ATP-
Aluminum aqueous solution (at pH = 6.3) but peak assignments were omitted [143).
This work is in agreement, with a recent study [20], for the 8’ phosphate resonance
attribution but, at the same time, in direct contrast with this same work as ouly one

complexed resonance in the a region was reported at pH = 7.5.

Throughout the variation of the Al/ATP ratio, the **P chemical shifts of the free
a, 3 and v phosphate resonances of ATP, as well as the o/, #' and 4’ complexed
species, did not seem to be dependent upon the aluminum concentration. This ¢ual-
itative observation will be discussed in more detail in the following scction, based

upon quantitative results.

For an equimolar mixture of aluminum and ATP (sec spectrum F of Fignre 5.1)
relatively sharp resonances, attributed to the free ATP resonances in the absenee
of aluminum, (spectrum A} are still observed. As the aluminum coneentratiou is
increased beyond an Al/ATP ratio of approximately 0.8 (spectra E and F), the in-
tensities of the free and aluminum complexed ATP resonances remain unchanged.
For Al/ATP > 0.8 no further complexation occurs for the remaining free ATD res-

onances and, for an Al/ATP ratio greater than 1.7 precipitation occurs in solution
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at pH = 7.4. Although association constants are not known at pH = 7.4, reported
values [20] in acidic solution {(pH = 2) were greater than 10° M~ and a quanti-
tative complexation of ATP with aluminum will be assumed. In the case of other
cations, stability constants of binary complexes M(ATP)?~ between metallic cations
like Mn?t, Co**, Ni**, Cu?t, Zn**, Mg?*, or Ca?* and ATP*~ were determined and
they are all greater than 10 M~! [144,146]. The observation of free ATP phosphate
resonances in these spectra for which Al/ATP > (.8 then suggests that they could be
due to uncomplexed (“free”) phosphate resonances involved in an ATP-Al complex.

In this species, they would not directly participate in aluminum complexation.

Figure 5.3 displays a similar set of 3'P spectra of ATP at 121 MHz (pH = 7.4,
100 mM) as compared with Figure 5.1 at 32 MHz under similar conditions. The
satne overall qualitative features present at 32 MHz were observed at 121 MHz: the
existence of free a, § and v ATP resonances in slow exchange with three o', 3’ and

7' complexed resonances also appcar in this set of spectra.

In the case of the two resolvable o’ and §' resonances, we observed a linewidth field
dependency which increased with the field. As a result of this linewidth broadening,
detection of their respective spin-spin coupling constants, detected at 32 MHz (sce
Figure 5.1), were not observed at 121 MHz. The broad lines observed at both fields
for the ATP-Al complex resonances may be due to aggregation. Modulation of the
spin-spin relaxation time by Chemical Shift Anisotropy (CSA) (see Section 2.3.2) in
an aggregate is a plausible hypothesis for the interpretation of the linewidth field
dependency. This phenomenon could also be rationalized by a scalar relaxation of
the second kind (see Section 2.3.3) due to a spin-spin coupling between a quadrupolar
nucleus, 27Al, and a phosphorus nucleus involved in an aggregate. In any case, the

small correlation time (about 100 ps) of an ATP-Al monomer could not be responsible
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Figure 5.3: A series of phosphorus-31 NMR of ATP-Al aqueous solutions at 121
MHz. The Al/ATP ratios were: A) U; B) 0.33; C) 0.50; D} 0.75; E) 0.90 and F)
1.0. The instrumental and experimental conditions were as follows: spectral width
of 4000 Hz, acquisition time of 3.8 sec, pulse delay of 8 sec, 0.5 Hz line broadening,
typically 400 transients, no proton decoupling, [ATP] = 100 mM, pH == 7.4, 20 °C
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for such linewidth variations as the spin-spin CSA relaxation mechanism would not
be field dependent enough (see equation (2.29)). The increase of the linewidth with
the field suggests that we are dealing with an aggregate whose correlation time 7. is
long enough, i.ea few nanoseconds, so that both spin-spin relaxation times described
above are field dependent, and become efficient enough to substantially contribute to
the linewidth . For example, similar linewidth values (29 4 3 Hz at 81 MHz) and field
dependencies were reported for the three complexed phosphates of an ATP molecule
hound to G-actin [103]). The long correlation time (1. = 40 ns) of this protein allowed

the CSA relaxation mechanism to be the main source of spin-spin relaxation.

The influence of chemical exchange, between the free (a, 8, v} and complexed
(o, B, ') specics, as a plausible explanation for the observed linewidth field depen-
dencey of these complexed resonances can be eliminated for the following reasons. A
spin-spin relaxation time which is dependent upon the square of the magnetic field
strength (sce Figure 5.16) requires a fast exchange between the two species and, a
single resonance would be detected (see Section 2.3.4.b), in contradiction with our
experimental spectra (sce Figure 5.1 and 5.3). As well, chemical shifts and linewidth
variations would be observed in disagreement with experimental results (see Section
5.3.2). Finally, homonuclear dipolar spin-spin relaxation in an aggregate could not
account for such observed linewidths of the complexed species. The maximum con-
tribution of the nuclear spin relaxation mechanism to the linewidth would account

for only 0.02 Hz at 32 MHz, for a rotational correlation time of 5 ns.

Figure 5.4 presents a series of phosphorus-31 NMR spectra at 32 MHz. For each
spectrum, the Al/ATP ratio was kept constant at 0.4, and the total ATP concen-
tration varied from 25 mM (spectrum A) to 100 mM (spectrum C). It is interesting

to notice that the qualitative overall appearance of the three spectra was identical,
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Figure 5.4: A series of proton decoupled phosphorus-31 NMR spectra of ATP-Al
aqueous solutions at 32 MHz. The Al/ATP ratio was kept constant at 0.40 while
the total ATP concentration was A) 25 mM; B) 50 mM to C) 100 mM. For further

instrumental and experimental conditions see Figure 5.1.
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-10 -20 ppm

Figure 5.5: Proton decoupled phosphorus-31 NMR spectrum of an ATP-Al aqueous
solution at 121 MHz. The Al/ATP ratio was 0.30 and the total ATP concentration
present in solution lowered to 1.33 mM. The total experiment accumulation time was
20 hours. For further instrumental and experimental conditions see Figure 5.3.

suggesting that the ATP complexation phenomenon was not dependent upon the
total ATP concentration. These qualitative results were supported by experiments
performed at 121 MHz, pH = 7.4, in which the Al/ATP ratios were 0.30 and 0.50
and the total ATP concentration present in solution lowered to 1.33 mM (see Fig-
ure 5.5). At around pH = 7.4, the resonance frequency of the v phosphate is very
sensitive to the solution pH [145]. The 8 phosphate exhibits the same behavior but
to a lesser extent. Contrary to this, the resonance frequency of the a phosphate
does not have any pH dependence. These different behaviors explained the apparent
increase in linewidth for the 4 and @ phosphates which resulted from pH variations

within the sample due to the lengthy experiment time of 20 hours. As expected,

the a phosphate linewidth was not affected. These experimental conditions (pH and
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ATP concentration) can be thought to mimic the interaction of alumimun with ATP
in cellular components. Under these conditions, the recorded spectra were identical
to those observed with 25, 50 or 100 mM in total ATP concentration aud represent
results of some physiological relevance. At pH = 7.4 and for a whole range of ATP
concentrations, the concentration study suggested that the size and stoichiometry
of the ATP-Al aggregates formed in solution were not affected by the total ATP

concentration.

5.3 Quantitative Analysis of ATP-Aluminum
Complexes

5.3.1 Introduction

In this section we report a quantitative analysis of the interaction between ATP and
aluminum by use of phosphorus-31 NMR at three different fields and for three differ-
ent ATP concentrations. NMR parameters like chemical shifts, coupling constants
and linewidths for the free ATP and ATP-Aluminum complexes will be reported and
analyzed. Finally, the formation of complexes in solution will be discussed by means

of titration curves using *'P nuclcus as a probe for quantitative complexation.

5.3.2 Chemical Shifts and Coupling Constants

At pH = 7.4, the phosphor 1s-31 chemical shifts of the three phosphates of AT
were — 6.5, — 11.2 and - 21.5 ppm (see Table 5.1) for the ¥, a and f# phosphates
respectively, in agreement with reported values in the literature [145].

When varying the Al/ATP ratio from 0 to 1.0, the 3P chemical shifts of the free
a, B and + phosphate resonances of ATP (at pH = 7.4, 81 MHz and for a total

ATP concentration of 100 mM) were not, within experimental errors, dependent

78



22}
- A | T - - Y - < 3 S P(p,
-21 1
L
- 12‘{
- 114; T
-7+
] L] hd - . hd . : = . * P(r)
-6 L
T
1 1 1 1 ——
0.25 0.50 0.75 1.00 [AE(]]IJ]
[ATP]

Figure 5.6: Plot of the *P chemical shifts versus the Al/ATP ratio for the three free
resonances of ATP at 81 MHz. Each straight line represents the average chemical
shift value reported in Table 5.1. For experimental conditions see Table 5.1.

upon the aluminum concentration (see Figure 5.6). No complex in fast equilibrium
with the free ATP resonances was detected. The complexed species o', 8 and +'
behaved similarly (sce Figure 5.7) suggesting that they were not engaged in further
fast equilibria. From the chemical shift point of view, the free (o, 8, v) and complexed
(o', ', 4"} resonauces of ATP were in slow exchange on the NMR time scale and
no fast chemical exchange was detected. For the chemical species in equilibrium, an
upper limit for the exchange rate can be calculated from the frequency difference

of the a and o’ resonances. At 32 MHz, free and complexed resonances of ATP
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Figure 5.7: Plot of the 3'P chemical shifts versus the AI/ATP ratio for the complexed
o' and A’ resonances of ATP at 81 MHz. Each straight line represents the average
chemical shift value reported in Table 5.1. For experimental conditions see Table 5.1,
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exchange at a rate slower than 300 s™!. In fact, from quantitative dynamic studies
on the ATP-Al systemn (see Section 8.4), more precise conclusions will be reached
concerning the kind of chemical exchange present in this system.

The coupling constants for the three phosphates of ATP are summarized in Table
5.1, for the various Al/ATP ratios. For AI/ATP = 0, the coupling constants for
the three phosphates were identical and 2J(P-P) = 19.4 Hz in full agreement with
vilues reported in the literature [148,41). As the aluminum content was increased in
solution, the coupling constants of the free 4, o and 8 phosphates of ATP did not vary
within experimental errors, and were the following values: ?J(P,) = 19.1 £ 0.6 Hz,
J(P,) = 19.0 £ 0.7 Hz and 2J(P3) = 19.8 &+ 0.6 Hz. These values were also similar
to the phosphorus-phosphorus coupling constants observed for ATP when Al/ATP
= 0, and provided confirmation that these ATP resonances (sce Section 5.2) did not
participite in alominum complexation.

At 32 MHz, the phosphorus-phosphorus coupling constant for the a’ resonance
was reidily observed on the spectra (see Figure 5.1). The values are listed in Table 5.1
and the average value of 2J(P,r) = 15.4 £ 0.3 Hz was calculated. The usc of proton
decoupling allowed the determination of the coupling constant for the 4’ resonance
which was *J(P.+) = 21 £ 1 Hz (sce spectrum A of Figure 5.2). Finally, at 32 MHz, for
i total ATP concentration of 25 mM and an Al/ATP ratio of 0.80 and 1.0 (sec Figure
0.1) the coupling constant value was determined for the 3 phosphate resonance as
“)(P) = 17 £ 1 Hz which represents the average between the 4’ and o' coupling

constalits,

The complexed {a’, 3, ') phosphate resonances and free (a, 3, v) phosphate res-
onances of ATP exhibited different phosphorus-phosphorus coupling constant values

and confirmed (see Section 5.2) that the former set of resonances were representative
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6ppm J(P_p)h'.-
ATP
P, P, Py, Py Py |P, P, D, D
0.00 | -6.50 -11.19 -21.51 -12.64 194 194 19.4
0.10 | -6.48 -11.19 -21.49 -12.64 18.6 194 19.5
0.20 | -6.55 -11.18 -21.49 -12.62 -22.23 {18.6 18.6 194 155
0.30 | -6.67 -11.18 -21.50 -12.56 -22.28 1194 194 21.1 151
040 | -6.55 -11.15 -21.44 -12.59 -22.26|18.6 184 19.4 10.
0.50 | -6.63 -11.15 -21.42 -12.58 -22.16,19.0 17.8 20.3 15.
0.60 | -6.70 -11.1S -21.51 -12.63 -22.27 194 178 15.5
0.70 | -6.77 -11.14 -21.47 -12.68 -22.31 |18.6 19.0 15.8
0.80 | -6.77 -11.15 -21.36 -12.68 -22.24 |18.6 19.0 0.1
0.90 | -6.74 -11.12 -21.3¢6 -12.68 -22.23|20.5 19.0
1.0 |-6.71 -11.13 -21.27 -12.67 -22.17|18.6 19.0 15.1
X ]-667 -11.16 -21.44 -12.63 -22.24 [10.1 19.0 19.8 154
o 0.10 0.02 0.08 0.04 005 06 07 06 03

Table 5.1: Summary of phosphorus-31 NMR chemical shifts and coupling constants
for the free (@, #,7) and complexed (o', #') phosphate resonances of ATP when the
Al/ATP ratio was varied from 0 to 1.0. X represents the average value associated
with one standard deviation ¢. The widely accepted 85% H;3P O, reference, with an
internal coaxial tube filled with D;0, was used throughout these studies. Experi-
mental conditions were: [ATP] = 100 mM, pH = 7.4, 20 °C, 81 MHz and 20%, D,0.
(*) The reported a' coupling constants were observed under similar experiinental

conditions but only at 32 MHz.
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of phosphates involved in aluminum complexation. The decrease (for 2J(P,/) and
2J{P,y)) or increase (for 2J(P.,+)) in coupling constant values was previcusly observed
for a large number of diamagnetic metal-ATP complexes and typically results from

etallic complexation on the phosphates of ATP [148,41).

5.3.3 Titration Curves

Phosphorus-31 NMR was used as a probe for quantitative measurcments of ATP-Al
complexes present in solution.  All spectra were recorded under proton decoupling
to allow better resolution of the o and o’ phosphate resonances. The influence of
Nuclear Overhanser Enhancement (NOE) on the quantitative results was checked at
32 MUz, For an Al/ATD ratio of 0.5 and a total ATP concentration of 100 mM,
quantitative measurements agreed within 5%, a lower value than the experimental

crrors estimated to be about 10%.

Caleulation of the percentage of complexed ATP species was done by integration
of the whole spectrum, The integral of the v resonance was carefully measured and
assigned to be proportional to the percentage of free ¥ ATP phosphate in solution.
The rest of the spectrum was composed as follows, The integral of the a resonance
region represented the sum of the o and 4" phosphates while the integral of the o
resonance was only composed of the a’ phosphate. Finally, the integral of the 8 region
was assigned as the sum of the g and 8’ phosphates. For any Al/ATP conditions we

have the following set of equations:

I, = v

I, = a+y -
Ii = ) a:r"‘.7 (5.1)
Iy = g+4
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For any Al/ATP ratio it was always observed that:

{ In—1I, = Iy-1I, = I

F+(B-7) = Y+(a—7) = a'+(0)

or

L+I, = Iy = I
Y+a' = f+8 = a+y

These two sets of equations strongly suggest that the integrals for the free and com-

plexed phosphates arc related as follows:

@ B v
{al — BI - ,YI ()

As the v resonance was well resolved throughout the study, its integral was utilized

I
il

Y
[ E)

for quantitative determination of complexed ATP in solution using cquation (5.1)
and (5.2).

Figure 5.8 represents titration curves at 32 MHz (O) and 81 MHz (A) for a total
ATP concentration of 25 mM at pH = 7.4. Two distinct regions appear on the graph
plotted. For 0 £ Al/ATP < 0.7 a steady linear increase of the complexed ATDP
was observed. The straight line represents a lincar regression analysis of the data
points and yields a slope of 1.04 with an intercept of 7%. The correlation factor was
o = 0.978 (for 8 data points). Above Al/ATP = 0.7 £ 0.1, further increase of the
aluminum concentration in solution did not change the pereentage of total complexed
ATP, which saturated at an average value of 76% £ 5%. Total ATP complexation
was achieved for an Al/ATP ratio of 0.7 £ 0.1 given by the possible intercept region
of the two straight lines (sce Figure 5.8).

The same kind of titration curve is shown in Figure 5.9 at 32 MHz but for three
different total ATP concentrations of 25 {O), 50 (x) and 100 mM (A) at pH = 7.4.

From both studies (Figure 5.8 and 5.9) an identical qualitative complexation be-
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Figure 5.8: Variation of the percentage of complexed ATP versus the percentage of
aluminum present in solution for a total ATP concentration of [ATP]y = 25 mM, pH
= 7.4, 20% D,0, (O) at 32 MHz, (A) at 81 MHz.
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Figure 5.9: Variation of the percentage of complexed ATP versus the percentage of
aluminum present in solution for different total ATP concentration of 25 M (),
50 mM (x) and 100 mM (A) at pH = 7.4, 20% D,0 and 32 MHz.
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havior was observed. Furthermore, regardless of the total ATP concentration the
same overall quantitative complexation phenomenon was taking place and confirmed
our qualitative results based on phosphorus-31 NMR spectra (see Figure 5.4). The
straight line resulted from a linear regression analysis for which 0 < Al/ATP < 0.70
and gave a slope of 1.12 with a correlation factor of ¢ = 0.973 (for 20 points). The
intercept of 6% , close to the ideal value of 0%, represented the experimental er-
rors associated with integral measurements in the NMR spectrum as well as solution
preparations.

In both studies, quantitative measurements of the total concentration of alu-
minum complexed in solution resulted in a straight line and allowed the estimation
of a binding constant greater than 10° M~™! [149]). As a result, determination of
ATP-Al complexed in solution was then measured quantitatively. Both studies also
showed that, at pH = 7.4, there was only a single ATP-Al complex formed in solution,
regardless of the total ATP concentration and Al/ATP ratio.

From the latter study (sce Figure 5.9), total ATP complexation was estimated
more accurately. It was achieved for an Al/ATP ratio of 0.70 £ 0.05 which represented
the stoichiometry of the ATP-Al complex present in solution. For Al/ATP > 0.70 the
remaining uncomplexed phosphate resonances of ATP, clearly observed in the NMR
spectra (see Figure 5.1 and 5.3), were estimated to be 20 £ 5%. These resonances
were attributed to the phosphates taking part in the ATP~Al aggregate but without
being direetly involved in aluminum complexation .

As mentioned earlier (sce Section 5.2 and Figure 5.4), the complexation phe-
nomeneon appearced to be independent of the total ATP concentration in solution.
This interesting behavior was examined more precisely in Figure 5.10 in which the

percentage of complexed ATP is shown for three different total ATP concentration
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and for various percentages of aluminum. In this figure, the plot of the percentage
of complexed ATP for a total ATP concentration of 100 mM (open data points) or
50 mM (filled data points) versus the percentage of complexed ATP for a total ATP
concentration of 25 mM, at 81 MHz, for various percentage of aluminum. The lincar
regression gave a slope of 1.00 with a correlation factor of 0.990 (for 10 data points).
‘This study quantitatively revealed that formation of the ATP-Al complex in solution
was independent of the total ATP concentration in solution.

From this quantitative analysis, further insight into the type of complexation
that is taking place into the ATP-Al aggregate can be gained. The new sct of
resonances appearing in the NMR spectra could be attributed to complexed ¥/, o
and ' ATP phosphates (see Section 5.2). By integration of the whole phosphorus-31
NMR spectrum and using equation (5.1) and (5.2), the percentage of each complexed
phosphorus resonance {a', #’ and 4') in the ATP-Al aggregate could be determined
and are presented in Figure 5.11. Each data point represents an average value over
six measurements for which the total ATP concentration was 100, 50 and 25 M
at 32 MHz and 81 MHz. Each horizontal line represents an average value of cach
complexed phosphate over the whole range of Al/ATP ratios. The percentage of
complexed v/, o' and §' phosphate in the ATP-Al aggregate was 35 & 7%, 34 + 7%
and 31 &+ 3% respectively. These results indicated that, in the ATP-Al complex
there was no preferred complexation of aluminum to any of the three phosphates.
Within experimental error, each phosphate was equally complexed as each of the

three resonances represented 33% of the total complexed ATP in solution.

88



[aTP],

ATP)r T [ATP) <100 mM .
v
075 [ATP.: S0mMm v
a
0,50 -
0
[ J
o
025}
[ATP) =25 mM
1 i 1 1 o
o 0.25 0.50 075 1.00
[ATP].
[ATP],

Figure 5.10; Percentage of complexed ATP for a total ATP concentration of 100 mM
(open points) or 50 mM (filled points) versus the percentage of complexed ATP for
n total ATP concentration of 25 mM, and for various percentages of aluminum: (o ,
) 0.20; (O, W) 0.40; (A, &) 0.60; (7 , ¥) 0.80; (¢, ®) 1.0 at pH = 7.4, 20% D,0
and §1 MHaz.
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Figure 5.11: Percentage of each complexed phosphorus moieties, relative to the total
complexed ATP, as a function of aluminum percentage. Each data point represents
the average of six measurements made for a total ATP concentration of 100 mM,
50 mM and 25 mM at 32 and 81 MHz, pH = 7.4 and 20% D,O0.
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5.3.4 Linewidths

Linewidth variations of the uncomplexed well resolved 4 phosphate were followed
at 32 and 121 MHz for various Al/ATP ratios. Although measurements of the §
and a phosphate linewidths were not representative of their true linewidths, as they
overlapped with their respective complexed resonances. they followed a similar qual-
itative linewidth variation. Without aluminum present in solution, the v phosphate
linewidth was 1.2 + 0.1 Hz at 121 MHz and 2.1 £ 0.1 Hz at 32 MHz, which rep-
resented the natural phosphorus linewidth in solution. This linewidth gradually in-
creased with aluminum content in solution to reach a constant value of 4.2 + 0.6 Hz
at 121 MHz and 4.4 + 0.8 Hz at 32 MHz for any Al/ATP ratio greater than 0.70.
These variations corresponded to a true linewidth increase of 3.0 Hz at 121 MHz and

2.3 Hz at 32 MHz.

Alteration of the solution viscosity could not be responsible for such linewidth
variations. At 25° C, for an equimolar ATP-Al solution (ATP = 100 mM) the
viscosity of the solution was measured (n = 1.028 cp), and represented an increase
of only 15% compared to the viscosity of an aqueous ATP solution (n = 0.888). The
linewidth inercase rather originates from the uncomplexed ATP phosphates present

in the ATP-Al aggregate.

The much longer correlation time 7, = 2.8 ns (see later) of the phosphorus atoms
involved in the ATP-Al complex results in a more efficient overall spin-spin relaxation
rate. Heteronuclear phosphorus-proton and homonuclear phosphorus-phosphorus
dipolar relaxation as well as CSA represent some possible relaxation mechanisms
which could contribute to broaden the linewidth of these uncomplexed phosphates

(sce Section 4.3). The homonuclear phosphorus-phosphorus dipolar relaxation con-
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tribution to the linewidth was expected to be negligible. Using standard structural
parameters for a phosphate group (sec footnote of page 54 and equation (4.17)), and a
correlation time of 2.8 ns, one calculates a linewidth contribution to the 4 phosphate

less than 0.01 Hz at 121 MHz and 0.02 Hz at 32 MHz.

In the ATP-Al complex, the uncomplexed v phosphates experienced a contribu-
tion from the CSA spin-spin relaxation mechanism duc to an average CSA value of
147 ppm (see Table 4.7). The resulting calculated linewidth broadening of the 7y res-
onance was 1.1 Hz at 121 MHz and 0.1 Hz at 32 MHz, compared to their respective
broader true linewidths of 3.0 Hz and 2.3 Hz. The excess linewidths of 1.9 Hz at
121 MHz and 2.2 Hz at 32 MHz was due to heteronuclear phosphorus-proton dipolar

interactions which arose from the phosphorus solvation sphere (see Section 4.3).

