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Nuclear Magnetic Resonance Spectra for I > 1 Spins in Dynamically
Heterogeneous Systems with Chemical Exchange Among Environments

Huiming Zhang and Robert G. Bryant
Department of Chemistry, University of Virginia, Charlottesville, Virginia 22901 USA

ABSTRACT Nuclear magnetic resonance spectra for nuclei with spin / > 1 are considered in cases in which the observed
nucleus may sample a rotationally immobilized and an isotropic environment that are coupled by a chemical exchange process.
Spectra are simulated for the central (1/2, -1/2) transition for a 3/2 nucleus as a function of the concentrations of the two
environments and as a function of the exchange rate between them. It is shown that a crucial feature determining the shape
of the observable spectra is the spatial extent or the local order in the immobilized phase. In the case for which all rotationally
immobilized sites sampled by the exchanging nucleus are identically oriented but where there is a distribution of these mi-
crodomain orientations with respect to the magnetic field direction, a powder pattern for the central transition is observed that
carries whatever dynamic information may be derived from it. In the fast exchange limit, the width of the powder pattern scales
inversely with the concentration of the isotropic environment as usual. In the intermediate exchange regimes, a complex line
shape results that may mask the anisotropic character of the spectrum. In the slow exchange limit, superposition of the spectral
contributions results; however, if the isotropic environment concentration is significantly larger than the anisotropic environment
concentration, the anisotropic contribution is very difficult to detect because of the dynamic range problem and the possibly large
difference in the effective line widths. In the case for which the exchanging nucleus samples a considerable distribution of
rotationally immobilized site orientations, the anisotropic character of the spectrum is lost and a super-Lorentzian line shape
results. These effects are demonstrated experimentally by 35Cl nuclear magnetic resonance spectra obtained on a lamellar liquid
crystal that is modified with the addition of a thiolmercurate to provide a site of large quadrupole coupling constant and with
cross-linked bovine serum albumin gels.

INTRODUCTION

There may be considerable potential of nuclei with spin
greater than 1 to provide information in dynamically het-
erogeneous systems. Indeed, virtually all living systems pro-
vide environments with macromolecular aggregates that re-
orient slowly if at all on the time scale defining rigid lattice
behavior for the macromolecular spins or ions bound to mac-
romolecules. Electrolyte ions such as sodium, potassium, and
chloride ions may bind in various ways to these macromol-
ecules or macromolecular aggregates, and their nuclear mag-
netic resonance (NMR) spectra may reflect these interactions
(Wennerstrom et al., 1974; Venkatchalam and Urry, 1980;
Engstrom et al., 1982; Forsen et al., 1987; Rooney et al.,
1988; Sanders and Tsai, 1989; Wu et al., 1989; Urry et al.,
1989; Rooney and Springer, 1991a,b). Most of the interac-
tions are expected to be transient, although many may be
longer lived than the time scales associated with translational
diffusion. Thus, an exchange-rate and composition depen-
dence to the spectral response of these ions is expected.

Considerable early activity in NMR of the odd-integral
spins was directed at systems such as liquid crystals where
there is long range order in the system (Lindman, 1983). As
a result, the NMR spectra were often a powder pattern as-
sociated with the effects of first and second order quadrupole
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splittings that are different for different orientations of the
local order director with respect to the magnetic field. In
other cases, where the ordered microdomains could also be
macroscopically ordered in the magnetic field such as with
oriented liquid crystals, single crystal-type spectra were ob-
served consisting of sharp lines. In their insightful review,
Rooney and Springer (199la) classify these two cases as type
b and type a spectra, respectively. However, such patterns are
rarely observed in tissue samples at normal levels of hydra-
tion and concentration.

Considerable recent activity has been directed at under-
standing in detail the NMR spectrum of sodium ion in dif-
ferent tissue samples, where usually the spectrum consists of
a narrow and one or more broad components centered at the
same frequency (Springer, 1987; Forsen et al., 1987; Urry et
al., 1989; Rooney and Springer, 1991a,b). The multicom-
ponent line, classified as a type c spectrum by Rooney and
Springer (1991a), is expected if the quadrupolar spin samples
environments that are in the nonextreme narrowing limit, i.e.,
if they experience environments where the reorientational
correlation time for the electric field gradient at the observed
nucleus is on the order of or longer than the reciprocal of the
Larmor frequency (Hubbard, 1970; Bull, 1972; Eliav and
Navon, 1990). With current NMR spectrometers, most pro-
tein binding sites are in the nonextreme narrowing regime
even if the protein is free to rotate. Thus, even ions in chemi-
cal exchange with rotating proteins may fall into this cat-
egory. Although rotational motions may average the first
order quadrupole contributions to the spectrum, Jaccard et al.
(1986) pointed out that the component contributions could be
separated by passing the magnetization through states of
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multiple quantum coherence in the acquisition process. Sev-
eral groups have applied and extended this basic idea to un-
derstand more completely the line shapes and information
that may be obtained from the single frequency multicom-
ponent spectra of ions like sodium and potassium in tissues
(Eliav et al., 1988; Furo et al., 1991; Stevens et al., 1992;
Shinar et al., 1993; Kemp-Harper and Wimperis, 1993; Eliav
and Navon, 1994). In these cases, a characteristic of the sys-
tem is that the motions are sufficient to yield an effective
average quadrupole resonance frequency of zero.
We address the spectroscopy from a different experimen-