The linewidths of the two resolvable complexed phosphates o' and 3 are listed in
Table 5.2 and 5.3 at three different fields and for three different total ATP concentra-
tions. For a given magnetic field and for identical total ATP concentrations (100, 50
or 25 mM) each complexed o' (Figure 5.12) and 8’ (Figure 5.13) resonance exhibited
a constant linewidth throughout the entire Al/ATP ratio variation. Furthermore,
changing the total ATP concentration did not affect their respective linewidths so
that at 32, 81 and 121 MHz the o' phosphate linewidth averaged to 29 & 2 Hu,
48 + 4 Hz and 63 3 4 Hz respectively. The case of the 8’ phosphate resonance was
similar and the average linewidths were 55 £ 4 Hz, 88 + 7 Hz and 128 £ 12 Hz at
32, 81 and 121 MHz respectively.

These calculated values do not represent the true linewidths of cach resonance as
they had to be corrected for the natural linewidth (2 Hz at 32 and 81 MHz and 1 Hz
at 121 MHz) as well as for the phosphorus-phosphorus coupling constant 2J(P,,.) =
15 Hz and 2J(Pg) = 17 Hz (see Section 5.3.2). The true linewidth values at 32, 81

92



i)

Figure 5.12: Display of the spectral region between - 7 and — 15 ppm for a set of
spectra recorded under full proton decoupling and showing the a, 4 and a’ resonances
of ATP. The Al/ATP ratios were: A) 0.20; B) 0.30; C) 0.40 and D) 0.50 for a total
ATP concentration of 100 mM at 81 MHz, pH = 7.4 and 20% D.O.
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[ATP]r | {ipe | 0-20 030 040 050 0.60 0.70 0.0 0.90 1.0

100mM | Vip(e') | 27 27 28 28 20 30 30 33
50 mM | in Hz at | 27 28 29 30 31
95 mM | 32 MHz | 29 27 28 33 31

100 mM | Vipp(@’) | 50 45 50 55 42 48 54 54 54

50mM | in Hz at | 42 39 42 43 45
25 mM | 81 MHz 51 51 54
Vija(e')
100 mM | in Hz at 60 62 60 60 62 69 72 62
121 MHz

Table 5.2: Summary of the o’ resonance linewidth value at half height, under full
proton decoupling, when the Al/ATP ratio was varied from 0.20 to 1.0, for three
different total ATP concentration (100, 50 and 25 mM) and for three magnetic fields
(121, 81 and 32 MHz) at pH = 7.4 in a 20% D0 solution. All linewidths reported
are not corrected for the natural phosphorus linewidth or the phosphorus-phosphorus
coupling constant.

and 121 MHz were then 10 & 2 Hz, 29 + 4 Hz and 46 + 4 Hz respectively for the o
resonance and 16 + 4 Hz, 48 + 7 Hz and 89 % 12 Hz respectively for the 8’ resonance.

At 121 MHz the overlap between the complexed (o' and ') and uncomplexed
(o and f) resonances was not negligible and may well have resulted in erroncous
linewidth determinations. In order to test the validity of our linewidth data, the Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence [149,150,151] was used at 121 MHz
to obtain a measurement of the o' and 8’ true linewidth value. Figure 5.14 displays
the a, 7' and o’ region of a phosphorus-31 ATP spectrum for which the total ATP

concentration was 100 mM, Al/ATP = 0.3, pH = 7.4 and for various time delays (7)
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[ATP}r | A%G- |020 030 040 050 0.60 0.70 0.80 0.90 1.0

100 mM | Vyp.(f8) 54 54 57 50 50 57 54
50 mM | in Hz at | 60 60 57 57 60
25mM | 32 MHz | 54 57 57 o7 50

100mM | Vipa(8) | 90 95 95 95 8 90 96 96 96
72

50mM | imHzat | 90 84 84 78

25 mM 81 MHz | 100 80 80 80 30
Vas2(B')

100 mM | in Hz at | 133 120 143 142 124 110 130 120
121 MHz

Table 5.3: Summary of the 8’ resonance linewidth value at half height, under full
proton decoupling, when the Al/ATP ratio was varied from 0.20 to 1.0, for three
different total ATP concentration (100, 50 and 25 mM) and for three magnetic fields
(121, 81 and 32 MHz) at pH = 7.4 in a 20% D0 solution. All linewidths reported
are not corrected for the natural phosphorus linewidth or the phosphorus-phosphorus
coupling constant.

during which spin-spin relaxation affects the transverse magnetization:
My(1) = M(0)exp(—7/T2) (5.3)

In equation (5.3) M. (t) represents the observed transverse magnetization after a
delay 7, A(0) the equilibrium longitudinal magnetization and T3 the true spin-spin
relaxation time. A two paramecter non-linear regression analysis on equation (5.3)
gave a spin-spin relaxation time of 7.2 4 1.0 ms which translates into a true linewidth
value for the o resonance of 44 £ 5 Hz, in excellent agreement with an average
linewidth value of 46 + 4 Hz. The same experiment, performed on the ' resonance,

gave a true linewidth value of 109 £ 10 Hz (T2 = 2.9 £ 0.3 ms) in comparison with a
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Figure 5.13: Display of the spectral region between - 19 and - 27 ppm for a set of
spectra recorded under full proton decoupling and showing the § and §’ resonances
of ATP. The Al/ATP ratios were: A) 0.20; B) 0.30; C) 0.40 and D) 0.50 for a total
ATP concentration of 100 mM at 81 MHz, pH = 7.4 and 20% D,0.

average linewidth value of 89 & 12 Hz. True linewidth values obtained by the CPMG
method for both o and A’ resonances were thus in good agreement with linewidth
values extracted from NMR spectra at 121 MHz. This result provided confidence in
the o' and B’ linewidth values obtained from NMR spectra at 32 and 81 MHz sinee
they presented a similar degrec of overlapping with their respective uncomplexed «
and J resonances (compare Figure 5.3 with Figure 5.1 and Figure 5.3 with Figure 5.12
and 5.13).

For a given magnetic field strength, each a’ and #' phosphate resonance was char-
acterized by a constant well defined linewidth over a whole range of total ATP con-
centration and for any Al/ATP ratio value. A strong linewidth ficld dependency was
observed for both complexed resonances. For example, at 121 MHz, the o resonanee

was about five times broader (46 Hz) than at 32 MHz (10 Hz) for similar conditions.
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Figure 5.14: Display of a phosphorus-31 spin-spin relaxation time experiment on the
a,v and o’ region of an ATP spectrum at 121 MHz using the CPMG pulse sequence.
The time delay 7 during which spin-spin relaxation takes place is shown for each
spectrum. The total ATP concentration was 100 mM, Al/ATP = 0.3, pH = 7.4 and

20% D,0.
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This experimental linewidth field dependency observed for cach complexed resonance

was analyzed and will be discussed in the next section.

Analysis of quantitative measurements like chemical shifts, coupling constants,
titration curves and linewidths can be used to suggest a chemical structure of the
triphosphate chains of the ATP-Al aggregate. The two complexes presented in Figure
5.15 are based on 3'P NMR studies. Unfortunately, using 3'P NMR results ouly, it
was not possible to rule out one of the proposed models. They will now be discussed ns
they summarize and account for the observed qualitative and quantitative *'P NMR
data available from this study. Each aggregate is composed of four ATP molecules
whose triphosphate chains are coordinated by three aluminum cations giving rise to
a stoichiometry of 0.75. In these species, the three ATP phosphates (v, ' and o)
are equally complexed by aluminum in the ratio (3v' : 38" : 3¢') while 25% of ATP
phosphates, in the ratio (v : 8 : a) are not complexed by alumimun and account for

the residual uncomplexed resonances observed in the P spectra.

Formation of a dimer (ATP,Al3); could not account for the observed quantitative
results for the following reasons. This aggregate in which each phosphate is equally
complexed by aluminum needs not six, but seven aluminuin cations. The resulting
complex stoichiometry of 0.90 with only 10% uncomplexed phosphates is in oppo-
sition with the titration curve results (see Figure 5.8 and 5.9). Furthermore, a D
spin-lattice relaxation study has confirmed the quantitatively obscrved 4:3 ATT:Al

complex stoichiometry (see Chapter 8).

In these proposed species (see Figure 5.15) each complexed phosphate (v, #, o)
would exhibit its own true linewidth. Upon formation of the ATP,Aly species in
solution, free ATP phosphate resonances (when Al/ATP = 0) are gradually replaced

by uncomplexed phosphate resonances of the aggregate. As their chemical environ-
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Figure 5.15: Schematic representation of two proposed models for the ATP Al; aggre-
gate focusing on the triphosphate side chains. In structure A, the aluminum cations
are complexed by two triphosphate ATP side chains while in structure B, they are
only complexed by one triphosphate chain but separated from the next one by water
solvent molecules (S).
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ments do not differ significantly, the same 3'P chemical shifts were observed for both
phosphates. In contrast, it was expected that their respective linewidths would differ

due to an increase in the phosphorus correlation time.

Estimation of the aggregate correlation time was donc using the Stoke-Debye-

Einstein equation [35),

in which n and T represent the viscosity and temperature of the solution (3 = 1.024 ¢p
at 25 °C for an equimolar ATP-Al mixture), & the Boltzmann constant and a the
radius of a sphere equivalent to the ATP-Al aggregate. Using the usual structural
parameters for phosphate bond lengths (P=0 = 1.5 &; P-0 = 1.6 A Al-0 =12 A)
[110], the ATP-Al complex can be idealized to a sphere whose radius is 10 A, Using
equation (5.4) a correlation time of 1 ns was calculated and is in agreement with

earlier qualitative discussions.

5.3.5 Dynamics of ATP-Aluminum Interactions

As discussed earlier (see Section 5.2) the spin-spin CSA relaxation mechanism could
be a plausible source of relaxation, and could be the reason for the linewidth ficld
dependencies, as it depends upon the square of the magnetic field strength (see
Section 2.3.2). Figure 5.16 depicts the true linewidth variation as a function of the
square of the resonance frequency. Both straight lines result from a linear regression

analysis and suggest that the CSA could be responsible for such linewidth variations.

It was possible to reproduce the observed true linewidth values of the o' and f#

phosphates for the three experimental resonance pulsations (wo) using the following
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Figure 5.16: Variation of the true linewidth values of the o’ { x) and ' (¢) resonances
as a function of the square of the experimental pulsation frequency.
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Cquation (See equation (..:...39)):

In equation (5.5) Vy2(wo) is the phosphate true linewidth at wp and Ao (1 + 13&)'“
is the CSA value of the ATP phosphates which have been previously measured and
discussed (.-:e Table 4.7). Finally, j(0) and j(wo) represent the spectral density
function (see Section 2.2). From cquation (5.5) the slope of each straight line in

Figure 5.16 is equal to:

1 z .
“Slope” = 5(;{_—(&0’)2 (1 +4- %) [4](0) + 3]((.0'0)] (5.6)

Using this equation, the rotational correlation time was calculated. In order to satisfy
equation (5.6) and henceforth reproduce the experimental linewidths of the o and
' phosphates a correlation time of 36 ns and 105 ns respectively was required. The
correlation time calculated for the «' phosphate can be compared to the correlation
time of an ATP molecule bound to a G-actin protein (7. = 40 ns) whose molee-
ular weight is 42300 [103]. The calculated correlation times clearly do not reflect
the nature and dynamics of ATP aluminum interactions. Assuming that the CSA
mechanism was the source of linewidth broadening, the conclusion that CSA did not
successfully account for the o’ and B’ linewidths was supported by other factors. In
the ATP-Al aggregate the three ATP phosphates were shown to be equally com-
plexed by aluminum (33% cach see Figure 5.11). Under these conditions, calculation
of the o’ and f' phosphate correlation times should have given similar values. This
was in contradiction with the calculated ' correlation time three times higher (105
ns) than that of the o' phosphate (36 ns).

Linear regression analyses on both resonances yiclded an intercept of 9 Hz for

the o' phosphate and 11 Hz for the 8’ phosphate. These extrapolated values, at zero
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wagnetic field strength, represent the true linewidth of each complexed phosphate for
which the CSA contribution has been cancelled. Such linewidth values were reported
for the uncomplexed + phosphate to be 2.2 Hz, much narrower than the extrapolated
data for the o' (9 Hz) and #’ (11 Hz) phosphates.

Linewidth ficld dependencies for both phosphates could alternatively be ratio-
nalized by a scalar relaxation of the second kind [35] between a phosphorus and

aluminum nuclei, expressed as:

1 4r?J? Tas
=7V = 1) |T; :

(5.7)

Ta.sc

i1 which J is the phosphorus-aluminum coupling constant, S the nuclear spin of alu-
minum (S = 5/2), T1 s and T, s the respective spin lattice and spin-spin relaxation
times of **Al and (wp — wy;) the resonance pulsation difference between 'P and
Al nuclei. The second term in parenthesis could be safely neglected, since in order
to contribute significantly to scalar relaxation, the condition (wp — wa)?T7 & 1 is
required. This translated into an aluminum linewidth greater than 10 MHz while ex-
periments showed linewidths in the order of the kilohertz. After these considerations,

equation (5.7) reduces to:
35
3

Equation (5.8) means that the observed 'P linewidth variations resulted from a spin-

Vip = —nJ*Ts (5.8)

lattice relaxation time of * Al which was field dependent. It suggested a correlation
time of the ATP-Al aggregate in the nanosecond range. It also indicates that as the
magnetic ficld was increased from 32 MHz (21 MHz for ?7Al) to 121 MHz (78 MHz
for #"Al), the extreme narrowing condition (wo7. < 1) was not fulfilled any more
for the ¥ Al nucleus, giving rise to an ?7Al field dependent spin-lattice relaxation

time (see Section 9.4). Spin-lattice and spin-spin quadrupolar relaxation of spin
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5/2 nuclei, extended in the non-extreme narrowing limits and for different magnetic
fields are dealt with in Chapter 9. The main result is that, for a spin 5/2 in the non-
extreme narrowing region, both transverse and longitudinal magnetization decays
are governed by a sum of three exponentials. Each one of the three components
of the total magnetization possesses a characteristic relaxation rate which varies
differently with the product wyr.. The situation is further complicated by the fact
that the relative weight of each one of the three components is not constant but
also varies with the product wor.. In the case of the spin-lattice relaxation time,
simplifications arise as two of the three components of the longitudinal magnetization
have negligible weights. For example, with a correlation time of four nanoscconds,
the relative weights of each component at 78 MHz are 95%, 4% and 1%. As a result,
the longitudinal magnetization decay can be safely assumed to be governed by o

single exponential decay.

The ratio of equation (5.8} at two different magnetic fields can be expressed as:

Vipg(X)  Ths(Y)
Vi/2(32MHz) — T s(21MHz)

(5.9)

where Y represents the equivalent resonance frequency of ??Al when the resonance
frequency of 3'P is X. In equation (5.9), the experimental 3P linewidth ratio at two
different magnetic fields is equal to a ratio of two 2’ Al spin-lattice relaxation times.
For two different given magnetic fields, this ratio varies only upon the correlation
time .. Figure 5.17 represents an example of such variation for the ¥ Al spin-lattice
relaxation time ratio at two different magnetic fields (78 MHz and 21 MHz) as a
function of the correlation time 7.. Resolution of equation (6.9) provided a unique
solution for determining the correlation time. Two examples of corrclation time

determinations are indicated on Figure 5.17 for the a' and ' resonances of ATP.
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Figure 5.17: Theoretical variation of the aluminum-27 spin-lattice relaxation time

ratio at two different magnetic fields (78.2 and 20.7 MHz) as a function of the corre-
lation time 7. See text for the significance of the two arrows.
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When the §’ phosphorus-31 linewidth ratio is 5.56 (full arrows, X = 121 MHz,
Y = 78 MHz), equation (5.9) was satisfied for a correlation time of 3.2 ns. Under
the same conditions, the a’ P linewidth ratio was 4.60 (dotted arrows) and gave
a correlation time of 2.6 ns. By varying the magnetic field (X = 81 MHz, Y = 52
MHz) and (X = 121 MHz, ¥ = 78 MHz), for both the a’ and #’ phosphates equation
(5.9) yielded an average correlation time value of 2.8 £ 0.8 ns (for 6 data points).

Under these conditions (7. = 2.8 ns), the contribution of the spin-spin chemieal
shift anisotropy relaxation mechanism to the overall linewidth of each a' and g’
phosphate resonance could be calculated. For the ' and «' resonances at 32, 81
and 121 MHz, a negligible linewidth contribution was calculated, as it accounted,
in the worst case, for only 5% of the total linewidth. Then, for both the o and 4’
phosphates, the observed true linewidths only resulted from a sealar relaxation of the
second kind between ¥ Al and 3'P nuclei.

In order to obtain the phosphorus-aluminum coupling constant 2J introduced in
equation (5.8), the value of the spin-lattice relaxation time of aluminum, complexed
by ATP, was needed. It was calculated using 2’ Al NMR results (sce Section 9.5)
which yielded a quadrupolar coupling constant of 2.6 MHz. Using this valuc and a
correlation time of 2.8 ns, the spin-lattice relaxation times at 21, 52 and 78 Mz
were 0.08 ms, 0.21 ms and 0.40 ms respectively. Using equation (5.8) an average
phosphorus—aluminum coupling constant 2J(P-Al) of 60 + 4 Hz for the of phosphate
and 77 + 4 Hz for the 8’ phosphate were calculated.

5.4 Conclusion

At pH = 7.4 ATP and aluminum formed a complex species in slow chemical ex-

change on the NMR time scale, giving rise to the appearance of a new set of three

106



resonances on the phosphorus-31 NMR spectrum. A detailed spectral study of an
ATP-Aluminum spectrum permitted peak attribution for each new resonance and
revealed that all three phosphates (a, 8 and 4) of ATP were involved in aluminum
complexation, henceforth called (o', 8 and ¥') respectively. This result is in contrast
with a previous study [20] which reported the § and + (but not the a) phosphates of
ATP as participating in aluminum complexation.

Phosphorus-31 chemical shifts of free and complexed resonances of ATP were
not dependent upon aluminum concentration. A complex in fast equilibrium with
frce ATP was not dctected, and the observed complexed species were apparently
not engaged in further equilibria. Using phosphorus-31 NMR chemical shifts, it
was not possible to distinguish between the free phosphate resonances of ATP and
the uncomplexed phosphate resonances of the aggregate as they both had the same
chemical shift.

Complexation of aluminum on cach phosphate of ATP resulted in a change of their
coupling constant values, which was in agreement with the general trend that coupling
constants vary upon metallic complexation. In contrast, the coupling constant values

for the uncomplexed phosphate of ATP were identical to the free ATP phosphates.

Measurement of the total concentration of complexed ATP was quantitative and
showed the existence of a unique 4:3 ATP:Al complex present in solution over the
cntire range of Al/ATP ratios studied. The percentage of complexed ATP was in-
dependent of the total ATP concentration and, in this species, the three complexed
resonances (o', f' and 4') were equally complexed by aluminum. The qualitative
observations and quantitative measurements lead to a proposed chemical struciure
for the triphosphate chains of the ATP,-Al; aggregate (see Figure 5.15). For stoi-

chiometric reasons, this complex exists only as a monomeric species in solution.
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For a given magnetic field strength, the complex was characterized by constant
well defined o' and B’ phosphorus-31 linewidth values through the complete range
of ATP concentrations as well as Al/ATP ratios. The &’ and ' spin-spin relaxation
rates were not due to the CSA mechanism but resulted from a scalar relaxation of
the second kind, due to scalar coupling between the aluminum-27 quadrupolar nu-
cleus and the phosphorus-31 nucleus. The observed field dependence of both o' and
B’ phosphorus-31 spin-spin relaxation rates was indicative of an aluminum-27 spin-
lattice relaxation time (7}) which was ficld dependent and permitted the determina-
tion of the complex correlation time of 2.8 ns. Under these conditions, contribution
of the CSA mechanism to the observed linewidths was estimated to be negligible.

Two bond phosphorus-aluminum coupling constants were calculated giving 60 Hy
as the value for the coupling between the a' phosphorus and aluminum, and 77 Hz

for the coupling between the ' phosphorus and aluminum.
plng pnosp
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Chapter 6

PROTON AND CARBON-13
NMR STUDIES PROBING
THE GEOMETRY AND THE
DYNAMICS OF ATP,AL;
AGGREGATES

6.1 Introduction

The advent of Fourier transformed NMR spectroscopy combined with the ease of
observation of 'H nuclel have led to numerous studies in many areas of chemistry.
Iu a similar fashion, C NMR spectroscopic studies [152,153] have blossomed in the
past decade as a result of the availability of high field spectrometers and the existence
of sophisticated pulse sequences [154] which have significantly broadened the field of
application for low gamma nuclei. With such a wide choice of magnetically active
nuclei [114], NMR spectroscopy has proven to be a powerful technique for determining
molecular conformation [155] and solution dynamics [156,157,158]. As 3P NMR was
used to study the interactions and dynamics of aluminum with the triphosphate chain
moiety, 'H and **C nuclei were chosen to probe the molecular geometry and dynamics

of the adenosine part of ATP,
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Figure 6.1: A series of 'H NMR spectra of ATP~-Al aqueous solutions at 300 Milz.
The Al/ATP ratios were: A) 0 and B) 0.20. The instrumental conditons were as
follows: spectral width of 4000 Hz, acquisition time of 1.3 sec, pulse delay of 15 see,
no line broadening. For experimental conditions see Table 6.1. (*) This resonance is
due to the remaining protons of the water solvent.

In this chapter, a concentration study and spin-lattice relaxation time measure-
ments are reported for the ATP-Al system using 'H (300 MHz) and C (75 MHz)
NMR spectroscopies. The ATP concentration was 100 mM at pH = 7.4 and the
Al/ATP ratio was varied from 0 to 0.75 for the 'H series, and from 0 to 1.5 for the

13C series.

6.2 Chemical Shifts Analysis

Spectrum A of Figure 6.1 displays the entire proton spectrum of ATP (100 mM,
pH = 7.4) in D;0 solution. Two distinct regions were observed. They corresponded

[159,160], on the left part of the spectrum, to the proton resonances of the adenine
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base (H-8 and H-2) and the proton sugar ring (H-1’). The right part of the spectrum
was composed of the sugar (H-2', H-3’, H-4/, H-5') and the solvent (HOD) proton
resonances (sce Figure 1.1 for the proton numbering of ATP). The adenine proton
chemical shift values are summarized in Table 6.1 along with those of the H~1" proton
sugar ring. Spectrum B of Figure 6.1 shows a proton spectrum of an ATP solution
to which aluminum was added (Al/ATP = 0.20). Upon addition of aluminum, ATP
and aluminum formed complexes in slow exchange on the NMR time scale giving
rise to the appearance of a new resonance for cach proton of the base and sugar ring
of ATP. The chemical shift values of the new proton resonances of the base and the
H -1’ proton sugar ring were shifted upfield from their respective free resonance and

attributed to ATP molecules involved in the ATP,Al; aggregate.

The carbon-13 spectrum recorded under similar conditions exhibited some fea-
tures comparable with the proton spectrum. Spectrum A of Figure 6.2 displays the
entire '*C spectrum of ATP in 20% D,0 solution. The left part of the spectrum
is composed [161] of **C adenine resonances (C-5, C-8, C-4, C-2, C-6) while the
right part of the spectrum shows the sugar ring resonances (C-3', C-2/, C-4', C-1')
and the C-5" resonance of the methylene group (see Figure 1.1 for the carbon num-
bering of ATP). All ¥C chemical shift values are summarized in Table 6.2. Upon
addition of aluminum to an ATP solution (see spectrum B of Figure 6.2, AI/ATP
= 0.20) ATP and aluminum formed complexes in slow exchange on the NMR time
scale. With results similar to the proton spectrum, a new resonance for each carbon
of the adenine basc and sugar ring of ATP appeared. The only exception was for the
C-1' ribose carbon which was observed as a single resonance. With the exception of
the C-4'c resonance (¢ stands for complexed) shifted upfield from its free resonance,

all the other ribose carbous were shifted downfield. In the case of the adenine car-
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Figure 6.2: A series of proton decoupled '*C NMR spectra of ATP--Al aqueous so-
lutions at 75 MHz. The Al/ATP ratios were: A) 0 and B) 0.20. The instrumental
conditions were as follows: spectral width of 9000 Hz, acquisition time of 3 sce, pulse
delay of 15 sec, typically 5000 transients and 1 Hz line broadening. For experimental
conditions see Table 6.2. (*) Corresponds to the resonance of dioxane used as an

internal reference.
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Figure 6.3: 'H NMR spectral region display of the adenine and H-1’ proton reso-
nances of ATP-Al solutions at 300 MHz. The Al/ATP ratios were: A} 0; B) 0.20;
C) 0.37 and D) 0.75. The instrumental conditions were as follows: spectral width of
4000 Hz, acquisition time of 3.7 sec, pulse delay of 15 sec and no line broadening.
For experimental conditions see Table 6.1.

bon resonances, like the proton resonances, they were all shifted upfield from their
respective free resonances.

Figure 6.3 displays a sct of proton NMR spectra for which the Al/ATP ratio
varied from 0 to 0.75. The region shown focuses on the protons of the base (H-8
and H-2) and the H-1' proton of the sugar ring as they were clearly resolved from
their respective complexed resonances. As the Al/ATP ratio varied from 0 to 0.75,
the proton chemical shifts of each complexed resonance were not dependent upon
the aluminum concentration (see Table 6.1) and one could r.ot detect any complex in
fast equilibrium with the complexed ATP resonances (H-8c, H-2¢ and H-1'c) which

are in slow chemical exchange with their respective free resonances (H-8, H-2 and
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6 ppm 6 ppm ) rpm

AI(IIT)
[ATF]

H-8 H-8¢| H-2 H-2¢| H-1' H-1'c
0.00 8.277 7.913 5.889

0.002 0.002 0.002

0.37* |8.280 8.123 [ 7.920 7.818 | 5.803 5.773
0.002 0.003 | 0.002 0.002 | 0.002 0.003

0.75* [8.290 8.124 | 7.935 7.818|5.903 5.780
0.002 0.004 | 0.003 0.003 | 0.003 0.003

Abm (0013 =0 |0.022 =0 [0014 =0
o 0.004 0.005 0.005

Table 6.1: *H chemical shift values of the adenine and H-1' resonances as a function
of the Al/ATP ratio at 300 MHz. Experimental conditions were: [ATP] = 100 mM,
pH = 7.4, [ = 21 °C, 20% D0 in 5 mm tube. Reported chemical shifts represent
the average of at least two (1) or four (}) measurements on different samples. Error
given as 20.

H-1'). The free ATP resonances did not behave the same way. As the AI/ATP ratio
varied from 0 to 0.75, they exhibited a constant downfield chemical shift varintion
(see Table 6.1), which can be observed in Figure 6.1. This suggested that the free
ATP resonances were engaged in further fast equilibria. When the Al/ATP ratio was
varied from 0 to 0.75, the observed chemical shift variations (Aé) were £ 1 Hz for

H-8, 7 + 2 Hz for H-2, and 4 % 2 for H-1' (see Table 6.1).

For a ratio of Al/ATP = 0.75, apparently free (henceforth called “free”), ATP res-
onances were still observed in the proton spectrum (see spectrum D of Figure 6.3).

For each set of resonances, proton integration gave a ratio of 3 (complexed) : 1
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{“free”) proton. Analogous to the phosphorus-31 studies, the residual “free” reso-
nances were attributed to one surface ATP molecule of the ATP4Al; aggregate. The
three other complexed ATP molecules of the aggregate resonated as one peak and
were all shifted upfield from the proton resonance of the surface ATP molecule. From
a chemical shift point of view, the chemical system under study could be described

as a three site chemical exchange:

k‘ surface kz inside
(ATP)adnlion—"_: (ATP)nggregatc_': (ATP)nggregau
fast slow

in which the free ATP molecule in solution is in rapid exchange with a surface
ATP molecule of the aggregate, which is undergoing a slow exchange with the ATP
molecules of the aggregate. Proton concentration studies provided an estimation of
a lower limit for the rate constant as k; > 40 s™! and a higher limit for the rate
constant as k2 < 200 s™'. Confirmation of this three site chemical exchange scheme,
as well as the estimation of both rate constant values k; and k,, was provided by
phospliorus-31 spin-lattice relaxation time measurements (see Chapter 8).

Figure 6.4 displays a set of carbon-13 NMR spectra for which the Al/ATP ratio
was varied from 0 to 1.5. The region shown focuses on the carbon atoms of the
adenine base (C-3, C-8, C-4, C-2 and C-6). As the Al/ATP ratio was increased
from 0 to 1.5, the chemical shift of each complexed resonance, reported in Table 6.2,
was not dependent upon the aluminum concentration. The 3'P, 'H and 3C NMR
results converge toward the same conclusion: one could not detect any complex in fast
cquilibrium, on the NMR time scale, with the complexed ATP resonances which are
in slow chemical exchange with their respective “free” resonances. The free carbon-13

ATP resonances behaved in a similar fashion to the phosphorus-31 free resonances.
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Figure 6.4: *C NMR spectral region display of the adenine resonances of ATP-Al
solutions at 75 MHz. The Al/ATP ratios were: A) 0; B) 0.20; C) 0.40; D) 1.0 and
E) 1.5. The instrumental conditions were as follows: spectral width of 4000 Hz,
acqrisition time of 3.7 sec, pulse delay of 15 sec, 5000 to 10000 transicnts, 3 Hz line
broadening and full proton decoupling. For experimental conditions see Table G.2.
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6 prm é ppm 6 ppm é ppm 6 PP
Al(l}
[ATP]
CH; CH, | C-3 C-3c| C-2 C-2c| C4 C-4c| C-V
0.00 | 65.91 71.07 75.17 84.71 87.561
0.20 | 65.91 66.55 | 71.05 71.14 | 75.15 75.23 | 84.68 84.44 | 87.60!
040 | 65.01 6653 | 71.09 71.14 | 75.16 7525 | t | 87.59!
1.0 | 6592 6655 | f  7L12 | 7518 i 8445 |87.65!
1.5 t 66.51 1 i 75.15 i t 84.47 | 87.67¢
bppm | 65.91 66.54 | 71.06 7113 | 75.15 75.24 | 84.69 8445 | 87.61
o | 001 002 | 002 001 | 001 001 | 002 002 | 0.04
W | €5 C%e | C-8 C-8 | C4 Cdc| C2 G2 | C6 Cbe
0.00 | 119.20 140.58 149.59 153.40 156.14
0.20 |119.24 118.87 | 140.61 140.32 | 149.64 149.29 | 153.45 153.27 | 156.18 155.84
0.40 | 119.20 118.79 | 140.57 140.28 | 149.58 149.21 | 153.40 153.21 | 156.15 155.77
1.0 |[119.24 11894 | {  140.36 | 149.61 149.32 | 153.46 153.33 [ 156.14 155.86
1.5 |119.21 118.90 | 140.61 140.33 | 149.63 149.32 | 153.48 153.34 | 156.20 155.87
b | 110.22 118,88 | 140.59 140.32 | 149.61 149.29 | 153.44 153.29 | 156.16 155.84
o | 002 006 | 002 003 | 002 004 | 003 0.05 | 002 0.04

Table 6.2: ATP *C chemical shift values as a function of the Al/ATP ratio at 75
MHz. Experimental conditions were: [ATP] = 100 mM, pH = 7.4, T = 21 °C, 20%
D,0 in 10 uum tube. (i) The chemical shift value could not be measured accurately
because the resonance was not detected or resulted in a too severe overlap. (f) Only
one resenance observed. One ¢ = 0.03 for 19 carbons.
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No chemical shift variations were observed as the Al/ATP ratio was varied from 0
to 1.5 (see Table 6.2). Both *'P and 3C NMR spectroscopies were unable to detect
that the free ATP resonances were engaged in a further fast equilibrium, as shown by
'H NMR, because the chemical shift difference between the two sites was probably
too small to be observed. For AlI/ATP > 0.75 and like the 'H and *'P NMR spcctra,
“free” ATP resonances were still observed in the *C spectra, corresponding to the
resonances of the surface ATP molecule of the aggregate. For Al/ATP = 1.0 and 1.5
(sce Figure 6.4) a new, broad resonance appeared, located at the base of cach carbon
resonance of the adenine base. This suggested that, once the ATP Aly aggregate
was formed, a further increase in the aluminum concentration led to the fixation of
aluminum nuclei on the adenine base of ATP. Aluminum complexation to the adenine
base of ATP was confirmed and discussed in more detail using 2 Al NMR studies (sce

Section 9.5).

'H, 13C and *'P NMR have been extensively used to study molecular conformation
[155] and aggregation of bases, nucleosides, and nucleotides by means of reluxation
techniques [162,163,164,166,167], NOE measurements [164], and chemical shift anal-
ysis [164,165,94,166,167). A closer examination of the observed proton and carbon
chemical shifts gave further insight into the geometric arrangements of the adenine
bases in the aggregate. As mentioned earlier, the chemical shifts of the complexcd
proton and carbon adenine resonances were all shifted upfield. Upfield chemical shifts
for the proton or carbon atoms of the base is characteristic of molecular aggregation in
which the stacking of the bases prevails [165]. The ring current magnetic anisotropy
effects have been shown to represent the main factor responsible for the observed 'H

and C upfield chemical shifts in purine [165).

Contrary to these results, the adenine proton resonances of the surface ATD

118



molecule of the aggregate were shifted downfield from their respective free resonances
in solution (sce Table G.1). Thus, for the surface ATP molecule of the aggregate,
the vbserved downfield shift suggests that this adenine base is oriented in a totally
different way from the three other inner bases of the aggregate, so as not to experience
a stacking cffect.

In a purine dimer, the bases were shown to be stacked one on top of the other
[165]. The resulting experimental dimerization and trimerization shifts were 1.05 and
1.53 ppm for the C-8 carbon nucleus and 0.46 and 1.00 ppm for the H-8 proton nu-
cleus respectively [165]. In the present study, the observed upfield carbon and proton
chemical shifts of the bases were much smaller, as they amounted to a maximum
value of 0.27 ppm in the case of the C-8 carbon and 0.15 ppm for the H-8 proton.
These experimental results suggest a different stacking geometry for the three inner

hases of the aggregate.

The formation of the ATP,4Al; aggregate begins probably by the assembly of
three ATP-Al monomers, in which the aluminum cation is complexed by the ATP
triphosphate chain. The stacking of threec monomeric units results in the formation of
an aluminum-triphosphate chain sandwich-like complex. The hexacoordinated com-
plexed aluminum cation certainly necessitates a special arrangement of the triphos-
phate chains which differs from one chain to another. Thus, at the site of complexa-
tion, the different arrangements of the triphosphate chains dictate a different spatial
location for each adenosine base.

Inspection of molecular models of ATP gives a preferential overall orientation for
the three bases of the aggregate. A molecular symmetry axis running through the
stacking of the three triphosphate chains complexing two aluminum cations can be

defined (sce Figure 6.5). Then, looking down the axis, each adenosine base is partially
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stacked and skewed by an angle of about 120° from the other bases (see Figure
6.6). The base stacking geometry of the aggregate is supported by the observed
upfield proton chemical shifts of the bases. As the base stacking is less intense in
the aggregate, the upfield shifts were smaller in magnitude than those observed for
a purine or an ATP dimer [165,94].

The surface ATP molecule of the aggregate behaves as a distinct ATP molecule
as confirmed by 'H, '3C and *'P NMR results. For AI/ATP > 0.75 all three nuclei
showed the appearance of “free” ATP resonances in their respective NMR spectra,
From 3'P NMR it can be concluded that the triphosphate chain of the surface ATP
molecule is only loosely bound to the aluminum cation, probably through water
molecules creating an outer sphere complex. 'H and 3C NMR spectra revealed that
the base is definitely not stacked or skewed 120° from the previous base. Both nuclei
rather suggest that the base of the surface ATP molecule stays away from any other
base so as to experience little or no stacking effect. Inspection of a molecular model
suggests that the surface ATP molecule sits on the top of the aggregate with its sugar

and base moicties pointing away from other bases (see Figure 6.7).

6.3 Spin-Lattice Relaxation Analysis

Examination of the 'H and *C chemical shifts of the free and complexed resonances
of ATP enabled the deduction of an overall structure for the adenine bases of the
aggregate. However, no information concerning their relative mobility in relation to
the triphosphate chain was known.

The sensitivity of relaxation time measurements upon a change in molecular
dynamics have already been used to study the aggregation phenomenon of ATP

[162,163,106]. The percentage of ATP dimer in solution increases with the ATP con-
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Figure 6.5: Schematic representation of the three aggregated ATP molecules with
the molecular axis running through the triphosphate side chains.
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Figure 6.6: Schematic representation of the three aggregated ATP molecules looking
down the molecular axis difined in Figure 6.5,
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Figure 6.7: Three dimensional schematic representation of the ATP,;Aly molecular
aggregate. (o) represent an aluminum cation.
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centration [94] and resulted in a decrease of the overall spin-lattice relaxation time.
In a dimer or trimer species, the adenine bases are stacked upon cach other [163,131]
and this reduction of mobility in solution, and the concomitant increase in the pro-
ton correlation time, had the effect of decreasing the T values. Proton and carbon
spin-lattice measurements were performed on the ATP-Al system and gave a better

insight into the molecular dynamics of the adenine bases of the aggregate.

Figure 6.8 displays an example of a 'H inversion recovery experiment for an
Al/ATP ratio of 0.37 showing the free and complexed H-8, H-2 and H-1' protons of
ATP. Qualitatively, the relaxation behavior of the free and complexed proton reso-
nances was similar. Table 6.3 sums up the results obtained for Al/ATP = 0, 0.37 and
0.75. Each free proton (H-2, H-8 and H-1’) was characterized by a unique relaxation
riate. For the same type of proton, the relaxation rate values of a free ATP proton
(Al/ATP = 0), a surface ATP proton and a complexed ATP proton (Al/ATP = 0.75)
were all identical. For example, R{free) = 0.47 £ 0.03 scc™!, R(surface) = 0.46 +
0.02 see~! and R{complexed) = 0.50 = 0.02 sec™! for the H-1 proton (see Table 6.3).

Although the three relaxation rates were identical for the same type of proton,
it should be pointed out that they characterize three different chemical sites. Table
6.3 also shows that all the relaxation rate values were independent of the relative
population of the three different chemically exchanging sites introduced earlier (see
page 115). The relaxation rate values were not affected by the exchange and, the
proton spin-lattice relaxation times of the surface and complexed ATP molecules of
the aggregate were equal to the Ty of a free ATP molecule in solution. This suggests
that the mobility of the sugar and base moicties of the aggregate is similar to a free
ATP molecule in solution. These findings support the ATP Al; structure discussed

previously (using chemical shift studies) in wiich the internal adenosine molecules
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Figure 6.8: Spectral region display of a 'H inversion recovery experiment of the
adenine and H-1’ proton resonances of an Al/ATP = 0.37 solution at 300 MHz. For
experimental conditions see Table 6.3. Instrumental conditions were: sweep width of
4000 Hz, acquisition time of 2 sec, pulse delay of 20 sec, and 32 transients. Recovery
times in seconds are shown near each spectrum.
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Ry (sec™)) Ry (sec ) Ry (sec™)

Al{I1)
[ATP)

H-8 H-8c|H-2 H-2c|H-1' H-lc
0.00 0.67 0.21 0.47

0.03 0.03 0.03

0.37 0.70 0.76 | 0.23 0.22 | 048 0.49
0.04 0.08 [0.02 0.02 |01 0.03

0.75* | 0.70 0.76 [0.23 0.23 | 046 0.50
0.01 0.02 |0.02 0.02 002 0.02

Ry ety | 070 0.76 {0.23 0.22 | 0.47 0.49
2% 0.04 0.04 {0.03 0.02 | 0.02 0.03

Table 6.3: 'H relaxation rate values of the adenine and H-1’ sugar resonances of ATP
as a function of the Al/ATP ratio at 300 MHz. Experimental conditions were: [ATP]
= 100 mM, pH = 74, T = 21 °C, 20% D,0 in 5 mm tube. Reported relaxation
rates represent the average of at least two (1) or four (}) measurements on different
samples.

were skewed 120° from one another, allowing them motional freedom.

Qualitative information about the mobility of the adenosine molecules of the
aggregate, using 'H relaxation measurements, was confirmed by the analysis of 12C
spin-lattice relaxation data which gave the correlation time of the adenosine molecules

involved in the aggregate.

Figure 6.9 and Figure 6.10 display an inversion recovery and NOE experiment. re-
spectively for the resolved, free and complexed C-2, C-8 and C-5' carhon resonances
of ATP, for an Al/ATP ratio of 0.40. As observed in the case of 'H, for each type

of carbon, the relaxation of the free resonances appears similar to their respective



C-2 C-8 c-5’
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Figure 6.9: Spectral region display of a '*C inversion rccovery experiment of the
free and complexed C-2, C-8 and C~-5 ATP carbon resonances of an Al/ATP =
0.40 solution at 75 MHz. For exnerimental conditions sce Table 6.4. Instrumental
conditions were: sweep width of 2500 Hz, acquisition time of 1.5 sec, full proton
decoupling and 2500 transients. Recovery times in seconds are shown near cach
spectrum.
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Figure 6.10: Spectral region display of the proton decoupled *C Nuclear Overhauser
Effects of the free and complexed C-2, C-8 and C-5' ATP carbon reronances of
an Al/ATP = 0.40 solution at 75 MHz. For experimental conditions see Table 6.4.
Instrumental conditions were: sweep width of 4000 Hz, acquisicion time of 1.5 sec,
pulse delay of 2 sec and 2500 transients. For spectrum (A) full proton decoupling,
(B) proton decoupling during the acquisition only.



] C2 C-2 | C-8 C-8c C-5  C-¥c
T] ,obs (8cc) 0.42 0.40 0.24
o 0.03 0.03 0.02
0.00 7ot 1.20 1.45 1.73
o 0.05 0.06 0.08
Te(pa) | 67T £8 86 £ 10 85 + 11
Tiobs (sec) | 0.33 0.23 0.29 0.20 0.164  0.124
a 0.03 0.01 0.02 0.03 0.006  0.004
0.40  1obs 1.12 0.96 1.12 0.90 1.44 1.35
o 0.07 0.06 0.07 0.05 0.08 0.10
Te(pe) | 7411 921084 +11 100420 (1054 10 75+ 10

Table 6.4: *C spin-lattice relaxation times, Nuclear Overhauser Effects and corre-
lation time values of the C-2, C-8 and C-5' resonances of ATP-Al solutions at 75
MHz. See text for the calculation of each correlation time. Experimental conditions
were: [ATP] = 100 mM, pH = 7.4, T = 21 °C, 20% D0 in 10 mm tube.

complexed resonances. Table 6.4 summarizes the spin-lattice relaxation times and
NOE factors obtained for Al/ATP = 0 and 0.40. From this table, a general trend was
observed for each type of carbon resonance. The T} value of the free ATP carbon m-
clei was longer than the T} value of the “free” carbon nuclei (representing a mixture
of free ATP carbon nuclei and surface ATP carbon nuclei of the aggregate), which

was longer than the T} value of the carbon nuclei at the inside of the aggregate:
Ti(free) > Ty(“free”) > T\ (inside)

Following the three site chemical exchange model introduced carlier, the free ATD
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carbon nuclei are in fast exchange (on the T NMR time scale) with the surface ATP
carbon nuclei of the aggregate. Therefore the observed T3 value of the “free” carbon
resonances represent their average values. The second chemical exchange involves
the surface ATP carbon nuclei of the aggregate which are in slow chemical exchange
{on the T} NMR time scale} with the ATP carbon nuclei located at the inside of the
aggregate. The exchange contribution to the observed carbon T values at the inside

of the aggregate can be expressed as (see Section 2.3.4.b):

11
Tl 0bs Tl Janaide

+ kzIB (61)

in which xy = 0.25 represents the molar fraction of the surface ATP molecules. The
rate constant & = 0.8 £ 0.2 57! was determined by two-dimensional exchange NMR
{sce Chapter 7). Then, using the relaxation data from Table 6.4 it can be shown
that chemical exchange does not contribute by more than 2 to 4% of the observed
relaxation rates. As a result, the effects of chemical exchange can be safely ignored

in the following discussions.

Analysis of NOE and relaxation data of the carbon resonances arising from the
iside ATP moleenles of the aggregate (C-2¢, C-8¢ and C-5'c) require that internal
motion of the base and of the CH; group, coupled with the isotropic rotational
reorientation of the aggregate, must be considered. The case of anisotropic rotational
reorientation has been treated theoretically [140] and general expressions for the NOE
and carbon-proton dipolar relaxation were available. For a CH; rotating group,
with one degree of internal motion, attached to a molecule undergoing isotropic
reorientation, with rz and 76 being the correlation times for over-all reorientation

and internal motion respectively, the NOE factor (nm.,) and the dipolar carbon-
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proton spin-lattice relaxation time (T}°?) are given by:

1 A B C
= 4+ 6.2
TPD Tin Tis T (6.2)

1 Adr + Bog + Céc

mar — 6.3
7 e Axr + Bxs + Cxc (6:3)
with
1 1 hiy3 42
— = N|-—tilc},.
Tl' (10 T6 XJ
i
o T; 37; G7;
Xi 14 (wy — wc)sz + 1+ wér} t 1+ (wy +wc)2Tf
qb- _ GTJ' T
! 1+ (wn +we)?r? 1+ (wy —we)rd
5 =71 +(676)"" g =g +2(37)""

_1 2 2 _ 3. 1, _ 3.
A—4(3cos 6-1) B_451n 26 C—4mn 6

in which N represents the number of protons contributing to relaxation and 8 the
angle between the C-H vector and the axis of internal reoricntation.

Figure 6.11 and 6.12 show the variations of the TP and #py,; values with the
internal correlation time 74 for an isotropic reorientational correlation time of 2.8 ns,
For 76 > 7 , that is for internal motion slower than the isotropic reorientation, the
dipolar carbon relaxation time is not sensitive to internal motion. In this case, the
TP? value corresponds to the isotropic reorientation model. However, for internal
motion faster than the isotropic reorientation, 7¢ < 7r, the TP increases gradually
as it becomes sensitive to internal motion (see Figurc 6.11). For internal motion
in the range of 107!2 < 7 < 107® the bell shaped NOE factor evolves between

0.35 € Dmaer < 0.25 and reaches a maximum value of 1.38 for an internal motion of
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Figure 6.11: Plot of the dipolar '*C spin-lattice relaxation time (T2P) of a tetrahedral
CH,; group versus the logarithm of the internal rotational correlation time rg. The
group is undergoing internal rotation while attached to a molecule with an isotronic
rotational reorientation of 7 = 2.8 ns. Equation (6.2) was used for the simulaticn.
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Figure 6.12: Plot of the 3C-{'H} Nuclear Overhauser Effect (1maz) for pure dipolar
C-H relaxation versus the logarithm of the internal rotational correlation time 7e;.
The group is undergoing internal rotation while attached to a molecule with au
isotropic rotational reorientation of 7g = 2.8 ns. Equation (6.3) was used for the
simulation.
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50 ps. However, for an isotropic reorientation model (no internal motion, ¢ > 1078),
the maximumn theoretical NOE value is 0.25 (see Figure 6.12).

The CH; group, located at the inside of the aggregate had an experimental NOE
value of 1.35, which indicated that the CH, group undergoes internai rotation around
the PO-CH; bond. The observed NOE and T; values are related to equations (6.2)
and (6.3) by the following equation:

Tl,obs = TloD Tobs (64)

mal

Using cquations (6.2)(6.3) and (6.4), as well as the rclaxation and NOE data of
Table 6.4, & unique solution was found for an internal rotational correlation time of
75 £ 10 ps.