tal point of view motivated by the possibility that there are

advantages to observing spectra of quadrupolar ions or mol-
ecules when they are in rapid exchange with rotationally
immobilized binding sites. Although there are cases when
such systems may yield a single frequency multicomponent
spectrum or the Rooney-Springer type c case, rotational mo-
tion of the macromolecular binding site is eliminated as a

possible cause. The spectral characteristics and orientation
distribution of the macromolecular environment may have
major effects on the observable spectrum. Ex vivo systems
that may provide rotationally immobilized environments
with binding sites for observable solution phase species that
may be of interest include oriented protein systems such as

protein crystals, liquid crystals, or membrane-bound proteins
that carry specific binding sites such as transporter enzymes.
The purpose of this discussion is to examine the effects of
chemical exchange rates and the character of the macromo-
lecular orientation in the system on the observable spectral
response detected by observing the labile low molecular
weight species, usually an ion. The perspective is similar to
that for the solution phase halide ion probe experiment
(Stengle and Baldeschwieler, 1966), although the applica-
tions are more general. The model system we choose is chlo-
ride ion (Lindblom et al., 1971; Lindman and Forsen, 1976;
Lindman, 1983; Suezaya et al., 1991; Lindman et al., 1992),
although it is representative of other quadrupole spins to
within a scale factor for the size of the quadrupole coupling
constant.
The isotropic environment and the interactions with ro-

tationally mobile macromolecules have been treated by sev-
eral authors (Hubbard, 1970; Bull, 1972; Werbelow and Mar-
shall, 1981; Werbelow and Pouzard, 1981). An important
feature of these results is that, when the rotational motions
slow down, the allowed transitions are no longer identical,
resulting in nonexponential relaxation responses. In the case

where motion in a macromolecule-bound state stops, one
could record a pure nuclear quadrupole resonance spectrum
because the zero-field interactions are no longer rotationally
averaged. In the case where the quadrupole coupling constant
may be large, as for chlorine, the resulting spectral features
may be spread over tens of megahertz, making all but the
central (1/2, -1/2) transition unobservable. Therefore, we

focus the present discussion on observations of the (1/2,
-1/2) contribution to the spectrum; however, the essence of
the picture is the same for the other transitions except that the
size of the exchange rates required to effect the exchange

averaging of the spectrum must be larger for the much larger
frequency offsets. In some cases, the exchange rates required
to achieve a fast exchange-averaged powder pattern with
large quadrupole coupling constants may be inaccessible.

DEFINITION OF SYSTEMS

First we define the systems to be considered in detail based
on the representations in Fig. 1. Panel (a) represents the
situation where there is a rotationally immobilized macro-
molecule such as a protein with a binding site and a ligand
in exchange with this binding site. This situation is distin-
guished from that shown in panel (b) where there is a single
type of rotationally immobilized macromolecule with two
binding sites at different orientations with respect to a mol-
ecule fixed axis system or intermediate reference frame. The
ligand may exchange independently with both macromol-
ecule sites, and the unbound sites are assumed to be dy-
namically isotropic environments. Neither of these limiting

(a) (b)

ED Ss

(c) (d)

(e) (f)