For the C-2¢ and C-8c carbons of the inside adenine bases of the aggregate,
rotation about the PO-CH,, CH,-(C-4') and the glycosidic (C~1')-(N-9) bonds rep-
resent three degrees of internal rotational motion and equations (6.2) and (6.3) do not
properly describe the dynamics of the bases. However, for an over-all reorientation
much slower than the segmental internal motions, which prevails in this study since
r(aggregate) = 40 76(CHy), theoretical considerations and experimental results on
polystyrene solutions showed that the carbon-13 T values were independent of 75
[168]. The solution dynamics may be analyzed using a simple isotropic model and,

for the C-2¢ and C-8c¢ carbon nuclei, the carbon correlation time was calculated

using:
1 h?,_’,? 2
m = N (r—};‘rc) Te (6-5)
with
Tl.obs = T]DDTn_gZS’_S_ (6'6)
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The “free” carbon resonances (C-2 and C-8) represented a mixture of free and surfuce
ATP resonances, as were their relaxation data. For Al/ATP = 0.40, the “free”
NMR signal was composed of 80% free ATP and 20% arising from the surface ATP
molecules of the aggregate. The previous discussions, concerning the degrees of
motion, also apply to the surface ATP molecules and, as a result, relaxation and
NOE data were analyzed using an isotropic model (sce equation (6.5) and {6.6)).
Finally, the T} of the “free” CH; carbon resonance is predominantly (80%) gov-
erned by the Ty of the free ATP molecules. As a result, the correlation time was
calculated by assuming an isotropic reorientational model (sec equation (6.5) and
(6.6)). Table 6.4 summarizes the results for each carbon atom and shows that the
“free”, complexed and free ATP carbon atoms have similar correlation time values,
The averaged correlation time of 89 % 10 ps for the ATP carbon atoms located at the
inside of the aggregate was similar to the correlation time of a free ATP molecule in
solution (72 ps). These results show that in the aggregate, the adenosine bases un-
dergo fast rotational motion. This result supports the aggregate structure proposed
earlicr, based on 'H and 3C chemical shifts. The internal bases, skewed by about
120° from each other, do not experience steric hindrance factors {(which would lead to
an increase in the rotational correlation time) as they are free for rotational motion
in the aggregate. However, the observed 'H and *C chemical shifts, given by the
trace of the anisotropic chemical shift tensor, were scnsitive to the overall stacking

geometry of the adenosine molecules.

6.4 Conclusion

In a concentration study, the examination of 'H chemical shifts of the "free” and

complexed resonances of ATP lead to the conclusion that the chemical system could
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be described as a three site chemical exchange. The free ATP molecule in solution
is in rapid exchange with a surface ATP molecule of the aggregate, the latter be-
ing in slow exchange with an aggregated ATP molecule. Both 'H and *C chemical
shifts suggested that each aggregated adenine base was partially stacked and skewed
from the other bases. Contrary to this, the surface ATP molecule has a distinct
spacial arrangement from the inner bases of the aggregate. The overall gecometry
of the complex is a helix-like arrangement of bases with the surface ATP molecule
sitting on the top of the aggregate, its adenine base pointing away from the other
three inner bases. The overall complex geometry allows for motional freedom of the
bases (see Figure 6.7). Indeed, 'H and '3C relaxation experiments were in agreement
with the proposed overall structure of the aggregate as they revealed that the adeno-
sine molecules were undergoing fast internal motior coupled with the slow overall

reorientation of the whole aggregate.
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Chapter 7

INVESTIGATION OF
CHEMICAL EXCHANGE
PROCESSES USING
TWO-DIMENSIONAL NMR
SPECTROSCOPY

7.1 General Concepts in Two-Dimensional NMR
Spectroscopy

The concepts involved in a two-dimensional NMR (2D NMR) spectroscopy exper-
iment were first described in 1971 [169], but it was not until 1976 that the first
2D spectra were published [170]. As an introduction to 2D NMR experiments
[173,180,181,182}, the basic fundamental concepts differing between one-dimensional
and two-dimensional NMR will be presented.

In one-dimensional NMR spectroscopy {154] the basic pulse sequence is deseribed
in Figure 7.1. In this simple experiment the spin system is prepared during a timne
PD, perturbed by a radio frequency pulse, allowing the transverse magnetization to
be recorded during the detection period t,.

In a two-dimensional experiment [170] there is an additional independent tine
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90,

preparation detection

L PD t,

Figure 7.1: Basic one-dimensional pulse sequence scheme widely used in “routine”
NMR spectroscopy. It involves only two successive time periods: the preparation and
the detection period during which the transverse magnetization is recorded.

0, 80

preparation

evolution detection

L PD t, t, Jn

Figure 7.2: Basic two-dimensional pluse sequence scheme for the homonuclear chem-
ical shift correlation (COSY) experiment. See text for a detailed description of the
pulse sequence.

variable ¢, in the basic pulse sequence presented in Figure 7.2. A two-dimensional
experiment consists of acquiring a series of n Free Induction Decays (FIDs), each FID
differing from the previous one by a constant incremental value ¢4, called the evolution
period. Two-dimensional spectroscopy is based on the main principle that nuclear
spins observed during the detection period {3, have a memory of what happened
during the evolution period ¢;. In a 2D experiment, the only length of time which
varies from one FID to another is the evolution time period t;. It creates a nuclear

spin history as it affects the phase and the amplitude of the magnetization detected



during the time t,.

The classical description of a two-dimensional experiment [173] given below gives
more insight into what is happening physically to a set of isolated non-coupled spin
systems. The basic 2D pulse sequence used in the following treatment is given in
Figure 7.2 and was the first 2D homonuclear chemical shift correlation experiment
proposed by Jeener [169,170]. The preparation period consists of a time long enough,
compared with the spin-lattice relaxation time T}, for the macroscopic magunetization
to be at its equilibrium value M. After the preparation period, the first non-selective
902 pulse applied to the spin system in equilibrium creates a transverse magnetization
M,,. During the evolution period t;, the transverse magnetization is labelled with
its own characteristic angular frequency Q,; in the rotating frame of reference. This
period is ended by a second non selective 902 pulse, called the mixing pulse because it
allows the transfer of information (like spin-spin coupling, NOE or chemical exchange)
between related spins. Finally, transverse magnetization components are recorded s
a function of the time variable #;. If the phase of the transverse maguctization is
monitored during the detection period t;, as a function of the evolution time #;, the

time domain signal S(¢,t;) using quadrature phase detection will be given by:
S(t1,t2) = Myexp(it,) exp(—t1/T2) exp(iQata) exp(—t2/T3) (7.1)

The two terms exp(iQ;¢;) and exp(i§at;) express the phase dependence of the signal
on the two domains #; and #; while relaxation during evolution and detection is

expressed by the relaxation rate 1/T5.

After the first complex Fourier transformation with respect to £y, the signal, for

a given value of t;, has the following form:

S(ty,w2) = Moexp(ift;)exp(—t,/T2)F(w;) (7.2)
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with

= Tg . Tg(ﬂz - wz) -
= 3
Fler) 1+ TF(Q2 - wy)? +21+T§(Q2—w2)2 (7:3)
the complex function F (w2) is more often conveniently written as:
F(w;) = Re(wz) + iIm(ws) (7.4)

in which Re(w,) and Im(w;) are the real and imaginary parts of the complex function
F(w,) and represent the absorption and dispersion parts of the signal respectively.
Equation (7.2) represents a set of spectra for different values of ¢;, each spectrum
experiencing the phase modulation expressed by ,¢,. It is usual to use the real
{absorption) part of the signal and Figure 7.3 shows an example of a phase modulation
for different values of £, after the first Fourier transformation. The nodulation along

the ¢ axis is centered at w, = Q3 along the F, axis and equation 7.2 becomes:
S(th Qg) = ﬁffoTz cos(ﬂlt,)exp(—tlng)

After the second complex Fourier transformation with respect to the evolution period

f1, the 2D frequency domain signal is:
S(wy,we) = MoF{(wy) x F(w,) (7.5)

with

F(w) = Re(w,)+ iIm(wy) (7.6)

Re(uwy) and Im(w,;) are formulated in a similar way as Re(ws) and Im(w;) (see

equation (7.3) and (7.4)). After multiplication:
S(wl,wz) = ﬂfg[{Re(wﬁ )Re(wz) - Im(w1 )Im(wz)}

+ i { Re(wq JIm(wq) + iIm(w; ) Re(wq)}] (7.7)
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Figure 7.3: Display of a two-dimensional NMR spectrum after the first Fourier trans-
formation (with respect to ?;, the detection period) showing the phase modulation
of the signals during the evolution period ¢;. The second Fourier transformation
with respect to ¢; yields the frequency Fi. The H-2 resonance of ATP was used in
this example. For experimental and instrumental conditions see Figure 7.9 and 7.10
respectively.
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Equation (7.7) can also be formulated as:
S(Wl,u‘z) = ﬁfg[RC(W;,Wg) + iIm(w1,w2)]

where both Re{w,,w;) and I'm(w,,w;) contain a mixture of absorption and dispersion
of the signal. The signal of intercst is given by the real part Re(w;,w;) of the
signal S{w;,w,). From equation (7.7), the real part of the signal consists of the
superposition of a two-dimensional absorption Re(w, }Re(w;) and a two-dimensional
dispersion Im(w; )Im(w,) giving rise to a complicated so called phase twisted 2D
lineshape [170,174], as scen in Figure 7.4. It is very difficult to modify these phase
twisted 2D lineshapes into a pure two-dimensional absorption spectrum by a simple
phase correction routine. However, the phase sensitive mode can be used to display
and phase a cross-section of a 2D spectrum into an absorption mode. When the
entire 2D spectrum needs to be displayed, the absolute value representation is used

[170,173], as scen in Figure 7.5, and defined as:

[S(wr,w2)| = \/ﬁe2(w1,w2) + Im*(wy,we)

It overcomes the problem of phasing a 2D spectrum, but, because of the dispersion
contribution to the absolute intensity, lineshape distortions occur. Lineshapes are
globally broader than a pure Lorentzian in the absorption mode (see spectrum A of
Figure 7.6), especially at the base of the line (see spectrum B of Figure 7.6), giving
rise to a pronounced star shape in the contour plot (see spectrum A of Figure 7.7).
As a result, in crowded 2D spectra, poor resolution may be expected which, in the
worst case leads to false correlation peaks.

For a qualitative analysis of a 2D spectrum, the resonance wings can be removed
by digital filtering. Among the digital filters available [172], the Lorentzian to Gaus-

sian [175,176] and the pscudo-echo [176] transformations are commonly used for data
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Figure 7.4: Display of a two-dimensional spectrum processed in the phase sensitive
mode and showing an example of a phase twisted 2D lineshape. The 2D spectrum was
obtained by performing a second Fourier transformation of the spectrum displayed
in Figure 7.3.

Figure 7.5: Display of a two-dimensional spectrum processed in the absolute value
mode. The problem of phasing the 2D spectrum is no longer necessary in this mode
of representation. The 2D spectrum was obtained by performing a second Fouier
transformation of the spectrum displayed in Figure 7.3.
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Figure 7.6: Lineshape comparison between A) a one-dimensional pure Lorentzian
lineshape in the absorption mode; B) a cross-section of a 2D spectrum in the absolute
value representation and C) the removal of the dispersion contribution present in
spectrum (B) by using a pseudo-echo filtering function in both dimensions before
Fourier tranformation. Experimental and instrumental conditions as in Figure 7.9
and 7.10.
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Figure 7.7: Contour plot comparison between A) a two-dimensional spectrum dis-
played in the absolute value representation and B) the same spectrum after using a
pseudo-echo filtering function in both dimensions. Experimental and instrumental
conditions as in Figure 7.9 and 7.10.
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treatment of 2D spectra. These filters reduce the dispersive components of an ab-
solute value representation and produce 2 2D spectrum with a less pronounced star
shape in the contour plot (see spectrum B of Figure 7.7), and reduce strong tail-
ing in a cross-section (sce spectrum C of Figure 7.6). However, if quantitative rate
constant measurernents are intended, the use of filtering functions should be avoided
since they distort peak intensities. From this discussion it follows that in order to
obtain reliable rate constant values, the two chemically exchanging sites should have
well resolved resonances in the one-dimensional spectrum and the NOESY spectrum

should have a good signal-to-noise ratio.

7.2 Two-Dimensional NMR Exchange
Spectroscopy (NOESY)

NMR techniques are particularly well suited for the investigation of molecular dy-
naunics like molecular relaxation or chemical exchange processes. Depending upon
the relative magnitude of the governing rate processes, different methods can be used
to extract relaxation or chemical exchange rate constants.

Lineshape analyses [168] are often used to study two-site chemical exchange pro-
cesses whose rate lies in the order of 10-101 s™!. Multiple resonance techniques {178]
give information about dynamics by utilizing the NOE effects [208], as well as trac-
ing chemieal exchange pathways by saturation transfer experiments [199,200,201].
Finally, relaxation experiments generally give more insight into the different types of
relaxation processes operating in the lattice and, under certain conditions, exchange
rates may even be measured [202]. Up to the late 70's, investigation of chemical ex-
change and magnetization transfer in liquids could only be studied by one-dimensional

NMR spectroscopy. In 1979, 2D NMR spectroscopy was applied to magnetization
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Figure 7.8: Basic pulse sequence for a two-dimensional exchange NMR spectroscopy
(NOESY) experiment. See text for a detailed description of the pulse sequence.

transfer processes [179], resulting in the appearance of a new general technique called
2D NMR exchange spectroscopy (NOESY).

Figure 7.8 presents the basic (NOESY) pulse sequence which only differs from
the classic 2D pulse sequence (sce Figure 7.2) by a fourth, constant time period
Tm, called the mixing period. It is during this period that the exchange processes
take place. The signal S(t;,7m,t2) is recorded during the evolution time #, the
double Fourier transformation of which gives the 2D spectrum S(w;,we). In the
case of a two site (4 and B) chemical exchange process, the appearance of diagonal
peaks, at frequencies (wg4,w4) and (wg,wpg) in the 2D spectrum, indicates that the
magnetization components processing at wy and wg , during the evolution period,
did not undergo chemical exchange during the mixing period. As a result, they
still nutate with their own frequency w, and wp during the detection period. On
the other hand, the appearance of a cross-peak at frequencies (wa,wpy) in the 2D
spectrum indicates that transfer of magnetization components precessing at wy, to
a site precessing at wp, has occurred during the mixing period. The same reasoning
applies for the cross-peak centered at (wg,wa).

The signal observed during the detection period is the sum of four magnetization

146



compounents [179]:

MM, Ty t2) = daa(7.) cos(waty) cos(watz) exp(—t1 /Raa) exp(—t2/Ra4)

Mfyﬂ(t., Tmyt2) = agp(7a)cos(wpt,)cos(wpts) exp(—t,/Rep) exp(—t2/Rpg)

MAP(4, Ty t2) = aap(Tm) cos(wat)) cos(wptz) exp(~t1/Ras) exp(—t2/ Rps)

A'I::.A(thrtth) = GBA(Tm)cos(wﬁtl)COS(wAt2)exP(_t1/RBB)exp(_tZ/RAA)

with:

and:

aaq(Tm) = T [cosh(Drm) - -f—)sinh(Drm)] (7.8)
- o . -
apy(tm) = xge ™ [cosh(DTm) + Bsmh(DTm)] (7.9)
k2 grm -
asp(t) = aga(tm) =~ TATH e o™ sinh( D7) (7.10)
a = %(R:h\ + RBB) R.»IA = RIA + I'Bkg (7'11)
§ =3(Ras—Res) Rpp=Rip+cak (7.12)

D = /(82 + xa7gkd)

taa(Tm )y ann(mm) and aip(7,), epa(7Tm) are called the mixing coefficients and they

determine the intensities of the two diagonal and the two cross-peaks in the 2D

spectrum respectively. In equations (7.11) and (7.12) 74, R4 and 25, Rip are the

nuclei populations and the intrinsic relaxation rates in the site A and B respectively.

ky represents the first-order rate constant of the exchange process (k; is normalized

for the population differences of cach site). From equations (7.8)(7.9) and (7.10) the
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intensities of the diagonal peaks and cross-peaks are a function of the mixing time r,,.
By recording several 2D spectra with different mixing times, one obtains an intensity
variation of the diagonal and cross-peaks as a function of 1,. x4 and ry can be
obtained from a one-dimensional spectrum while both relaxation rates R44 and Ryy
can be determined by a spin-lattice relaxation experiment. Then, the only unknown
of equations (7.8)(7.9) and (7.10) is the rate constant A, which can be determined

by a non-linear regression analysis of the diagonal and cross-peak intensitics as a

function of the mixing time.

This new two-dimensional technique represents an extension of the one-
dimensional Forsen-Hoffinan saturation transfer method [199,200,201] which, under
conditions of multi-sitc exchange or crowded spectra, presents some difficulties of
irradiation. Also, standard NMR spectrometers are not equipped to deliver multiple
or even a single selective irradiation for nuclei other than protons. Two-dimensional
exchange spectroscopy (NOESY) overcomes all of these problems at once and it has
been successfully applied to numerous chemical [183,184,185,186,187] and biochem-
ical [188,189,190,191] problems and, in certain cases, has led to the determination
of the rate constant [184,186,187,189,191]. Moreover, with the advent of 2D NMR
it is now possible to obtain and clucidate, in a single experiment, the chart of the

exchange pathways for multi-site chemical exchange processes.

It should also be mentioned that NOESY is a powerful method for the clucidation
of the overall spatial structures and conformations of biological macromolecules in
solutions [192,193,194,195,196,107,198,203,204]. In these experiments magnetization
transfer occurs via cross-relaxation rates which are quantitatively measured and yield

distances between cross-relaxing nuclei in the macromolecule.

In the case of chemical exchange processes, rate constant measurements by 2D
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NMR were, in several examples [186,191,205], in good agreement with rate constants
obtained by other one-dimensional NMR methods, like saturation transfer or relax-
ation experiments.

In this chapter, the kinetics of chemical exchange processes taking place in the
ATDP, -Aly aggregate was investigated by 'H 2D NMR. It led to the determination of
the pseudo first-order rate constant k, which characterized the exchange taking place

hetween a surface and the complexed ATP molecules in the aggregate.

7.3 Materials and Methods

Two-dimensional NOESY spectra were obtained by using the pulse sequence de-
seribed in Figure 7.8, To obtain an adequate signal-to-noise ratio, 16 transients were
accumnulated for each of the 128 FIDs, using a pulse delay of 1 second. Quadrature
phase deteetion was combined with the frequency carrier set in the middle of the
speetrum, - The remaining solvent water resonance was suppressed by a selective,
contimous soft (100 mW) irradiation {192,193,206] at the water resonance frequency
using the home-decoupler mode of a Waltz-16 decoupler [77]. Eight NOESY spectra
were recorded with different mixing times. The acquisition time was 1 second, over
o speetral width of 500 Hz, which covered the H-8 and H-2 adenine proton chemical
shift region. The number of data points taken in the double Fourier transformation
were 1024 in both dimensions. No filtering function was used in the double Fourier
transformation and the spectral resolution achieved was 1 Hz in both dimensions.
After the double Fourier transformation, the two-dimensional spectra were submit-
ted to o data synunetrization technique [207] which has been shown to improve the
signal-to-noise ratio and cancel peak artifacts of a 2D spectrum. All spectra were

displayed using the absolute value mode representation. Integrated peak volumes of
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Figure 7.9: One-dimensional 'H NMR spectral region of the H-8 and H-2 adenine
resonances of an ATP-Al solution in D;0 at 300 MHz. Experimental conditions were:
[ATP] = 100 mM, pH = 7.4 and 22 °C. The Al/ATD ratio was 0.75. Instrumental
conditions were: spectral width of 500 Hz, acquisition time of 1 sec, pulse delay of 1
scc, 16 transients and no line broadening,.

the diagonal and cross-peaks were computed in order to take into account linewidth

differences between the two diagonal peaks (see Figure 7.9). The reported integrated

cross-peak volumes represent the average value of the two cross-peaks.

7.4 Results

Figure 7.9 displays the H-8 and H-2 spectral region of a onc-dimensional praton
spectrum of ATP in D,O (pH = 7.4, ATP = 100 mM) and for an AI/ATD ratio
of 0.75. For cach kind of proton, urder these conditions, the resonances shifted
upfield were attributed to a complexed AT molecule of an ATP;- Aly aggregate

(6(H-8¢) = 8.124 ppm and §(H-2c) = 7.818 ppm), while the remaining two reso-
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nances (6(H-8) = 8.290 ppm and é(H-2) = 7.935 ppm) were attributed to a surface
ATP moleccule of the aggregate (see Figure 7.9 and Section 6.2). The 2D NOESY
speetra were all recorded in this spectral region because both resonances of the ag-
gregate were well resolved for both types of protons. The H-2 proton resonances
were chosen to follow the intensity variations of the diagonal and cross-peaks of the
NOESY spectra because of the narrower linewidth of the complexed ATP resonance
{(Vi2{H-2c) = 3.6 Hz while V,;2(H-8c) = 11 Hz), leading to a better resolution of
the diagonal and cross-peaks in the 2D spectrum.

Figure 7.10 displays, in a contour plot representation, a series of 2D NOESY
spectra of the H-2 proton resonances for three different mixing times (0.3, 0.5 and
1.0 sce). With a mixing time of 0.3 sec, cross-peaks were already present. This in-
dicates that, during the mixing time, transfer of magnetization from a surface ATP
molecule to a complexed ATP molecule has occurred by chemical exchange. As the
mixing time inereased, cross-peak intensities clearly also increased while the intensi-
ties of the diagonal peaks decreased. The intensity variations were more pronounced
for the surface ATP resonance since its linewidth was narrower (Vy/, = 1.5 Hz) than
that of the complexed ATP resonance (Vy;; = 3.6 Hz).

Figure 7.11 displays, in & whitewashed stacked plot representation, the NOESY
spectra obtained for 1, = 0.3, 0.5 and 1.0 sec which can be compared to the respective
contour plot representation in Figure 7.10. The 2D stacked plot spectra give an
example of the resolution and signal-to-noise ratio obtained in the NOESY spectra.
It also allows for comparisons of the relative peak intensity variations of the diagonal
and eross-peaks.

These relative peak volume variations are summarized in Figure 7.12 for eight

different mixing time values. The intrinsic relaxation times of equation (7.11) and
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Figure 7.10: A series of 'H 2D exchange NMR spectra of the “free” and complexed
H-2 adenine resonances of an ATP-Al solution in D;0 at 300 MHz. The spectra
are shown in a contour plot using an absolute value representation. Experimental
conditions were as in Figure 7.9. Instrumental conditions were: spectral width of
500 Hz, acquisition time of 1 scc and a pulse delay of 1 sec. The mixing times
were; A) 0.30; B) 0.5¢ and C) 1.0 sec. The residual HOD resonance was continously
decoupled with a low proton decoupling power (100 mW). 16 FIDs were coadded for
each of the 128 ¢; values. A 1024 x 1024 data matrix was Fourier transformed in
both dimensions, without using any filtering function.
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Figure 7.11: A scries of of '"H 2D exchange NMR spectra of the “free” and complexed
H-2 adenine resonances of an ATP-Al solution in D,0O at 300 MHz. The spectra are
shown in a whitewashed stacked plot using an absolute value representation. The
different mixing times in seconds were: A) 0.30; B) 0.50 and C) 1.0. For experimental
and instrumental conditions see Figure 7.9 and 7.10 respectively.
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Figure 7.12: Variation of the relative peak volume for the diagonal and cross-peiks
of the H-2 resonances of ATP in the NOESY spectra as a function of the mixing timne
Tm. Experimental data points are shown for: (e) the complexed (H-2¢) resonance;
(o) the surface (H-2) resonance and (x) the average for the two cross-peaks. The full
lines represent the result of a non-linear regression analysis using equations (7.8)(7.9)

and (7.10).
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(7.12) in site A (surface ATP molecule) and B (complexed ATP molecule) were
previously determined by 'H inversion recovery experiments (see Section 6.3), and

=1, The molar fractions z,4 and zg were fixed to 0.25 and 0.75

were beth 0,27 sec
respectively. Using these parameters and 24 data points given by the NOESY spectra,
a non-linear regression analysis performed on both the diagonal and cross-peaks gave
ky = 0.8 & 0.2 s7'. The three full lines in Figure 7.12 represent the theoretical

peak volume variations of the diagonal and cross peaks, using cquation (7.8)(7.9)

and (7.10), and for a rate constant of 0.8 s™1,

7.5 Discussion

2D NMR exchan-ge could only provide the value of the pseudo first-order rate constant
and, since no concen*rotion studies were available, it was not possible to decide on
the mechanism of the chemical exchange process taking place in solution. However,
an intramolecular chemical exchange mechanism is a plausible working hypothesis. It
is in agreement with the three-site chemical exchange existing for the ATP-Al system
{sce Section 6.2 and 8.4). Figure 7.13 summarizes the overall suggested mechanism.
Each square represents an ATP molecule of the aggregate. A small letter (a,b,c or
) denotes a surface ATP molecule while a capital letter (A,B,C or D) represents a
complexed ATP molecule. The vertical straight line emphasizes that in the aggregate,
there are three complexed ATP molecales for one surface ATP molecule. Figure 7.14
shows in more detail what happens for the steps (1) and (2) of Figure 7.13. In the first
step (1), an intramolecular exchange takes place between a surface (d} and complexed
() ATP molecule. This chemical exchange, slow enough on the NMR time scale, was
detected by 2D NMR. In the second step (2), a surface ATP molecule (a) dissociates

from the aggregate, giving rise to a free ATP molecule in solution (L). This chemical
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Figure 7.13: Suggested overall intramolecular chemical exchange mechanisin occuring
in the ATP,Al; aggregate. Each square represent an ATP molecule of the aggregate,
a small letter denoting a surface ATP molecule while a capital letter is representative
of a complexed ATP molecule. Figure 7.14 shows in more detail what happens for
the steps (1) and (2).

exchange has been shown to exist by proton chemical shift mcasurements (see Section
6.2) and phosphorus-31 spin-lattice relaxation experiments (sce Section 8.4). Finally,
the frec ATP molecule (L) returns at the other side of the aggregate as a surface
ATP molecule (a). This overall chemical exchange is fast on the NMI frequency time
scale, and corresponds to a jump of a surface ATP molecule to the other end of the
aggregate via a free ATP molecule in solution. Successive repetition of these fast and
slow exchanges, presented in Figure 7.14, generates the overall chemical exchange
pathway existing in the aggregate and shown in Figure 7.13. Finally, Figure 7.15
summarizes schematically the overall intramolecular chemical exchange of a surface

ATP molecule presented in Figure 7.13, each step characterized by a rate constant

of 0.8 s~
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Figure 7.14: A dctailed scheme showing the two successive slow and fast chemical ex-
change steps which characterize the dynamics of the ATP-Al system. (L) represents
it free ATP molecule in solution. For other symbols see text of Figure 7.13.

Figure 7.15: Schematic overall chemical exchange pathway occuring in the aggregate.
(A,D) (D,C) (C,B) and (B,C) are in slow exchange (k; = 0.8 57!} while (D,B) are in

fast exchange.
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7.6 Conclusion

The intramolecular chemical exchange model discussed previously could be tested by
a concentration study experiment. Although 2D NMR exchange spectroscopy is an
attractive tool for studying chemical exchange processes, it is still a time consum-
ing technique. To remedy this problem, a concentration study of the rate constant
could be done by performing one-dimensional proton saturation transfer experiments
[199,200,201]. This technique has been shown to be a powerful tool to measure the
slow chemical exchange rates of enzyme catalysed reactions in a variety of 1 vivo
[190,209,210] and in vitro (211,212,213} biochemical living systems. The application of
the saturation transfer method has also been discussed for multi-site exchange [214],
and applied to three-site exchange systems of protein-ligand complexes [215,216]. Fi-
nally, it should be pointed out that experimental difficulties may arise and prevent
the completion of the magnetization transfer experiment. In this case, other NMR
techniques have been developed for the determination of slow chemical exchange
rates, and magnetization transfer in the rotating frame [217], as well as the Carr-
Purcell-Meiboom-Gill (CPMG) [218] pulse sequence mry provide an alternative for

kinetic experiments.
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Chapter 8

PHOSPHORUS-31
RELAXATION PROCESSES IN
ATP,Al; AGGREGATES

8.1 Introduction

Phosphorus-31 relaxation studies have been shown to provide important information
on the conformation and dynamics of nucleic acid, oligonucleotides and phospho-
proteins [219,220]. In order to gain sensitivity and resolution, phosphorus-31 NMR
studies are often perfuimed at high magnetic field strengths (Vo > 40 MHz). The
advantages gained by the use of high field spectrometers are somewhat diminished
Ly the phosphorus-31 relaxation mechanisms. In most cases, the sum of two contri-
butions [223] must be considered: the dipole-dipole phosphorus-proton interaction
and the chemiceal shift anisotropy interaction. Fortunately, the latter interaction is
ficld dependent and only becomes preponderant at high field. As a vesult, in order to
unravel the phosphorus-31 relaxation parameters, relaxation studies generally requirce

measurcments at different magnetic field strengths.

Phosphorus-31 dipole-dipole and CSA relaxation theories [35] (see Section 2.3.1

and 2.3.2) have been applied to simple cases of isotropic molecular reorientation
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[90,113] (see Chapter 4). However, molecular reorientation of a residuc imbedded into
a macromolecule is often anisotropic. In this case, the correct description of molecu-
lar dynamics requires a double correlation time relaxation model [221,140,222], which
allows for one mode of internal motion coupled with the isotropic tumbling of the
whole molecule. Such motional models have been applied to the phosphodiester link-
ages of DNA [224,132,137,100,136], RNA and oligonucleotides [225,133], showing the
sensitivity of NOE and spin-lattice relaxation measurements upon internal motions
in the subnanosecond time scale (0.2 - 0.4 ns).

In a concentration study, NOE and phosphoruas-31 spin-lattice relaxation meusare-
ments were performed on the ATP-Al system. It provided important information
about the different types of chemical exchange taking place in solution at pH = 7.4
The combination of NOE and T} measurements at two different fields permitted each
relaxation mechanism contributing to the overall experimental relaxation rates to he
resolved. As well, 3P NMR relaxation experiments gave information about the inter-
nal dynamics of the aggregate which could then be compared to the results obtained

by ¥C spin-lattice relaxation measurements (see Section 6.3).

8.2 Materials and Methods

In a concentration study, the total ATP concentration was kept constant at 100 mM
while the Al/ATP ratio was varied from 0 to 1.25. 3!P spin-lattice relaxation measure-
ments were performed at 121 MHz for the various Al/ATP ratios. Ty measurements
were also done at 32 MHz for 0.75 < Al/ATP < 1.25. Finally, NOE spectra were
recorded for Al/ATP = 0.75, at both fields. All samples were prepared in 20% D, 0O
solution, pH = 7.4 and recorded at 22 °C. The experimental sample preparation,

NOE and T} measurements were dealt with in Section 3.6, 3.4 and 3.3 respectively.
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8.3 Results

The T, variations of the free phosphorus nuclei can be qualitatively observed in
Figure 8.1 and 8.2 which display two scts of partially relaxed *'P spectra at 121
MHz, for Al/ATP = 0.33 and 0.90 respectively. Figure 8.3 and 8.4 correspond to
an enlarged spectral region of Figure 8.1 and 8.2 respectively, showing the o’ and
3" complexed phosphates. For both resonances, the constancy of the 7} values can
be elenrly seen by comparing Figure 8.3 and 8.4. Figure 8.5 displays a 3'P inversion
recovery experiment at 32 MHz for Al/ATP = 0.90, which can be compared to the
sine experiment performed at 121 MHz and presented in Figure 8.2. Table 8.1
summarizes the spin-lattice relaxation time results at two different magnetic fields,
for the free o, # and 4 and complexed o’ and 8’ phosphates of ATP. At 121 MHz, all
the Ty values of the free phosphorus nuclei decreased as the Al/ATD ratio increased
up to 0.75, after which a plateau T\ value was reached. Table 8.1 reports the averaged
values (f‘,(ol:s)) for A1/ATP > 0.75. For example, the T} value of the free v phosphate
steadily decreases from 3.95 sec (Al/ATP = 0) to an averaged T value of 1.31 sec
(AI/JATP 2 0.75). The complexed o' and 3’ phosphates showed no T variation as
a function of the Al/ATP ratio. For a given magnetic field they all had the same
Ty value of about 1 sec at 121 MHz and 2 sec at 32 MHz (see Table 8.1). Finally,
the Ty value of the free and complexed phosphorus nuclei was always smaller at 121
MHz than at 32 MHz. For example, the 8’ phosphate had a Ty (121 MHz) of 1.02 sec
while the T} (32 MHz) was 2.05 sec (see Table 8.1). This observed field dependency

is the result of a more cfficient CSA relaxation mechanism at higher field strength.

All of the T} values reported in Table 8.1 correspond to samples which were treated

for the removal of paramagnetic impurities (see Scction 3.6). Many reports have
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Figure 8.1: Display of a ¥ P inversion recovery experiment at 121 MHz of an ATP- Al
solution for which the Al/ATP ratio was 0.33. This figure predominantly shows
the magnetization recovery of the free (a, 8, v) phosphate resonances of ATP. For
experimental conditions see Table 8.1. Instrumental conditions were: sweep width of
4000 Hz, aquisition time of 3.8 see, pulse delay of 8 sec, no proton decoupling, 400
transients and 1 Hz line broadening. Recovery times in seconds are shown near each
spectrum.
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Figure 8.2: Display of a *'P inversion recovery experiment at 121 MHz of an ATP-Al
solution for which the Al/ATP ratio was 0.90, This figure predominantly shows
the magnetization recovery of the free (@, 8, v) phosphate resonances of ATP. For
experimental and instrumental conditions see Table 8.1 and Figure 8.1 respective’ .
Recovery times in seconds are shown near each spectrum.
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Figure 8.3: Display of a *'P inversion recovery experiment at 121 MHz of an ATP- Al
solution for which the Al/ATP ratio was 0.33. This figure predominantly shows the
magnetization recovery of the complexed o' and 8’ phosphate resonances of ATD. For
experimental and instrumental conditions sce Table 8.1 and Figure 8.1 respectively.
Recovery times in seconds are shown near each spectrum.
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Figure 8.4: Display of a ®'P inversion recovery experiment at 121 MHz of an ATP-Al
solution for which the Al/ATP ratio was 0.90. This figure predominantly shows the
magnetization recovery of the complexed o and 8’ phosphate resonances of ATP. For
experimental and instrumental conditions see Table 8.1 and Figure 8.1 respectively.
Recovery times in seconds are shown near cach spectrum.
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Figure 8.5: Display of a *'P inversion recovery experiment at 32 MHz of an ATP- Al
solution for which the Al/ATP ratio was 0.90. This figurc shows the magnetization
recovery of the frce and complexed phosphate resonances of ATP. For experimental
conditions see Table 8.1. Instrumental conditions were: sweep width of 1000 Hz,
aquisition time of 4.1 sec, pulse delay of 8 sec, no proton decoupling, 500 transients
and 1 Hz line broadening. Recovery times in seconds arc shown near each spectrum,

166



AL Tl(P-,,) {sec) T;(Po) {acc) Tl(Pg) (sec) Tl(P‘_-,r) (sec) T](P[j') {sec)
ATP]
Vi Vo | Wi Va | W V. | W V, Vi Va2

0.00 3.95 T7.34|1.92 555|269 7.80

0.33 2.69 1.60 1.96 1.02 1.08
0.40 242 1.54 1.73 1.00 1.00
0.50 2.19 1.44 1.64 1.02 1.02
0.60 1.82 1.30 1.30 1.00 0.99
0.75 1.34 193 |1.11 2.08 |1.08 2.01]0.97 207|099 215
0.90 1.29 1.95]1.21 2.00|1.09 2.011.09 207|109 198
1.00 1.3¢ 193|115 195|108 198|099 194 |098 210
1.25 1.25 1.86 |1.06 2.02 095 203|107 1.80 |1.01 1.97

Ti(obs)! ey | 1.31 1.92 [ 1.13 2.01 [1.05 2.01|1.03 1.97 [1.02 2.05
o 0.04 0.03 |0.06 0.05[0.06 0.02|0.05 0.11 |0.04 0.08

Table 8.1: Variation of the spin-lattice relaxation time at 32 and 121 MHz of the free
(ev, 4 and ) and complexed (o’ and ') phosphorus resonances of ATP when the
Al/ATP ratio was varied from 0 to 1.25. The T} measurement errors were typically
5% -10%. Experimental conditions were: V; = 121 MHz, V, = 32 MHz, [ATP] = 100
mM, pH = 7.4, 20% D,0 and at 21 °C. All solutions were carefully treated for the
removal of paramagnetic jons (see Section 3.6). (1) Tj(obs) represents the average T,
vilue for Al/ATP = 0.75. The error is given as one o.
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Ti(P,) (sec) | Ta{Pa) (e | Ti(Pg) tse) | TiiPur) taec) | Ti(Pr) (nee)
A1
[ATP]

Vi V. | W V. (Vi WV |V Va Vi Va

000 |11 10 (14 18 |[1.0 1.0
033 (05 05 |10 10 |05 05 (10 1.0 [09 09
050 (05 05 |1.0 10 |05 05 (10 10 (08 09
1.00 {05 05 (08 07 |05 05 (09 08 |07 07

Table 8.2: 3'P-T; variation of the free and complexed ATP resonances as a function
of the Al/ATP ratio at V; = 121 MHz and V, = 32 MHz for non purified samples.
For further experimental conditions see Table 8.1.

already shown the tremendous dependency of phosphorus-31 spin-lattice relaxation
times upon paramagnetic contamination [87,90] (sce also Chapter 4). For example,
3P spin-lattice relaxation times were recorded under the same conditions of Table 8.1,
but for solution samples which were not treated for paramagnetic immpurities, The
results are presented in Table 8.2 at two different magnetic fields, for the free and
complexed phosphates of ATP. In this study, the free «, 4 aud 4 phosphates did
not show the T1-Al/ATP ratio dependency observed in the case of purified samples
(compare Table 8.1 and 8.2). As well, for cach phosphate group, the field dependency
was lost. Thesc results stress that non-purified solution samples will undoubtably
lead to erroneous 77 measurcments.

The NOE values are presented in Table 8.3 for AI/ATP = 0.75 and at two mag-
netic fields. At 121 MHz, the NOE values were too small (< 0.10) to be quantitatively
measured with accuracy. However, at 32 MHz, higher NOE values permitted quan-

titative measurements (see Figurc 8.6).
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P")‘ P‘j Pnl' P_lf'
Vi V2V VW Vs Vi Vs
R(obs)! (sec) 0.76 0.52 095 0.50| 0.97 051 | 098 0.9
o 0.02 0.01[005 001 004 003 | 0.04 0.02
Nobs ~0 021|=0 { 0 0.64 =~ 0 |
] 0.02 0.04
R(P-H30) (sec) 0.00 0.09 [0.06 0.06) 003 003 | 003 0.03
P 0.01 0.6 10.01 0.01<0.01 <0.01]<0.01 <0.01
R(P-CHy+H-3") frec=) 0.15  0.30
o 0.01 0.02
R(P-P) (sect) 0.01 0.05[002 0.11] 001 0.05 | 6.02 0.1
R(CSA) (sec~?) 0.66 0.38[0.87 0.33| 078 013 | 093 035
+ 0.00 0.05[0.19 006 016 003 | 0.14  0.06

Table 8.3: Decomposition of the 3'P overall relaxation rates of the free (v and /)
and complexed (a’ and ') resonances of the ATP,Aly aggregate into the different
operating sources of relaxation. Experimental conditions were: V, = 121 MHy, V,
= 32 MHz, [ATP] = 100 mM, pH = 74, 20% D,0 and at 21 °C. (i) Each Ri(obs)
is taken from Table 8.1. (}) NOE values could not he measured accurately dne to
overlapping resonances.
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For example, the NOE value of the surface 4 phosphate was measured as 0.21
+ 0.02 while the complexed a phosphate NOE value was 0.64 £+ 0.04. It was not
possible to detect the NOE values of the a and 4’ phosphate nuclei separately since
they had the same resonance frequency (th-. overall NOE observed was 0.40 £ 0.03).
As well, the severe overlap of the # and 8’ resonances prevented an estimation of

their respective NOE value (the overall NOE observed was 0.29 £ 0.02).

8.4 Discussion

The variations of the free and complexed 3'P spin-lattice relaxation times are dis-
played in Figure 8.7 at 121 MHz as a function of the A1/ATP ratio. As the Al/ATP
ratio was varicd from 0 to 0.75 the «, 8 and v phosphates exhibited a similar 1)
variation which started from the Ty values of the free ATP phosphates in solution
(Al/ATP = 0) and lincarly deercased until an Al/ATP ratio of 0.75 was reached.
Above this latter value, no T} variation was observed for the a, # and v phosphate
resonanees. Phosphorus-31 spin-lattice relaxation times confirmed, with acute sensi-
tivity, the complex stoichiometry obtained by *!'P concentration studies (see Section
5.3.3). For 0 < AI/ATP < 0.75 there is quantitative formation of an ATP Al com-
plex in solution and, on the 7y NMR time scale, there is a rapid exchange between
i free ATP molecule in solution and a surface ATP molccule of the aggregate. The
observed relaxation times represent an averaged Ty value between a free and a sur-
face phosphiate nucleus. The Ty value of a surface phosphorus-31 nucleus is given for
Al/ATP > 0.75 (sce Table 8.1).

On the other hand, regardless of the value of the Al/ATP ratio, the two o' and

" complexed phosphates did not exhibit any variation in T} values and, on the Ty
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Figure 8.6: Proton deccoupled P Nuclear Overhauser Effects at 32 MHz of an
ATP-Al solution for which the AI/ATP ratio was 0.90. For experimental conditions
sce Table 8.3. Instrumental conditions were: sweep width of 1000 Hz, acquisition time
of 4 sec, pulse delay of 20 sec, 400 transients and 0.5 Hz line broadening. For spec-
trum {A) proton decoupling during the aquisition only, (B) full proton decoupling,
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Figure 8.7: Variation of the spin-lattice relaxation times of the free a (o), 8 (A),
7 {0) and complexed o' (x) and g’ (O) phosphorus resonances of ATP versus the
Al/ATP ratio at 121 MHz. For experimental conditions sce Table 8.1.
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NMR time scale, the resonances were in slow exchange with their respective “free”
resonances. 2P relaxation studies showed that the ATP- Al system could be deseribel
by a three-site chemical exchange. which was previously observed by 'H chemical shift
studies (see Section 6.2). In the first step, a free ATP molecule is in rapid exchange
(#1) with a surface ATP molecuic of the aggregate which, in a second step. undergoes

a slow exchange (k2) with a complexed ATP molecule of the aggregate:

ree k sur face k e LS
(ATPY L. (aTP)"” 2 . (ATD) "

slubron v aggregate I — agyregute

However, the free ATP molecules are not directly involved in chemical exchange
with the complexed ATP molecule of the aggregate. In order to obtain meaningful
information from the T3 values of the complexed and surface ATP phosphate nucled,
the intrinsic relaxation times were required, that is the relaxation times free of any

exchange contribution. For a three-site chemical exchange system of the form:

kAB kBC
A = B —

the equation of motion [220] of the longitudinal magnetization vector in each site o,
may be written as:
FAM it
‘—T-t"—l=PMz,-(t) (8.1

where P represents a 3 x 3 exchange matrix [226] given by:

—7 = kan kpa 0
P= kag "Tln —~kpa — kpe ken {8.2)
0 ke _I_:Z —ken

The solutions of the differential equation (8.1) are given by the eigenvalues of 7 andd
the corresponding eigenvectors [227]. The cigenvalues X; are found Ly solving the
characteristic equation of P:

det(M ~ P) =0
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where I represents the identity matrix. For a three-site chemical exchange, the

cigenvectors are of the form [228]:
M (t) = M 4(0) 4+ Cyie™M! + Chie™ ' + Cyie™ (8.3)

Sinee the resonance frequencies of the site A (the free ATP molecules in solution)
and the site B (a surface ATP molecule of the aggregate) were identical in the 3'P

NMR speetra, the magnetization detected during the acquisition was:
M) M (1) = M 4(0)+ M5 (0)+(Cra+Cig)e M 4+ (Coa+Cap e +(Cap+Cap)e ™™
which, in an abbreviated notation, may be written as:
Moap(t) = Meaps(0) + Crape™ + Coape™™' + Cyape™" (8.4)
while for the site C (the complexed ATP molecules of the aggregate):
M.c(t) = M.c(0) + Cioe ™ 4 Coce™t + Cape™™ (8.5)

Although the theoretical evolution of the longitudinal magnetizations in both sites
is governed by three exponentially decaying functions, it is possible to derive [229] a

theoretical apparent relaxation time Ty qp, for the recovery of M.ap(t) and M.c(1):
Moan(t) = M.4p(0) + (Crap + Caap + Canp)e™ /Mo a (8.6)
Me(t) = M.c(0)+ (Cic + Cac + Cag)e™/Trarrc (8.7)

Since all the experimental P 7, values were derived by a non-linear regression anal-
vsis of a single exponential deeay function (sce Scction 3.5), at this stage of the dis-
cussion the obtained Ty values could only represent experimental apparent relaxation

times. However, it was possible to assume that the obtained experimental apparent
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relaxation times of the surface and complexed ATP molecules of the aggregate rep-
resented the true relaxation time of cach site. For the three-site chemical exchange
system under investigation, the rate constant kb = 0.8 57! was determined by 2D
NMR (see Section 7.4), while 'H NMR studies gave a lower limit for &y > 40 57!
(see Section 6.2). Thus, the exchange matrix P is fully determined for any value of
the Al/ATP ratio and resolution of equation (8.6) and (8.7) yielded two theoretical

apparent relaxation times for the magnetization recovery of sites AD and C.

If the theoretical apparent relaxation times, obtained by the proposed full treat-
ment, are identical to the experimmental ones over the whole range of Al/ATP ratios,
the assumption made carlier was true: the experimental apparent relaxation times

are the true relaxation times of cach site 4, B and C.

Figure 8.7 displays the variation of the experimental apparent relaxation time data
as a function of the Al/ATP ratio at 121 MHz. The full lines represent the theoretical
apparent rclaxation times obtained by solving equation (8.1) for eacli AI/ATP ratio.
For cach 7T simulation, the true relaxation times of the sites A, B and € were taken
from Table 8.1. For example, for the 8 phosphate, T, = 2.69 sce, Ty = 1.05 see
and Tic = 1.02 sec while the rate constants &, and k, were 1000 s~ and 0.8 57!
respectively. Figure 8.7 shows the very good agrecment between the theoretical and
experimental apparent relaxation times. Thus, the experimental relaxation time val-
ues were without exchange coutributions and represented the true relaxation times
of each site. Figure 8.8 shows what happens to the theoretical apparent relaxation
times when the rate constant k; was chosen as ten times greater {-- x ) or one hun-
dred times smaller (- - -) than the experimental rate constant ((--), kz = 0.8 5™').
When the rate constant k; is 8 ms™!, there is virtually no chemical exchange taking

place between the sites B and C. The theoretical curves still fit the experimental
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Figure 8.8: Variation of the theoritical apparent relaxation time of the free and com-
plexed 4 phosphates versus the Al/ATP ratio as a function of the exchange rate con-
stant Ay at 121 MHz. The open cireles represent the experimental data points while
the straight lines were the result of the full theoretical treatment (sec equation 8.1).
Conditions were as follows: the rate constant ky was chosen as 0.008 s=! (- - -),
0.8 57! (-) and 8 57! (- x ~), ky = 1000 s~!, Y4 = 3.95 sec, Tyg = 1.31 sec and
T = 1.02 sec in all cases.



data points, within the experimental errors. The chemical exchanges are very fast
{between A and B) or very slow (between B and C) on the Ty NMR time scale and
the magnetization recovery of cach site is mono-exponential. The apparent relaxation
times in sites B and C are not perturbed by the exchange processes and represent
the true relaxation times. However, if the exchange rate increases to 8 s7!, the mag-
netization recovery becomes multi-exponential and the apparent relaxation times do
not fit the experimental values (sce Figure 8.8). Also, the apparent relaxation times
in sites B and C are no longer equal to the true relaxation times of cach site. The
site B is mostly influenced by the chemical exchange which introduces a contribution
of 16% to the true relaxation rate.

The T, analyses could be done using the T} values presented in Table 8.1 sinee the
previous discussion has shown that they were not influenced by chemieal exchange
and represented the true phosphiorus-31 spin-lattice relaxation times of cach site. As
the dynamics of the free phospliorus nuclei of ATP was already treated in detail in s
separate chapter (see Chapter 4), the following section focuses on the Ty and NOE
analyses of the surface and complexed ATP molecules of the aggregate.

From a previous analysis of tlie 3P spin-lattice relaxation times of AT in solution
(sce Section 4.3), at least two relaxation mechanisis were expected to coutribute to
the overall relaxation rates: the licteronuclear phosphorus-proton dipole-dipole inter-
action and the chemical shift anisotropy (CSA) interaction. Finally, the homonuclear
phosphorus-phosphorus dipolar interaction had to be examined due to the longer re-
orientational correlation time of the aggregate. The overall relaxation rate conld be

written as:

R(obs) = R(P-H) + R(CSA) + R(P-D) (8.5)

The detection of NOE effects at 32 MHz for all phosphate resonances confirmed thit
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phosphorus-proton dipolar relaxation was contributing to the observed relaxation
rates. Table 8.3 summarizes the different phosphorus-proton interactions and NOE
values for the surface (4 and J) and complexed (o’ and #') ATP phosphates of the
aggregate,

For an ATP molecule in solution, the origin of the NOE values was interpreted
by a solvation model of the triphosphate chain moiety. It was shown that the first
solvation sphere of the 4 phosphate was composed of three water molecules while
that of the 4 and a phosphates consisted of two water molecules. 'H, '*C and *'P
NAMR spectroscopies have shown that the surface ATP molecule of the aggregate had
many properties (chemical shift, spin-lattice relaxation time, CSA value, NOE effect)
sitmilar to a free ATP molecule in solution. As a result, the solvation model developed
for a free ATP molecule was applied to a surface ATP molecule. Using the NOE value
of Table 8.3 and equation (4.8) and (4.15), a correlation time characteristic of the
P H,0 vector fluctuations of 88 £+ 10 ps was calculated for a 4 phosphate surrounded
by three water molecules. This result is in accord with the previous value of 65 £ 16 ps
for a free ATP molecule in solution (sce Section 4.3) Finally, since the rcorientation of
the aggregate is thirty times slower in solution, this correlation represents an average
residence time of the water molecules in the first phosphate solvation sphere. Based
ou this solvation model, the phosphorus-proton dipolar relaxation rate of the surface
J, complexed 3 and o’ phospliates were calculated using equation (4.13) and are
reported in Table 83. For the 8 and o' complexed phosphates the existence of a
P O Al bond reduced the number of water molecules present in the solvation sphere

to oL,

The more intense NOE value (5,4, = 0.64) of the o' phosphate reflected the

participation of other phosphorus- proton dipolar interactions. For this nucleus,
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three dipolar interactions were considered: the presence of one water molecule,
(n(H;0) = 0.07), and the CH; group and H-3' proton (3{CH,; + H- 3"} = 0.57) which
have been shown to promote phosphorus relaxation (see Section -1.3). The appropri-
ate description of the solution dynamics of the o’ phosphate reguired the use of an
anisotropic reorientation model already introduced and deseribed for Y'C relaxation

analysis of the CH. group (see Scction 6.3).

Figure 8.9 and 8.10 show the variation of the a’ phosphorus-proton dipolar relax-
ation rate and NOE factor respectively in the presence of internal rotation 7, and
for an overall aggregate reorientational correlation time of 2.8 ns. These theoretical
simulations were done by using equations (6.2) and (6.3), in which the phosphorus
nuclei replaced the carbon nuclei, and by considering three protous located at an
average distance of 2.8 A [132,137] from the a phosphorus mueleus. The angle of
internal rotation about the rotation axis was taken as 40° [100]. If an isotropic reori-
entation model was assumed (7 > 1078 see) the theoretical maximmm NOE factor
could have been only 0.39 much smaller than the experimental NOE value of 0.57,
As well, the phosphorus-proton dipolar relaxation rate would have been 0.70 see™!,
40% higher than the observed overall relaxation rate. As a result, analysis of the
dynamics of the o' phosphate could not be described by a single correlation tine
recorientation model. The higher experimental NOE value showed that the internal
rotation of the CH, group was much faster than the reorientation of the aggregine
(see Figure 8.10). Using the anisotropic model introduced in Section 6.3, the cor-
relation time for internal rotation of the P-H dipolar interactions was 90 & 10 ps.
This result is in good agreement with the analysis of '*C spin-lattice relaxation time
measurcments which gave a corrclation time of 75 £ 10 ps for the internal rotation

of the CH; group.
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Figure 8.9: Plot of the dipolar "'P spin-lattice relaxation time (TP) of an a phos-
phate gronp versus the logarithun of the internal rotational correlation time 76, The
group is nndergoing internal rotation while attached to a molecule with an isotropic
rotational reorientation of 7y = 2.8 ns. The 3P nucleus is relaxing by pure dipo-
lar interactions with the CH; and H-3' protons. Equation (6.2} was used for the
sitnulation.
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Figure 8.10: Plot of the 3*P-{'H} Nuclear Overhauser Effcet (1maz) for pure dipolar
P-H relaxation versus the logarithm of the internal rotational correlation time ¢,
The group is undergoing internal rotation while attached to a molecule with an
isotropic rotational rcorientation of rp = 2.8 ns. Equation (6.3) was used for the
simulation.
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For a phosphorus nucleus of a triphosphate chain moiety slowly reorientating in
solntion, the homonuclear phosphorus-phosphorus dipolar interaction may not be

negligible. This relaxation rate is given by (see Section 2.3.1):
3 2.4, -6
R(P-P) = onh*ypr™r.

Using a phosphorus-phosphorus internuclear distance of r = 2.95 A [96,116], and
i correlation time of 2.8 ns, this homonuclear dipolar interaction accounted for a
relaxation rate of 0,05 s™! and 0.01 s=! per phosphorus nucleus at 32 and 121 MHz
respectively (sce Table 8.3). Finally, the last relaxation mechanism to be considered
was the CSA mechanism, well known to induce phosphorus-31 spin-lattice relaxation.
From equation (8.8) the CSA rclaxation rate values, reported in Table 8.3, were

readily aceessible:

R(CSA) = R(obs) — R(P-P) — R(P-H) (8.9)
with
2 4 2 7’
R(CSA) = EWU(AU) (1 + 3) Te (8.10)

At 32 Mz, the CSA relaxation rates were all smaller than at 121 MHz, showing the
field dependeney expressed in equation (8.10). Using this equation and a phosphorus
correlation time of 2.8 ns, the CSA values (Ag (1 + -"';-)1/2) of the surface (y and )
and complexed (8’ and o') phosphates could be calculated. Table 8.4 summarizes
the CSA results obtained for the aggregate and for a free ATP molecule in solu-
tion (sce Table 4.7). Two general trends were apparent from the data. Firstly, the
phosphate CSA values of a surface ATP molecule were, within experimental error,
similar to the CSA values of a frce ATP molecule in solution. For example, for the

7 phosphate, CSA(free) = 140 - 150 ppm which is comparable to CSA(surface) =
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Aa(l + II;)% (ppm) P., Pg P.

Surface ATP 130-180 | 150-180
Complexed ATP 150-170 | 110-140

Free ATP 140-150 | 210-220 | 250-260

Table 8.4: 3P chemical shift anisotropy values in the ATP Al aggregate compared to

the chemical shift anisotropy values in a free ATP molecule in solution (sce Table 4.7),
For experimental conditions see Table 8.1.

130 - 180 ppm. This confirmed that in the aggregate, the triphosphate chain moiety
of the surface ATP molecule is not directly complexed to an aluminum cation, but
is probably linked to the cation via the phosphorus water solvation sphere. As a
result, the chemical environment of each phosphate group was not perturbed enough
to create a noticeable change in the CSA values, or in their >'D chemical shift val-
ucs. As a consequence, the free and surface phosphorus nuclei appeared at the same
resonance frequency in the NMR spectra. The second general trend concerns the
CSA values of the complexed phosphate groups which were slightly smaller than in
a free ATP molecule. The « phosphate showed the most pronounced difference with

CSA(complexed) = 110 - 140 ppm while CSA(frce) = 250 - 260 ppm.

8.5 Conclusion

In a concentration study, phosphorus-31 spin-lattice relaxation studies confirmed
with accute sensitivity, the aggregate stochiometry obtained by *' P quantitative mea-
surements (see Section 5.3.3). As well, the experiments showed that ATP-Al interac-

tions can be described as a three-site chemical exchange, previously observed by '1
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chemieal shift studies. Simulations of the recovery of the longitudinal magnetization
in the presence of chemical exchange showed that the experimental *' P spin-lattice
relaxation time values were not affected by chemical exchange. Phosphorus-proton
and phosphiorus-phosphorus dipolar interactions, as well as chemical shift anisotropy
represent the different dynamic contributions for the observed relaxation rates of the
three phosphate groups of ATP. Finally, analysis of the molecular dynamics of the
o phosphate showed that the reorientation of the P-CH, and P-H-3' dipolar inter-
actions were anisotropic. The internal dynamics of the aggregate determined by 3P

NMR relaxation experiments was in accord with B C results (see Section 6.3).
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Chapter 9

ALUMINUM-27 NMR
PROBING ATP-ALUMINUM
INTERACTIONS IN QUEOUS
SOLUTION

9.1 Introduction

Despite the fact that aluminum-27 is a quadrupolar nucleus with a nuclear spin of
5/2, it possesses some favorable physical properties that make it a very attractive
nucleus for the NMR spectroscopist. With a natural abundance of 100%, a relative
receptivity of 0.206 compared to protons, a relatively small quadrupole moment of
0.149 Barn and a chemical shift range which spans over 260 ppm (230}, one is indeed
tempted to use this nucleus as a probe for determination and characterization of
different sites of complexation or different species present in solution.

The actual picture is darkened however, by its quadrupolar relaxation mechanism
which, under loss of octahedral or tetrahedral molecular symmetry, occasioually pro-
duces broad lines of up to several kilohertz in width. In extreme cases, the signal
may even disappear into the baseline noise. Although severe quadrupolar line broad-

ening represents a serious spectroscopic disadvantage, it is partially compensated by
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the additional information gained about the environment and molecular symmetry
present around the nuclei. For example, an aluminum nucleus surrounded by sub-
stituents in a perfect cubic symmetry arrangement will yield very sharp lines [231].
This is the case of the widely used aqueous aluminum reference Al(H,0)3% which ex-
hibits a typical linewidth of 4 Hz [232]. Deviations from cubic symmetry around the
alnminum atom by cither Al-X bond distortions or ligand (X) replacements in the
aluminum coordination sphere, to give multidentate complexes, results in an increase

of the electric field gradient (efg) and a concomitant linewidth broadening.

Aluminum-27 chemical shifts are, with a few exceptions, dependent upon the
molecular symmetry about the nucleus. This chemical shift-coordination number
relationship represents some interesting potential, particularly in chemical symmetry
investigntions. For example, using ¥ Al NMR, a clear distinction can be made between

octahedral (-~ 40 to + 20 ppm) and tetrahedral (+ 60 to + 110 ppm) species [230].

Usiug *" Al linewidths and chemical shifts, a pair of powerful NMR parameters, the
spectroscopist is able to characterize the ligand molecular symmetry and chemical
environment of the nucleus. The use of this quadrupolar nucleus as a probe to
investigate the nature of ATP-Al interactions was a logical and appropriate choice.
This chapter will dise'r s the nature of complexes formed between aluminum and
ATP by means of 27 Al NMR at two different fields (21 and 78 MHz). A concentration
studly, in which the ATP /Al ratio was varied from 0.60 to 3.0, revealed the presence of
different aluminum species in solution at pH = 7.4. By using a spectral deconvolution

technique, each species has been successfully assigned and quantitatively measured.

Theoretical treatment of a spin 5/2 spin-lattice and spin-spin relaxation in the
non-extreme narrowing conditions, including the effects of Dynamic Frequency Shifts

(DFS) are examined in detail and will allow determination of the Quadrupole Cou-
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pling Constant (QCC) of the aluminum implicated in the ATP Al aggregate.

9.2 Experimental Approach to **Al NMR

In multinuclear magnetic resonance spectroscopy, chemical shifts have to be mea-
sured accurately in order to allow full use and comparison of reported values in the
literature. The spectroscopist also needs a common sample reference for which the
concentration, the kind of salt used, solvent, temperature and pH of the solution are
clearly specified [114].

In the case of aluminum, many authors have used the widely accepted Al(H,0)5*
reference without reporting the concentration, pH or the salt utilized for their refer-
encing. This crucial problem of referencing has already been mentioned [230) and is
believed to be responsible for some chemical shift discrepancies amounting up to 5
ppm! In order to remedy this problem, a solution of 0.2 M aluminum perchlorate and
0.1 M perchloric acid was recentiy proposed [230] as a common standard reference
for 2’ A1 NMR. To date, this reference has not received much attention from spectro-
scopic laboratories, possibly because of the handling precautions necessary for the
preparation of this solution. Instead, all ¥’ Al chemical shifts could be referenced to
an hexa-aquated aluminum cation at infinite dilution to prevent any amons cffects
[232]. In the case of ¥ Al NMR, this criteria is met for a solution of 50 mM anhydrous
AlCl; in 100% D0, T = 22 °C, at pH = 2.0 and has been used as a reference to
express all chemical shift values reported in this study. Under these conditions, the
27A] linewidth is sharp (4 Hz). Dilution of this solution to 1 mM AlCly, 100% D, 0
and pH = 2.0 did not change the aluminum chemical shift, nor its linewidth value,
The chemical shift difference between a 1 M and 50 mM aqucous AlCly solution under

the same conditions of pH and D;0 content was measured as 0.508 ppmn.
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Figure 9.1: **Al spectrum of an ATP-Al aqueous solution at 78 MHz for which the
ATP /Al ratio was 0.60. Instrumental conditions were: spectral width of 100 KHz,
aquisition time of 0.02 sec, 100,000 transients, « delay of 0 and 20 Hz line broadening.
For experimental conditions see Table 9.1.

At 78 MHz, *Al NMR performed on the ATP-Al system typically results in an
extremely broad spectrum, which spans over 100 ppm and is composed of at least two
resonances (Figure 9.1). As a result, a spectral window of 100 IXHz is necessary to
prevent folding of the Lorentzian wings. In the liquid state, such situations are rarely
encountered, For the spectroscopist whose desire is to gain quantitative information
about different species in solution, such experimental situations raise some questions
about the experimental capabilities of the NMR instrument. For example, it was
pertinent to know if the spectral power of irradiation was uniformly distributed over
the speetral window of interest, preventing distorted quantitative results. Such infor-

mation can be obtained by successively shifting the frequency carrier over the entire

sweep width and recording the reference sample spectrum each time. Figure 9.2
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Figure 9.2: ?7Al spectral power distribution at 78 MHz using the reference sample
solution. For each spectrum, the transmitter frequency was successively shifted by
10 KHz.

shows that the spectral power distribution available at 78 MHz is far from being
uniform over the entire sweep width of 600 ppm. In fact, it can be seen that, at hoth
ends of the spectrum, the pulse power available is almost inexistent. Fortunately,
there exists a spectral window of 200 ppm located in the middle of the speetrmm
and indicated by two arrows, in which the pulsc power distribution is constant to
5%. The same experiment was performed at 21 MHz to insure proper instriunental
performance and is presented in Figure 9.3. The two arrows delimit a spectral region
of 160 ppm in which the pulse power distribution is constant to & G%. At both

fields, a constant pulse power distribution was then insured over a spectral window
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Figure 9.3: * Al spectral power distribution at 21 MHz using the reference sample

solution. For each spectrum, the transmitter frequency was successively shifted by 1
KHz.
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of 160 ppm, much greater than the required experimental chemical shift range of
100 ppm. As a consequence, the true relative peak intensities were observed and

quantitative measurements were expected to be significant.

After a 90° excitation pulse, it is usually common to wait for a short period of time
before the digital recording of the magnetization [114]. The length of this delay varies
depending upon the nuclei under study and the spectrometer capabilities. Without
any delay and for low v nuclei (for example ¥k, **Ca, and %'Zn) the 90° pulse is
usually followed by a more or less intense response of the probe, called acoustie
ringing [239]. This introduces a strong baseline waviness in the NMR spectrum and
represents some severe limitations to the analysis of very broad spectra. In order to
cancel such undesirable effects, a delay of about 20 to 100 ps is generally introduced
before data acquisition. Specific pulse sequences have heen suggested to get rid of
the acoustic ringing, and have been successfully applied to % Zn for example [240]. In
the case of 2Al NMR such annoying effects have never been previously reported in
the literature, and it was important to verify that acoustic ringing was not prescnt

to perturb the baseline of the experimental spectra.

Figure 9.1 shows a typical ATP-Al spectrum recorded with a 90° pulse, without
using any delay before the sampling of the magnetization began. No phasing prob-
lems were encountered and the spectrum displayed a clean baseline precluding the
existence of any acoustic ringing or baseline distortions. These results represented
an attractive instrumental capability of the spectrometer when dealing with broad
absorption lines. The magnetization could be sampled immediately after the 90°
pulse, cancelling any relaxation effects taking place during the spectrometer dead
time (the delay between the 90° pulse and the data acquisition), or simply prevent-

ing the loss of information of very broad lines. Working without the necessity of
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Figure 9.4: *" Al spectrum of the probe resonance at 78 MHz. No solution sample was
introduced into the NMR probe head. Instrumental conditions were as in Figure 9.1,

using o spectrometer dead time also represented some advantages for quantitative
measurcenients, as no correction for peak intensities, due to relaxation effects, was
required for resonances with different T, relaxation. It was surprising to sample the
FID under such conditions without recording any interfering signal. An easy way
of verifying that there was no baseline distortion or undulation introduced in the
spectrum of Figure 9.1 was to record a blank sample.

The result of this experiment was quite spectacular and is shown in Figure 9.4.

Although no baseline distortion was observed over the entire spectral window, &

-

very broad resonance appeared in the spectrum, centered at 61.9 & 0.3 ppm with a
linewidth of 6.8 & 0.1 KHz. This resonance can be assigned to aluminum-silicates or
aluminates present in the probe that have chemical shifts which fall in the range of 55
to 80 ppm, depending upon the degree of aluminum branching or silicon present in the

ahuninum sceond coordination sphere [262,263). Detection of the aluminum probe
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Figure 9.5: Linewidth variation of the central peak as a function of the spectrometer
dead time (« delay) at 78 MHz. The ATP/Al ratio was 1.0. Instrumental conditious
were as in Figure 9.1. For experimental conditions sce Table 9.1.

head signal has already been mentioned in the literature [236,237] and constitutes o
serious problem in certain cases. This resonance can also be clearly seen in Figure
9.1 and significantly contributed to give misleading ATP-Al spectrum. In order
to attenuate or eventually cancel this resonance, the spectrometer dead time was

steadily increased from 0 to 2000 ps.

The effect of this time delay variation on the overall appearance of the ATP Al
spectrum was quantified by measuring the apparent linewidth of the central peak
of interest versus the spectrometer dead time, called . Figure 9.5 summarizes this

experiment. For @ = 0 the apparent linewidth of the central peuk, which overlaps
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Figure 9.6: General appearance of an 27Al spectrum at 78 MHz for a spectrometer
dead time (the o delay) of 0. The ATP/Al ratio was 1.0. Instrumental conditions
were as in Figure 9.1, For experimental conditions see Table 9.1,

quite extensively with the probe resonance, was 1560 £ 50 Hz (sce Figure 9.6). As
the a delay was inereased, a sharp decrease in linewidth was observed, which finally
reached a constant value of 530 + 50 Hz for a values greater than 1000 pus (sce
spectrum B oof Figure 9.7). It is interesting to note that, even though the probe
resonanee was not detected for o values greater than 100 ps, (sce spectrum A of
Figure 9.7), a further increase of the a delay resulted in still further decrease of the
retiaining resonance linewidth. This indicates that the broad resonance of interest,

centered at 0 ppm (sce spectrum A of Figure 9.7) was composed of at least two

Lorentzians.

Aluminum-27 NMR on this system raises a conflicting choice: the spectroscopist
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Figure 9.7: General appearance of an 27Al spectrumn as a function of the spectrometer
dead time (the o delay) at 78 MHz. The ATP/Al ratio was 1.0. For A) « = 100 pis
and B) a = 1000 us. Note the spectral width differences between these two spectra
and the spectrum of Figure 9.6. For experimental and instrumental conditions sce
Table 9.1 and Figure 9.1 respectively.
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is faced with the embarrassing situation of detecting a probe resonance but record-
ing quantitative spectra (when o = 0) or, cancelling this parasitic resonance (when
o > 100 ps) hut, at the same time, risking the loss of information about other very
broad resonances present in the spectrum. Since obtaining information about 27Al
spectra will necessitate deconvolution of overlapping resonances, the quantitative
method (o = 0) was chosen to study the *? Al NMR spectra of ATP-Al interactions
i solution, This method was particularly appropriate for our experiments, as the
reimoval of the probe resonance would also have cancelled two other resonances of
importance (see later), as they had similar spin-spin relaxation times.

In the case of the FT-80 Varian spectrometer, the setting of the spectrometer
dead time also greatly influenced the appearance of the NMR spectra. Although the
probe resonance was never detected, the choice of a too short dead time (a0 < 100 ps)
tesulted in wide baseline undulations, superimposed on a broad NMR signal. In
fact, even for a relatively long delay (o = 600us) successive NMR spectra of the
same solution gave, most of the time, irreproducible line shapes (See spectrum A
and B of Figure 9.8). Spectruin A exemplifies a typical example of a line shape with
“contamination” in comparison to spectrum B which displays a clean resonance. The
experiment shows that reproducible linewidth values are obtained when « > 1500 ps
(sce spectrum C of Figure 9.4.3). At 21 MHz, this long dead time was used for the
recording of * Al NMR spectra of ATP-Al solutions (see Table 9.2).

9.3 Spectral Deconvolution Procedure

As the Aluminum-27 spectra were composed of broad overlapping resonances, they
have been submitted to data processing in order to extract information like the chem-

ical shift and linewidth of cach resonance. Deconvolution processes have already been
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Figure 9.8: General appearance of an ??Al spectrum as a function of the spectrometer
dead time (the « delay) at 21 MHz. The ATP/Al ratio was 0.60. For A) and B) v =
600 ps and C) o = 1500 gs. Instrumental conditions were: spectral width of 8 KHz,

acquisition time of 0.01 sec, typically 300,000 transients and 10 Hz line broadening,
For experimental conditions see Table 9.1.

198



successfully applied to # Al spectra of aluminum halides [238,239,240] and represented
the data processing choice of this study. The method of deconvoluting a spectrum
is based on how many Lorentzian lines are sufficient and necessary to reproduce the
experimental spectrum. For a spectrum composed of n lines, a program routinely
finds the chemical shift and linewidth of each resonance so as to simulate a spectrum
identical to the observed experimental one. The spectral deconvolution program,
written in Fortran was based on a routine which optimized the input parameters in
order to minimize the difference between the simulated and experimental spectrum.
Using a plotter routine, the resulting optimized parameters were used to gencrate
cach resonance. The overall simulated spectrum was then compared to the exper-
inental spectral data points, taken as the input for the deconvolution procedure.
The initial experimental approach to determine the number of resonances used to
sitmulate the experimental spectra will now be discussed.

At the beginning, two lines were utilized for the deconvolution procedure. The
result, shown in Figure 9.9, indicates clearly that the experimental spectrum cannot
be deconvoluted in a satisfactory manner with only two resonances. The introduction
of a third Lorentzian was necessary and Figure 9.10 displays the deconvolution result.
We obtained three broad resonances centered at + 83 ppm (the probe resonance),

1.3 and - 14.9 ppm with characteristic linewidths of 1.3 and 5.5 KHz respectively.

Although the overall deconvolution appears to be satisfactory with three lines,
the experimental slowly relaxing resonance (V7 = 590 Hz, see Table 9.2) observed
when the spectrometer dead time is increased to 1000 ps was not obtained. The effect
of sctting the delay to 1000 gs killed any fast relaxing component of the spectrum
except the slowly relaxing resonance still detectable. This experimental resonance

had to be introduced into the deconvolution procedure which then called for four
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Figure 9.9: Deconvolution of an ¥ Al NMR spectrum at 78 MHz assuming that it
is composed of only two Lorentzian lineshapes. The ATP/Al ratio was 0.80. The
circles represent the experimental data points taken as the input for the deconvolution

procedure (see Section 9.3).
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Figure 9.10: Deconvolution of an 2?Al NMR spectrum at 78 MHz assuming that it
is composed of three Lorentzian lineshapes. The ATP/Al ratio was 0.80. The circles
represent the experimental data points taken as the input for the deconvolution
procedure (see Section 9.3).
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Figure 9.11: Deconvolution of an *Al NMR spectrum at 78 MHz assuming that it
is composed of four Lorentzian lineshapes. The ATP/Al ratio was 0.80. The circles
repiesent the experimental data points taken as the input for the deconvolution
procedure (sce Section 9.3). The linewidth of the fourth Lorentzian lineshape, given
by the experiment when a > 1000 us (see Table 9.2), was kept constant during the
deconvolution procedure.

Lorentzians (see Figure 9.11) to account for our experimental data. The linewidth
of the most narrow experimental resonance (sce Table 9.2) was kept constant in the
deconvolution procedure, while its chemical shift valuec was entered as a variable. As i
result, 27 Al spectral deconvolutions were carried out using four Lorentzian resonances
which required the optimization of eleven parameters (intensity, chemical shift and
linewidth for each resonance). Spectral deconvolutions using five resonances were

tried, but did not give satisfactory results except for ATP/Al = 1.40 (sce Table 9.1).
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The fifth resonance was either shifted to extreme chemical shift values or resulted in

negative intensity or linewidth values.

9.4 Nuclear Spin Relaxation of a Spi: 5/2 in
Non-Extreme Narrowing Conditions

9.4.1 Evolution of the Transverse and Longitudinal
Magnetization

From phosphorus-31 NMR studies (see Section 5.3.5), it was possible to determine
the correlation time, 7. = 2.8 ns, of the ATP,Al, aggregate in solution. Thus, work-
ing at an aluminum-27 resonance frequency of 78.2 MHz implied a product wer. of
1.38 and the extreme narrowing conditions were not satisfied anymore. Under these
conditions, not only the expression of the quadrupolar spin-lattice and spin-spin re-
laxation times (see Section 2.4,.2) were no longer valid, but the entire concept of
nuclear spin relaxation had to be revised. In the region of wgr, > 1, the evolution of
the longitudinal and transverse magnetizations are no longer represented by a mono-
exponential decay characterized by a unique relaxation rate. For a spin 5/2, the tran-
sition probabilities between the three different eigenstates |+ 1/2 > — | = 1/2 > (1),
|£3/2> = |[£1/2> (2) and | £5/2 > — | £3/2 > (3) are not cquivalent and, as
a consequence, both macroscopic longitudinal and transverse magnetizations cvolve

as o weighted sum of three exponentials [51,241]:

M(t) = M [1 - (icueXP(—t/Tu))] (9.1)

i=1

Mey(t) = ﬁ’fgy[za:cziexp(—t/Tzi)] (9.2)
i=1

Euach of the three components possesses its own relaxation time (Ty;, Ty;) and pre-

exponential factor (Cai, C1;). An interesting case for nuclear spins I = §5/2 is in the



regime of nearly extreme narrowing limits characterized by an wp7. product inferior
or equal to 1. In this region, both magnetization decays can be approximated to a
mono-exponential decay and analytical expressions for longitudinal and transverse

relaxation times have been obtained [241,245):

1 3x?

7 = gag X' [2ile) + 8(2e0)] (9.3)
1 32 . . .
o 60_5"2 [35(0) + 55 (wo) + 2j(2w0)) (9.4)

the pre-exponential factors of equation (9.1) and (9.2) are Cy; = C2 = 1 respectively
(see also Figure 9.13 and 9.15). Such cquations should be used with care as they
correctly describe nuclear relaxation behaviors in the region of wyr. not greater than
1.0 [245]. Above this limit, equations (9.3) and (9.4) are no longer valid and relaxation
becomes multi-exponential as the pre-exponential factors C, ;5 of equation (9.1) and

(9.2) (the intensity of each component) are not negligible (sce Figure 9.13 and 9.15).
9.4.2 'Transition Probabilities

For a spin I = 5/2 (**Mg, ?"Al, 57Zn), or 7/2 (**Ca, °Co, ¥3Cs, La) the relaxation
behavior is complicated by the pre-exponential factors Cy; and Cy; which are depen-
dent upon the spectrometer resonance frequency wy and the correlation time 7. This
means that the relative weight (the intensity) of each component varies upon the
product woT.. There are therefore no analytical expressions available for the longi-
tudinal and transverse relaxation times although they can be solved numerically for
cach set of (wo, 7) values [242,243,244]. It was then necessary to find the cigenvalues
and eigenvectors of the longitudinal or transverse rclaxation matrix [243,251,253].
The real part of the eigenvalues give the values of the three relaxation rates (T2 and

T.;} while the eigenvectors will yield the weight (C2 and C);) of each component of
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the total magnetization.

Figure 9.12 represents the variation of the three longitudinal relaxation times
versis the product wyr.. The behavior of each relaxation rate is similar as they
all steadily increase up to approximately wgr, = 1, after which they all decrease
gradually. Note that, even in the extreme narrowing conditions, the three relaxation
rate components of the total magnetization are not equal.

Figure 9.13 displays the relative percentages associated to the three components of
the longitudinal magnetization. From the graph, there is only one component which
possesses a significant weight. Then in practice, regardless of the wor product,
the longitudinal magnetization decay can be approximated to a mono-exponential
corresponding to the | +1/2 > — | = 1/2 > nuclear spin transition.

Figure 9.14 represents the vanation of the three transverse relaxation times versus
the product wyT.. Each relaxation rate gradually increases up to wg7. = 1. Above this
region, the most slowly relaxing component decreases while the other two continue
to steadily increase,

Figure 9.15 shows the variation of the relative percentages of each component
versus woTe. Below wyr. = 1, the transverse magnetization is basically composed
of ouly one component as the percentages of the other two are negligible. This
case was treated earlier for the regime of nearly extreme narrowing limits with the
analytical equations proposed for the longitudinal and transverse relaxation times
(see equation (9.3) and (9.4)). Above wpr, = 1, the weight of each component becomes
significant and multi-exponential relaxation behavior is expected for the transverse
magnetization,

In practice, multi-exponential relaxation behavior will translate into the observa-

tion of non-Lorentzian line shapes due to the superposition of several lines of differ-



il ( x‘)
)
Tn *
1.5
1.0
0.50 —
3
2
1
| | -
0.010 0.10 1.0 10 LT,

Figure 9.12: Variation of the three longitudinal relaxation rates Tj; of a spin 5/2 as
a function of wo7. (see equation (9.1)).
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Figure 9.13: Variation of the three normalized pre-exponential factors Cy; of a spin
5/2 as a function of wyr, (see equation (9.1)). Note that the coefficients C12 and C)a
are plotted on the expanded scale given to the right.
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Figure 9.14: Variation of the three transverse relaxation rates Ty of a spin 5/2 as a
function of wyT. (see equation (9.2)).
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Figure 9.15: Variation of the three normalized pre-exponential factors Cy; of a spin
5/2 as a function of wyr, (see equation (9.2)).



ent widths and intensities. However, the appearance of non-Lorentzian line shapes
in 27Al NMR are rarely observed. Favorable conditions for the detection of mmlti-
exponential relaxation behavior should include a low QCC for the aluminum cation
under investigation as well as an wy7, product in the range of 1.2 < wyr, < 3.0. Un-
der these conditions, two of the three components will have a significant weight (see
Figure 9.15). and the linewidth of the second component, much broader than the
first one (see Figure 9.14), will be detectable due to the low QCC of the aluminum
nucleus.

Finally, Figure 9.16 shows a comparison of the variations of the spin-spin relax-
ation times of the slowest relaxing component (i = 1, sce Figure 9.14) at two different
fields (21 and 78 MHz) versus the correlation time. For any 7. value, the linewidth
of the resonance associated to the | +1/2> — | — 1/2 > nuclear spin transition is
always broader at 21 MHz. As a result, NMR spectroscopy of §/2 quadrupolar nuelei
in non-extreme narrowing conditions performed at high field represents an advantage

as the resonance linewidths are always narrower.

9.4.3 Second Order Dynamic Frequency Shifts

The appropriate description of the relaxation behavior for nuclei I 2 3/2 in the
non-extreme narrowing region is further complicated by a quadrupolar relaxation
matrix [247,248] containing imaginary spectral density functions which are frequency
dependent, and defined as [252):

mwT? .
g(mw) = m (9.5)

so that quadrupolar interaction not only gives rise to rclaxation but also generates
a specific second-order Dynamic Frequency Shift (DFS) [247,248,249] for cach com-

ponent of the transverse magnetization. For a spin 5/2 nucleus, under non-extreme
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Figure 9.16: Variation of the linewidth of the most narrow component (¢ = 1, see
Figure 9.14) of a spin 5/2 nucleus at two magnetic field strengths: A) 21 and B) 78
MHz as a function of the correlation time 7.. The QCC was 1 MHz in both cases.



narrowing conditions, the three transverse relaxation components will not only ex-
perience different relaxation rates, but will also differ in their respective chemical
shifts.

In the near extreme narrowing limits, when wgr. < 1, the spectrum is composed
of a single Lorentzian corresponding to the m = +1/2 — m = ~1/2 transition and
whose spin-sp'n relaxation is given by equation (9.4). In this case the second-order
dynamic frequency shift wps of this resonance is given by [247,250,245]:

G672

WDS=@

x? [q(wo) + 27(2wo)] (9.6)

and the signal is shifted downfield (see Figure 9.17). On the other hand, in the slow
motion limit (wo7. = 10) the dynamic frequency shift of this transition reaches a limit
proportional to x?/wo [247,250,245]:

672 , .
Awps = ~ 195 X [g(wo) — 7(2uwo)] = —-

2.2
3 X (9.7)

125 wy
and the absorption is shifted upficld (see Figure 9.17). In the intermediate region
1 < wpT. < 10 there is no analytical equation available for the dynamic frequency
shift and a full treatment of the relaxation matrix is required to obtain correct dy-
namic frequency shift values [248]. These three typical regions are summarized on
Figure 9.17 which gives the dynamic frequency shift for the three components of
the transverse magnetization versus the product wer,. Note that for the two other
components (i = 2 and 3), regardless of the wo7. region, they are always shifted

downfield.

9.5 Results and Discussion

27 A1 NMR on the ATP-Al system was performed at 21 and 78 MHz, at pH = 7.4 4 (1.1,

in 20% D,0 solution and for a total aluminum concentration of 50 mM. In & con-
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Figure 9.17: Variation of the dynamic frequency shift wpgs for the three components
of the transverse magnetization (sce equation (9.2)) as a function of were and for a
spin 5/2 nucleus.



centration study, the ATP/Al ratio was varied from 0.60 to 3.0. At 78 MHz, cach
spectrum was then submitted to a deconvolution procedure which gave the chemical
shift, linewidth and population of each resonance (sce Section 9.3). In contrast, at
21 MHz, for any ATP/Al ratio, each recorded spectrum yielded only one Lorentzian
line, probably due to the long a delay (1500 ps) necessary to record meaningful
spectra. At 78 MHz, for each solution, two spectra were recorded. One spectrum
for which the a delay was set to 0, was used for deconvolution, while the second,
recorded using a long o delay of 1000 us, yiclded the only slowly relaxing component

left in the spectrum, which was also observed at 21 MHz (see Table 9.2).

Table 9.1 summarizes all the results obtained from ten spectral deconvolutions
at 78 MHz when the ATP/Al ratio was varied from 0.60 to 3.0. Average chemicnl
shift and linewidth vaiues are also reported with their respective associated errors.
This table shows that, for any ATP/Al ratio (except 1.4}, cach NMR spectrum was
composed of three Lorentzian lines. Due to the theory of nuclear spin relaxation of a
5/2 quadrupolar nucleus in the non-extreme narrowing limits, which predicts three
components for the transverse magnetization, the three experimental resonances may

possibly account for only one aluminum species in solution.

Each of the three components was characterized by a different linewidth value
whose ratio 1.0 (660 Hz) : 3.0 (2.0 KHz) : 10.9 (7.2 KHz) gave a solution for the
27Al correlation time of 6 & 1 ns (see Figure 9.14). Thus, for wer. = 2.95, the
relative population of each line should be 29%, 53% and 18% (sce Figure 9.15) re-
spectively and constant throughout the variation of the ATP /Al ratio. The two latter
points are in disagreement with the calculated population of each line which varies
from ATP/Al = 0.60 to 1.6 (sec Figure 9.20). Above ATP/Al = 1.6 cven though

the weight of the three resonances present in the NMR spectra are constant values
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il 8 Vip Pl & Vip Pl 6 Wp Pl & Wy P
(ppm) (KItz) % | (ppm) (KHz) % | (ppm) (KH2}) B | (ppm) (H:) %
0.60 | -23 7.7 65 41 18 29| 07 560 G
0.80 | -25 85 55 50 22 40|-05 590 5
10 | -28 73 36 50 21 55|05 550 9
12 | 26 75 28 -35 20 63|06 660 9
14 | -25 70 14| -38 70 13|40 22 65| 10 670 8
1.6 -40 7.1 31|-49 20 61|00 680 8
1.8 -36 63 35|-7.3 1.8 54|-1.5 700 11
2.0 36 69 37|-76 1.8 54|-15 T00 9
2.5 -39 68 38|-90 20 55|-10 780 7
3.0 -41 7.1 40| -88 21 51(-05 T50 8
X |25 7.6 -38 6.9 6 20 0 660
a -2 006 3 0.5 2 0.2 1 80

Table 9.1: Summary of the chemical shift (6), linewidth (V;/;) and the normalized
population of each resonance (P) resulting from a deconvolution procedure using four
Lorentzian lineshapes (sce Section 9.3). The ATP/Al ratio was varied from 0.60 to
3.0. Experimental conditions were: Al = 50 mM, pH = 7.4, 20% D,0 and T =21 °C.



(8%, 57% and 35%), the population of two lines (8% and 35%) do not agree with
calculated theoretical values (29% and 18%). Examination of the chemical shifts
of the peaks further confirms that the three observed *"Al resonances do not be-
long to the same aluminum species. As discussed carlier (see Section 9.4.3), a 5/2
quadrupolar nucleus outside the extreme narrowing conditions will expericnce a dy-
namic frequency shift. If the |+1/2 > — | —1/2 > narrow component appears a.
0 ppm (see Table 9.1}, then the two other resonances should be shifted downfield
(see Figure 9.17), in contradiction with the observed resonances shifted in opposite
directions at — 6 and — 38 ppm. Finally, the correlation time of 6 ns found earlier,
does not agree with the phosphorus-31 NMR results which gave 7. = 2.8 £ 0.8 ns. In
the case of a correlation time of 2.2 + 0.9 ns found by ** Al NMR experiments (sce at
the end of this discussion), the relative population associated with the three nuclear
spin transitions are T1% (| +1/2> — |- 1/2>),27% (| £ 1/2> — | £3/2 >) and
2% (| £3/2 > — | £5/2 >) (see Figure 9.15) while the linewidth of each resonanee
is in the ratio of 1: 1.4 : 3.7 respectively (see Figure 9.14). Under these conditions,
with a resonance having a linewidth of 2.2 KHz, an intensity of 120 (ATP/Al = (.80),
then the |+£1/2> — |£3/2> and | £3/2> — | £5/2 > nuclear transitions will
be characterized by a resonance linewidth of 3.1 I{Hz and 8.1 KHz with an intensity
of about 30 and 1 respectively. Due to the deconvoluiion method used in this study to
distinguish different aluminum resonances, even under the most favorable conditions
(intense line with a relatively “narrow” linewidth), the only 27 Al nuclear spin tran-
sition detectable for each aluminum species is the | 4+ 1/2 > — | — 1/2 > transition.
The two other resonances (|+1/2> — |£3/2> and |£3/2> — | £5/2 >) are
lost in the baseline of the spectrum because of their much lower associated intensity

and wider linewidth.
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1bo.00  0.00 -Yop.00 -200.00 -500.00 -400.00 -500.00

5 . 300.00  2b0.00 .
CHEMICAL SHIFT PPM

Figure 9.18: Deconvolution of an ??Al NMR spectrum using four Lorentzian linc-
shapes (see Section 9.3). The ATP/Al ratio was 0.60.

This study shows that for any given ATP/Al ratio, at least three different alu-
minum speeies are present in an aqueous solution of ATP-Al complexes. Further-
mwore, there are two ATP/Al distinct regions. For ATP/Al < 1.4, three resonances
appear in each spectrum, characterized by chemical shifts of 0 & 1 ppm, - 6 = 2 ppm
and - 25 + 2 ppm and linewidths of 660 £ 80 Hz, 2.0 £ 0.2 KXHz and 7.6 &+ 0.6 KXHz
respectively (sce Table 9.1 and Figure 9.18). For ATP/Al > 1.4, the more shielded
resonance at - 25 ppm disappears, and was replaced by a resonance centered at
- 38 + 3 ppm with a linewidth of 6.9 + 0.5 KHz. The two other resonances at 0 and

- G ppm remain unchanged (sce Table 9.1 and Figure 9.19).



sho.00  400.00  3bo.00 -500.00 -300.00 -400.00 -500.00

Figure 9.19: Deconvolution of an Al NMR spectrum using four Lorentzian line-
shapes (see Section 9.3). The ATP/Al ratio was 1.8.
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& V,,z é v1f2
(ppm)  (Hz} | (ppm) (H:z)

78 MHz 21 MHz
o = 1000 ps | a = 1500 ps

0.60 [ 1.3 560
080 [ 0.7 590 | 1.9 560
1.0 [ 0.7 550 | 1.1 560
12 1 09 660 [ 1.0 590
14 | 1.1 670 | 0.2 690
16 | 0.7 680 |[-0.2 640
1.8 1.1 700 | 2.2 610
20 | 0.8 700 |23 700
25 | 0.8 780
30 { 02 750

o)

0.8 660 | 1.2 G20
0.3 70 0.9 50

q

Table 9.2: Parameter summmary of the most narrow ?” Al resonance detected when the
o delay was increased to 1000 us (78 MHz) or 1500 uis (21 MHz), and as a function
of the ATP/Al ratio. For experimental conditions see Table 9.1.

Table 9.2 gives the chemical shifts and linewidth values of the relatively narrow
resonance observed at 21 MHz, centered at 1.2 + 0.9 ppm, which can be compared to
the one observed at 78 MHz, centered at 0.8 4 0.3 ppm and in very good agreement
with the deconvolution results of 0 + 1 ppm (compare Table 9.2 with Table 9.1). No
ticld effect on the linewidth of this resonance was detected, with an average linewidth
of 620 £ 50 Hz at 21 MHz compared to 660 £ 70 Hz at 78 MHz. This means that
the aluminum species corresponding to this resonance is characterized by a short

correlation time, probably resulting from a small aluminum species in solution. The



three other resonances described earlier, were not detected at 21 MHz and may be
the direct consequence of the necessary long a delay used to record reliable spectra

(see Section 9.2).

Figure 9.20 illustrates the relative percentage of each aluminum species present
in solution at 78 MHz, pH = 7.4, for ATP/Al ratios from 0.60 to 3.0. The two
distinct regions previously mentioned are clearly distinguished by the vertical dotted
line centered at ATP/Al = 1.4. This frontier corresponds to the disappearance of
a broad resonance (7.6 KHz) centered at — 25 ppm which was replaced by another
similar broad resonance (6.9 KHz) shifted upfield at - 38 ppm. This ATP/Al ratio
value of approximately 1.4, using *"Al NMR, corresponds to an Al/ATP ratio of 0.71,
very close to the ATP:Al aggregate stoichiometry of 4:3 determined by P NMR (see
Section 5.3.3 and 8.4). At this ratio value, the resonance centered at - G ppin, which
constitutes 65% of the total aluminum concentration, corresponds to an aluminum
species complexed by the triphosphate side chain of ATP. The region of the graph
for ATP/AIl ratios smaller than 1.4 corresponds to an aluminum concentration in
solution in excess of ATP. As the ratio decreased, a very broad resonance appeared
and the relative percentage of the aluminum species complexed by the triphosphate
chain of ATP decreased. Characterization of the ?*Al species responsible for the

appearance of this resonance will now be discussed.

Aqueous solutions containing aluminum salts have been the subject of extensive
work [237,254,260] and several reviews [230,231,261]. %Al NMR has shown that
hydrolysis of the hexa-aquated aluminum species results in the formation of an alu-

minum dimer bridged by two hydroxyl groups:

2AI(H,0)3F = ((H20)4Al( — OH), Al(H;0),)** + 2H,0*
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Figure 9.20: Variation of the relative population of cach 2?*Al resonance for
0.60 < ATP/Al € 3.0 at 78 MHz. Sce text for the significance of the vertical dot-
ted line at ATP/Al = 1.4 as well as the attribution of the different species (), (0),
(A) and () present in solution. See Table 9.1 for experimental conditions. For
cach ATP /Al ratio, the experimental NMR spectrum was submitted to a deconvolu-
tion procedure assuming four Lorentzian lineshapes, except for ATP/Al = 1.4 which
necessitated five Lorentzian lineshapes (see Section 9.3).
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This species is characterized by a chemical shift value of 4 ppm (close to the AI(H, Ot
reference) and a linewidth of approximately 500 Hz [237,254,255]. The pk, of the
dimerization process was reported to be 6.95 at 30 °C [264]. Under the working
experimental conditions of this study (pH = 7.4, T = 24 °C) formation of this dimer
might be expected. The narrowest resonance detected at both fields was charac-
terized by a total average chemical shift value of 1 £ 0.7 ppm and a total average
linewidth of 640 & 70 Hz, confirming the presence of the aluminum dimer. Through-
out the study, its concentration was independent of the ATP/AI ratio and repre-
sented 8% of the total aluminum population present in solution. Hydrolysis has
been known to proceed beyond the dimerization stage, yielding a polymerie eation
[Al0; Al;3(OH)as(OHz)ia)™, called Alj; [255,259,260]. Both the dimer and poly-
meric species are water soluble and have been detected by **Al NMR {254,237]. The
addition of a suitable counter anion, to these species, like the sulfate anion, gives
risc to precipitates and have been the subject of crystal structure determinations
[264,265,266]. The structure of the polymeric cation Aljs consisted of twelve alu-
minum atoms, surrounded by an octahedral arrangement of oxygen atoms, which
are grouped around a central tetrahedral aluminum atom AlO4. Due to the high
symmetry of the tetrahedral aluminum atom, ** Al NMR gives rise to a well defined
sharp resonance of 50 Hz centered at 62.5 ppm 254}, Iu coutrast, the resonnnee of

the octahedral aluminum sites is broad {evaluated at 2000 Hz) and centered at 0 ppin

[237).

None of these resonances described as characteristic of the polymerie eation Aly,
have ever becen observed in the *"Al spectra of ATP--Al solutious for which the
ATP/Al ratio varied from 0.60 to 1.4. In contrast, the aluminun resonance we

observed was shifted upfield to - 25 ppm with a much broader linewidth of 7.5 KHe,
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and has never been reported in the literature as being the product of an hydrolyzed
aluminum species in solution. Although the aluminum dimer is present as a small
percentage in solution, it does not undergo further hydrolysis to form the polymeric
eation Aljs. This would indicate that the observed ?? Al resonance was due to another
species.

Nucleotides involved in cation complexation are usually viewed as having three
potential binding sites [119]: the phosphate site chain, the sugar moiety and the base
cach representing a site for fixation of a metallic cation.

For Al/ATP > 0.75, further complexation of the ATP,Al; aggregate triphosphate
side chains was not taking place in solution as quantitative phosphorus-31 analysis
shows o complexation plateau (sce Section 5.3.3). Formation of a 2:1 ATP-Al species
using the triphosphate side chains for metallic complexation can be excluded on the
basis that phosphorus-31 NMR doces not detect the appearance of new ' P resonances
or chemical shift variations of the 3P aggregate resonances (see Section 5.3.2).

Among the three potential binding sites of ATP, two of them, the purine base
and the sugar ring have not yet been investigated. With three nitrogen atoms
N 1, N 3 and N-7 the purine base possesses some interesting complexation sites for
a metallic cation. In the ATP molecule, the N-3 site is sterically hindered by the
ribose sugar and, as a result, this particular nitrogen atom has never been reported
in the literature as a competitive chelation site compared to N-1 and N-7,

In order to detect if complexation was occurring on the nitrogen atom of the
purine base of ATP, *C NMR spectra were recorded at 75 MHz. The study showed
that, above Al/ATP = 0.75, each carbon atom of the base is further perturbed, giving
rise to a new broad resonance at the base of each carbon resonance (see Figure 6.4).

As a result, *C NMR suggests that, when Al/ATP > 0.75, complexation occurs on
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the available nitrogen atoms N-1 and N-T of the adenine base. This was confirmed
by Z7Al in which a new broad resonance appeared in the region of ATP/AL < 1.4
13C NMR also revealed that aluminum complexation does not take place at a specific
nitrogen binding site (N~1 or N-T) but, as all carbon atoms scem to be equally
perturbed, N-1 and N-7 both represent a binding site for aluminum. In contrast,
the carbons of the ribose sugar are only slightly broadened, as is the dioxane reference
peak, probably resulting from an increase of the solution viscosity and/or an increase

of the carbon’s correlation time.

Complexation of hexa-aquated aluminum by nitrogen ligands, like acctonitrile,
has been the subject of several spectroscopic investigations [238,239,240,267,2G8,271].
Al NMR shows that progressive replacement of its hexa-aquated solvation sphere
by nitrogen ligands leads to higher aluminum chemical shifts in the range of - 4
to — 33 ppm [268], depending upon the number of nitrogen ligands. In the present
study, the observed chemical shift value of ~ 25 ppm agrees with the trend of chemical
shift values reported for mixed water-nitrogen complexes of aluminum [239,268). In
the ATP-Al aggregate, it was possible to consider an aluminum species involved
with the adenine base through complexation with one or two nitrogen atoms. In
the latter case, the aluminum would be bridging two adenine bases. In the ease of
an aquated aluminum species complexed by one or two nitrogen ligands, reported
chemical shift values [239,268] are about — 4 and - 9 ppm respectively, much less
shielded than the observed resonance of - 25 ppm. The existence of hase stacking
in the ATP-Al aggregate, dectected by both '3C and 'H NMR, conld account for an
increased shielding of this resonance. Similar shielding effects have been reported for
the 27Al resonance of the aluminum tribromide dimer in bromine [269] or benzene

[270] solvents which resulted in a chemical shift difference of - 16 ppin. In fact. the
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Ligh upficld shift of this resonance results from the addition of two distinct effects:

the adenosine base staking and a dynamic frequency shift of — 10 ppm (see later).

For ATP/A] < 1.4, examination of the relative population {see Figure 9.20) be-
tween the two aluminum species assigned to aluninum-phosphorus complexes (e)
(sce later) and aluminum-nitrogen complexes (O) will give the number of aluminum
atoms complexing the four adenine bases present in the ATP-Al aggregate. When
the ATP /Al reached the value of 0.60, the relative population ratio of the two reso-
nances was 2 (AlI-N) : 1 (Al-P). Since the Al-P resonance accounts for the detection
of two aluminum nuclei (sce later), the number of aluminum nuclei complexing the
four adenine bases amounts to four, that is, one aluminum cation per base. Although
cach adenine base of ATP possesses two potential nitrogen site of chelation, N-1 and
N-7, ¥*C NMR results have shown that there is no preferential site of complexa-
tion. Combination of " Al quantitative unalysis and *C results allows the following
conclusion to be drawn. In the aggregate, the N-1 and N-7 nitrogen atoms are quan-
titatively, equally complexed (2 (Al-N-1) : 2 (Al1-N-7)). In the overall complexation
scheme, each of the four adenine bases is complexed by one aluminum atom which
binds alternatively to an N-1 or N-7 nitrogen atom. Another complexation scheme
involves the establishiment of an aluminum bridge between two adenine bases. In this
complex the aluminum cation would be bound via two nitrogen atoms and confer an

additional rigidity to the overall aggregate structure.

Although replacement of a water molecule by a nitrogen ligand in the solution
sphere of aluminum may distort the octahedral symmetry around the cation and
result in a linewidth broadening this effect was expected to be weak since both
nitrogen N-1 and N-T of the adenine base are not sterically hindered. Studies of

aluminum trichloride in water-acctonitrile solutions by ** Al NMR [268] showed the
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formation of a series of water (X) - nitrogen (Y) aluminum solvates (AN, Y_.),
each species exhibiting a characteristic chemical shift and linewidth value. The major
contribution to the observed linewidth variations between the different solvates were
attributed to the perturbation of the efg around the nucleus, rather than a distortion
of the aluminum octahedral symmetry. Reported linewidth values for mixed water-
nitrogen aluminum solvates are relatively narrow, about 300 Hz, compared to the
very broad 7.6 IKHz resonance obscrved in the present study, representing more than

a 20 fold increase in linewidth.

If one assumes that a mixed water-nitrogen aluminum species generates a sim-
ilar efg around the quadrupolar nucleus in both studies, then, it is not reasonable
to conclude that the variation of efg is solely responsible of the observed aluminum
linewidth of this ATP-Al complex. This implies that the ** Al correlation time repre-
sents the parameter which influences the linewidth of the resonance of interest. *7A)
NMR then behaves as a dynamic molecular probe of the cation-base iuteractions
located at the other end of the aggregate. Due to the large linewidth value of this
resonance, it also suggests that the whole complex reorients as a rigid eutity in so-
lution. Assuming a re-orientational correlation time of 2.8 + 0.8 ns, found by *'pP

NMR, a quadrupole coupling constant of 5.1 = 0.9 MHz was calculated.

At the 27Al resonance frequency of 78 MHz, the product of wyT, 1s 1.38, violating
the extreme narrowing conditions. Duec to the large QCC value associated with
the long correlation time of this aluminum species, quadrupolar relaxation in the
non-extreme narrowing limit shows that this resonance will experience a dynaunie
frequency shift (see Section 9.4.3). Knowing the values of wyr, and x%/wy, the DFS is
readily calculated from Figure 9.17. It accounts for an upficld shift of - 10 4 3 ppm

which contributes to the observed high upfield shift of this resonance (- 25 ppu).
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The intrinsic chernical shift of this resonance was only - 15 ppm.

When the ATP/Al ratio was smaller than 0.60, precipitation occurred in solution.
Below this limit, the triphosphate chains and the base of the ATP-Al aggregate
were saturated in aluminum. No further complexation occurred and, at pH = 7.4,
aluminum precipitated in solution possibly as aluminum hydroxide [259] or as a
polymeric Alyy species.

The second region of Figure 9.20, corresponding to ATP/Al > 1.4, will now be
discussed in detail.

This region, equivalent to an ATP/Al ratio < 0.75, has been extensively studied
and characterized by phosphorus-31 NMR. These spectra support the formation of
an ATP,Aly aggregate in solution. 27 Al NMR detected two well characterized reso-
nances, both shifted upfield from the reference, centered at - 6 + 2 ppm (o) and — 38
+ 3 ppm (A) with a linewidth of 2.0 £ 0.2 KHz and 6.9 & 0.5 KHz respectively (sece
Table 9.1 and Figure 9.20). While differences in chemical shift values for the two
resonances show that there are two distinet aluminum complexation sites present in
the ATP -Al aggregate, quantitative mecasurements can be used to determine their

population ratio.

Throughout the variation of the ATP/Al ratio, their relative population stayed
constant with a ratio of 2 (e) : 1 (A) (see Figure 9.20). The resonance at — 38 ppm,
which accounts for one of the three complexed aluminum nuclei, can be thought to
arise from an aluminum species located on the “outside” of the aggregate while the
other resonance at - 6 pm is responsible for two “inside” aluminum cations tightly
buried in the middle of the aggregate (see Figure 10.1). This assignment for the two
aluminum complexation sites existing in the molecular aggregate was supported by

analysis of their respective chemical shift and linewidth values.
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27A]1 NMR studies of aluminum-phosphate complexes in agueous solution of var-
ious nucleotides [272] and phospholigands [273,274,275] all indicate that the phos-
phoryl P=0 group induces an upfield shift in the *TAl spectra. The extent of the
chemical shift is directly proportional to the number of phosphate groups preseat in
the octahedral aqueous aluminum solvation sphere {275]. The shift ranges between
- 3 and — 22 ppm, in agreement with the reported intrinsic chemical shift (8;,,) values
of — 4 and - 29 ppm. The intrinsic chemical shift was obtained after correction for the
DFS which resulted from a combination of the molecular size of the aggregate and
QCC value (see later). The nbserved chemical shift values of the two complexation
sites were in accord with both 27 Al resonences corresponding to a metallic cation
complexed by three phosphate groups (sce Figure 5.15}. The detection of a coupling
constant, by 3P NMR between the quadrupolar nuelei and the phosphorus atom
reinforces the existence of a chemical bond between the phosphate oxygen and the

aluminum nuclei (see Scction 5.3.5).

For the octahedral complexation site located i the “inside” of the moleenlar
aggregate (8;,; = — 4 ppm, V)2 = 2.0 KHz) the cation can be visualized as surrounded
by three phosphate groups while the rest of the solvation sphere would be filled by

three water molecules.

The second complexation site located in the “outside” of the aggregate (8, =
29 ppm, Vij2 = 6.9 KHz), is characterized by an aluminum resonance shifted by
- 25 ppm from the former site. It is generally agreed that the clectron donating prop-
erties of the ligands represent a major factor in the 27 Al chemical shift [276,275,268)].
It suggests that the cation retaining its aquated solvation sphere composed of three
water molecules, experiences the effects of the negatively charged triphosphate chain

of the surface ATP molecule. The metallic cation ligand environment of this site wis

228



supported by a very broad observed resonance linewidth (6.9 KHz). There are two
distinet molecular properties which are responsible for the observed broad line, First,
the slow molecular tumbling of the aggregate (7. = 2.8 ns), contributes to a ten fold
inewidth increase, in comparison to the aluminum reference (Vyy2 = 4 Hz, 7. = 67 ps
and y = 0.4 MHz). Sccondly, linewidth broadening is also enhanced by the QCC
of 4.8 £ 0.8 MHz, characterizing the complexation site. In comparison to the QCC
vilue of a hexa-aquated aluminum cation in solution (x = 0.4 MHz), this study has
shown that replacement of a water molecule by a nitrogen ligand in the aluminum
coordination sphere increased the QCC values by a factor of thirteen (v = 5.1 MHz).
reflecting the decrease in the octahedral ligand field symmetry around the quadrupo-
v nucleus. Thus, the large QCC characterizing the aluminum cation joining the
surface ATP molecule to the rest of the aggregate is likely to arise from a loss of

octahedral ligand field symmetry around the aluminum cation [230].

In the ease of the aluminum cation located in the “inside” of the aggregat:, a QCC
of \ = 2.6 & 0.5 MHz could be calculated for this hexacoordinated complex. This
value lies in the middle range of QCC reported in this study and as well probably

results from the loss of octahedral ligand field symmetry.

Finally, for a series of octahedral mixed complexes (AlX3Ys_, ), computed values
of the efy tensor as a function of the ligand symmetry around the cation showed that
the resonances of the two trans-(mer) or cis-(fac) AIN;Y; isomers were associated with
very different linewidths [268]. In fact the resonance of the cis-isomer becomes as
sharp as the octahedral AIXg species and results from a fortuitous cancellation of the
¢fg around the nucleus. In contrast, the trans-(mer) AIN3Y 3 species is associated with
a linewidth theoretically twenty seven times broader than its cis-isomer counterpart.

Such linewidth dependency upon the ligand field symmetry acting on the aluminum

L&)
I\
(<=



nucleus was successfully utilized to identify a series of cis-trans isomers of alumimun
halides in acetonitrile and acetonitrile—water solutions {268].

In the present study, because there is a molecular size effect on the linewidth of
the resonance, it prevents any conclusion based upon the linewidth value of this res-
onance. Rather, the reasoning should be done by using QCC values. These AINGY,
(X = water, Y = phosphate) complexation sites were characterized by an **Al QCC
value of respectively 2.6 MHz (“inside”) and 4.8 MHz (“outside™} which, in compar-
ison to the QCC value of an hexaaquated aluminum cation (y = 0.4 MHz), led to
the conclusion that 2? Al NMR was probably detecting in both cases a trans AIN;Y,

species in the ATP,Al; aggregate.

Both resonances centered at - 6 and - 38 ppm are endowed by a DFS which
results from %" Al NMR performed in the non-extreme narrowing limits. Knowing the
woT, product (1.38) and their respective QCC values of 2.6 £ 0.5 and 4.8 £ 0.8 Mllz,
aDFSof -2+ 1and - 9 £ 3 ppm was calculated for cach line respectively. Their
intrinsic chemical shifts, when corrected for their DFS were then 4 and 29 ppmn
respectively.

In the above discussion, calculation of the QCC values assumed that no chemical
exchange contributed to the linewidth and that cach linewidth resulted from pure
quadrupolar relaxation of the ?Al nucleus with a correlation time of 2.8 ns. The
support for each of these assumptions will now be discussed.

The results from the deconvolution of every NMR spectrum showed that, over
a wide range of ATP/Al ratios, the chemical shifts and linewidth values of each
resonance were constant within experimental error (see Table 9.1) aud a rapid or
intermediate chemical exchange situation was ruled out. As a result, all observed

resonances are in slow chemical exchange on the NMR time scale. The contribution
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of slow chemieal exchange to the observed linewidth values will now be examined in
detail.

For the aluminum dimer, the absence of a significant chemical exchange contribu-
tion to the linewidth of the 2 Al dimer resonance was shown by a constant linewidth
value (640 £ 70 Hz) throughout the various ATP /Al ratios.

Because the ATP,Aly aggregate possesses different complexation sites, two on
the stacked phosphate residues and two on the adenine base, the possibility of in-
tramolecular exchange will be considered.

In order to demonstrate that each linewidth value originates from a pure quadrupo-
laur interaction, *Al spin-lattice and spin-spin relaxation time measurements were
made on the ATP-Al system (see Figure 9.21). For an ATP/Al ratio of 1.4, popula-
tion analysis showed that the central peak was mainly composed of two resonances,
in the ratio of 9:1, which were attributed to the aluminum dimer (10%), and to an
aluminum-phosphate complex located in the “inside” of the aggregate (90%). In
this **Al relaxation studies, the intensity variation of the central peak behaves as a

function of two exponential decays and for the longitudinal magnetization:
L(t) = L(0)[1—2{0.90 exp(—t/T})+ 0.10 exp(~t/T})}] (9.8)

while for the tranverse magnetization:

I,(1) = 0.90 I,(0)exp(—t/T;) + 0.10 I,.,(0) exp(—t/T3) (9.9)

i which the pre-exponential factors account for the population differences of the
two species. Ty and T, represent the spin-lattice and spin-spin relaxation times
respectively of the aluminum dimer. The setting of the spin-lattice relaxation time
of the aluminum dimer was equal to its T3 value in equation (9.8) (Ty = Tz = 1/7Vy2).

A non-linecar regression analysis of equation (9.8) and (9.9) yielded the spin-lattice
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Figure 9.21: ?7Al inversion recovery experiment of an ATP-Al solution at 78 MUz,
The ATP/AIl ratio was 1.4. Instrumental conditions were: 100 KHz sweep width,
acquisition time of 0.02 sec, a delay of 50 gs, 1000 transients for each spectrinm and
20 Hz line broadening. Recovery times in milliseconds are shown near cach spectrun.
For experimental conditions see Table 9.1.
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and spin-spin relaxation times of the phosphate complexed aluminum cation, with
T, = 0.32 & 0.06 msec and T, = 0.135 % 0.020 msec.

The value of the spin-spin relaxation time translates into a resonance linewidth
of 2.3 £ 0.3 KHz, in accordance with the linewidth value by spectral deconvolution
(2.2 4 0.2 IKHz). This experimental result is in agreement with the absence, within
experimental error, of any chemical exchange contribution to the linewidth of this
cotplexation site located in the inside of the aggregate. Assuming pure quadrupo-
lar relaxation, the ratio of the spin-lattice to spin-spin relaxation time T} /T vields
an 2" Al reorientational correlation time of 2.2 4+ 0.9 ns, in good agreement with
phosphorus-31 NMR results (7. = 2.8 £ 0.8 ns, sce Section 5.3.5).

Finally, in the case of the adenine complexation site, the constant linewidth value
of this resonance, within experimental error, also rules out any chemical exchange
coutribution, The 7 Al correlation time of this site was assumed to be identical to
the two other sites of the aggregate and the validity of this assumption has already

Leen discussed earlier.

9.6 Conclusion

Deconvolution of ** Al NMR spectra of aluminum and ATP solutions showed the
existence of four resonances in slow exchange on the NMR time scale. For cach
ATP/AlL ratio value, each resonance was characterized by constant chemical shift
and linewidth values. Theoretical treatment of nuclear spin relaxation of a spin
5/2 nucleus in the non-extreme narrowing condition, including the effect of dynamic
frequency shift, leads to the conclusion that each observed resonance arises from the
|+1/2 >— | —1/2 > nuclear spin transition. For each aluminum species, population

analysis shows the presence of two distinet ATP/Al regions.



While in the region of ATP/Al > 1.4 phosphorus-31 NMR detects the overall
complexation phenomena taking place on the triphosphate chains of the aggregate
%Al NMR reveals the existence of two distinct complexation sites in the ratio of
2:1. For each resonance, the observed chemical shift values are typical of aluminum-
phosphate complexes in solution. Quadrupole coupling constants of each site were
estimated by using their respective linewidth and numerical solutions of nuclear spin

relaxation occurring in the non-extreme narrowing limits.

Examination of chemical shifts and quadrupole coupling constant values suggest
that two aluminum cations are buried in the “inside” of the aggregate and sur-
rounded by a coordination sphere composed of three phosphate groups in the trans
position, and three solvent water molecules. In the second binding site, loeated on
the “outside” of the aggregate, the aluminum nucleus retains the same octahedral
coordination sphere but is strongly influenced by the negatively charged triphosphate
chain of the surface ATP molecule (see Figure 10.1).

When aluminum exceeds the ATP concentration in solution (ATP/Al < 1.4), ¥7Al
NMR detected the appearance of a new resonance which accounts for four alminum
nuclei. Its chemical shift value, falling in the range of aluminum-nitrogen complexes
in solution, suggests that, once the ATP,Al; aggregate is formed, further abuninam
complexation occurs with the N-1 and N-7 nitrogen atoms of the adenine hases of
the aggregate. This complexation scheme is in agreement with ¥C NMR results and
the overall stoichiometry of the complex is ATP,Al;.

Finally, for various ATP/Al ratios and at both ficlds, Al NMR reveals the
presence of the aluminum dimer which only accounts for a small constant pereentage

(8%) of the total aluminum concentration.

For each aluminum species involved in the ATP-Al aggregate, the cotbination

234



of a long correlation tiune with large quadrupole coupling constant values resulted in
it dynamic frequency shift for each resonance. Each resonance linewidth arises from
pure quadrupolar relaxation and there is no chemical exchange contribution to the
linewidth as confirmed by 27 Al relaxation time measurements.

The combination of spin-lattice and spin-spin relaxation experiments gave an **Al
correlation time of 2.2 £ 0.9 ns, in agreement with *'P NMR studies (see Figure 5.8).
The results from #7Al relaxation experiments also justify the quadrupole coupling
coustant and dynamnic frequency shift values calculated in this study which assumed

a correlation time of 2.8 ns,



Chapter 10

GENERAL CONCLUSION

Using multinuclear magnetic resonance techniques, it has been possible to gather
information concerning the interactions occurring between ATP and Al in agucous
solutions at pH = 7.4. 'H, ¥C, 3P and Al NMR results were combined in order
to propose a detailed model for the ATP,Aly aggregate believed to exist in agqueous
solution. The overall structure is presented in Figure 10.1. Several features like the
site of aluminum complexation, the stoichiometry, the geometric arrangement of the
adenosine bases and the overall and internal dynamiecs of the complex have heen
discussed in detail in previous chapters. Each of these properties are summarized in

Figure 10.1.

The proposed coordination sphere around the aluminum cation results from «
mixture of 3'P and ??Al NMR data. Proton-phosphorus NOE measurements sug-
gested that each phosphate group of the aggregate was still solvated by one (¢ and
3) or two () water molecules. On the other hand,the chemical shift of the two
different aluminum nuclei present in the aggregate were characteristic of a hexaco-
ordinated cation. By combining these results it is not unrcasonalle to propose thad,
the phosphate solvation sphere also belongs to the aluminuin coordination sphere.

This proposition is supported by the general chemistry of aqueous aluminum solu-
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tions, which favors aqueous octahedral complexes. Finally, if the phosphate-water-
aluminum assembly represents the basic motif of the aggregate, the sharing of water
molecules between the phosphate ions and the aluminum cation gives an extra sta-

Lility to the overall structure.

Although this study has enabled the proposition of a general structure, supported
Ly a great deal of complementary results, there are still many fundamental questions
to he answered. In witro mixing of aluminum and ATP gave rise to a ATP,Al; ag-
pregate while many other binary mixtures of ATP and metallic cations showed the
formation of monomers or dimers [41,148,283]. Studics of nucleotide aggregation
induced by metallic cations generally result in an equilibrium of monomer, dimer,
trimer species cte... dependent upon the nucleotide concentration [34]. In contrast
to this, the complexation phenomenon between ATP and aluminum was independent
over a wide range (1 to 100 mM) of total nucleotide concentration. Aggregate forma-
tion is accompanicd by some striking particularities. For example, the existence of
a surfuce ATP molecule confined in a pre-aggregated state represents an intriguing
phenouienon. Intramolecular chemical exchange does occur, but the passage of this
ATP moleeule into an aggregated state is followed by the release of an aggregated

ATP molecule at the other end of the aggregate,

Examination of molecular models show that the octahedral complexation of the
aluminum cation, by a sandwich of triphosphate chains scems to dictate the spatial
location of the adenosine molecules. As a result, the three inner bases of the aggregate
tend to form a helix-like spatial arrangement. The surface ATP molecule which
cannot adopt an aggregated conformation could result from steric hindrance factors
with the aggregated bases. X-ray studies on the ATP-Al system could confirm the

three dimensional structure proposed from NMR studies. For Al/ATP ratios greater

2
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Figure 10.1: Final proposed model for the ATP,Al; aggregate in solution, See text
for details concerning the aluminum solvation sphere (S).
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than 0.75, '*C and ¥ Al NMR results suggested that further complexation occurred
on the adenine bases, the ATP4Aly aggregate behaving as an aluminum sponge.
Information regarding the nature of complexation on the bascs could be gained by
"N NMR spectroscopy [277]. Also, it could provide more insight into the base geom-
etry in the aggregate, Finally, since this work was performed to gain some insight into
the nature of ATP-Aluminum complexes formed in vitro, the next step could be the
stidy of ATP-Aluminum interactions in a biological system. *'P NMR spectroscopy
has proven to be a powerful tool in many areas of biological [278,280,281,282] and

medicinal [279] chemistry.



Appendix A

Eigenfunctions, Eigenvalues and
Matrix Elements (3637

For the states of a given quantum system, the wave functions ¥, ¥, ..., 0, ... ¥,

are normalized and orthogonal that is:

+o0
f \I’:“ ‘I,TI(IT = dyun (A1)

bumn is called the Krénecker delta and is always zero except for n = m when 8, = 1.
For the sake of simplicity the Dirac notation [40] is introduced. Equation A.1 then
is written:

< min >= dy, {A.2)

in which ¥, and ¥, are designated by |n > and < m| respectively. I A represents

an operator, the following integrals in the Dirac notation:
Fo0
] U AV, dr =< m|Ajn >= A, (A3)
—~0o0

are known as the matrix elements of A and give a matrix representation of the
operator A, of the form:
All A12 “« v Aln

An Axn ... An

A= (A4)

An A o0 An
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The matrix is Hermitian if A, = A7 . A state which will satisfy the relation
AY, = a,¥, (A.5)

15 called an cigenstate and ¥, and «a, are the corresponding eigenfunction and cigen-
value of the operator 4. All eigenfunction ¥y, ¥,,...,¥,,..., ¥, of the opcrator 4
which have different eigenvalues ay, a....,ay,...,a, arc orthogonal to each other
and the matrix A using equation A.5 takes the form:
Apn 0 ... 0

CE (+.0)
0 0 ... Au
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