FIGURE 1 Definition of systems. (a) Rotationally immobilized macro-
molecule (E) with a binding site and a ligand (S) in exchange with this site.
(b) Rotationally immobilized macromolecule (E) with two binding sites at
different orientations with respect to an intermediate frame in exchange with
a ligand (S). (c) An ordered array of rotationally immobilized macromol-
ecules such that each macromolecule has the same orientation with respect
to the intermediate reference frame. (d) Assembly of randomly oriented but
rotationally immobilized macromolecules. (e) A liquid crystal environment
where the binding sites are presumed to be on the interfacial surface. Four
randomly oriented microdomains are shown. (f) Liquid crystal surface con-
taining an additional component that provides a second binding site with a
large anisotropic splitting.
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cases is experimentally accessible; they are shown to indicate
the difference between one and two binding sites that have
different orientations with respect to the laboratory frame. If
one could do an experiment on such a sample with sufficient
sensitivity, a single crystal type spectrum would result in the
fast exchange limit, but the frequency of the lines would be
different because exchange is with one bound frequency in
panel (a) but two different frequencies in panel (b). Panels
(c) and (d) represent two important cases of macromolecular
assembly that are experimentally accessible. In (c), the mac-
romolecules are organized so that each molecule and asso-
ciated binding site is oriented identically with respect to the
intermediate fixed reference frame; in (d), the macromol-
ecules are organized randomly with respect to the interme-
diate reference frame. In both cases, the unbound ligand is
assumed to be in an isotropic environment; i.e., the ligand
reorients freely and rapidly enough that the NMR spectrum
is isotropic and in the extreme narrowing limit. Panel (e)
represents the liquid crystal environment where the binding
sites are presumed to be on the interfacial surface. The mi-
crodomain environinent of any ligand exchanging with this
surface is assumed to be uniformly oriented with respect to
the intermediate reference frame, but there are four microdo-
mains shown that are randomly oriented with respect to the
laboratory frame. The observable spectrum is then a sum over
contributions from these random orientations of microdomains.
Panel (f) represents the experimental situation wherewe will add
a new binding site to the liquid crystal surface, in addition to
those associated with the counter-ion charges, that has a known
and very large electric field gradient created by binding of chlo-
ride ion to mercury (II). This situation represents a sum over two
interactions, the relatively weak surface binding interactions
with modest quadruple coupling constants and a specific strong
binding interaction with the mercury site that has a large qua-
druple coupling constant.
The situations we investigate are those in which the ligand

of Fig. 1 carries a nucleus with spin greater than 1 and is in
chemical exchange with macromolecule-bound sites that are
rotationally immobilized. When bound, the ligand spin sys-
tem is in the rigid lattice limit, but when unbound, dynami-
cally it is in the extreme narrowing limit. We will investigate
the character of the observable NMR spectrum of the nucleus
as it is affected by the magnitude of the nuclear electric qua-
drupole coupling constant, the character of the orientation
of the macromolecule phase, and the exchange rate of the
ligand.

matrix, R, from the enzyme-ligand reaction with isotope-
labeled ligand, S, we write

kon
E + S tES (2)

koff
where we assume that the reaction arrives at equilibrium and
the binding constant, K, is

K_kon _CES
K = E S

koff CE-CS (3)

where C1 represents the concentration of the ith species. With
the adiabatic assumption, only the transverse magnetization
associated with the relevant transition is included; i.e., for the
second-order quadrupolar interaction case, only the central
transition is considered (Appendix). The lifetime of the free
ligand is

1
-= k0 CE-Ts

Combination with Eq. 3 yields

1 CES
- off

The lifetime of the bound ligand is then

1

TES

(4)

(5)

(6)

The exchange operator meets the following condition as a
result of the two-site (i, j) jumping model:

(7)

where k', ki are reciprocals of the lifetimes for species i,
j; M and M] are the transverse magnetizations for species
i and j, SP' and AP' represent the chemical exchange con-
tribution to the time derivatives of M' and Al. Thus, for
the bound ligand,

= 1 (MES-MS) =ko CS(MES MS).
ForthTeESfeoiadCS

For the free ligand,

(8)

'W' = -(MS -MES) = koff(MS - MES)
TS (9)

EXCHANGE THEORY

The exchange master equation for each single quantum tran-
sition including chemical exchange is (Wittebort et al., 1987)

M = [id + RIM (1)

where M is the magnetization, X is a diagonal matrix with
elements that are the quadrupolar shifts at various orienta-
tions for any spin greater than 1, and R is the jumping or
exchange matrix. To obtain the contribution to the exchange

If we assume that the chemical shift of the free ligand is
zero, os = 0, the equation of motion of the transverse
magnetization for a single transition in the presence of the
exchange is

'iWOES- kff k0ff
M = k CES CES M = (id +R)M

CoffC kff Cs /
(10)

where C0ES is the frequency of the internal interaction, i.e.,
the quadrupolar interaction, the chemical shielding, etc.
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Thus, the transverse magnetization or the NMR signal is
a function of the anisotropic splitting, the rate constants
governing the equilibrium (k0. or koff), the concentration
of the bound ligand CES, and the concentration of free
ligand Cs.
To satisfy the requirement of Wittebort's diagonalization

routine (Wittebort et al., 1987), we use the diagonal matrix,
U, which symmetrizes the matrix iC) + R:

Ujj = (Pi) (11)

where Pi are the bound or free ligand populations.
To extend the development to the case where the substrate

may exchange among two bound ligands, the three-site ma-
trix becomes

0 ic02-koff

CES, k ES
Ff Cs koff CS

koff

koff

ICES1

k 1,2Ckff'= /

anisotropy. The expression for the corresponding reso-
nance frequency may be derived from the second-order
quadrupolar intermediate exchange theory in terms of
the fourth-rank irreducible spherical tensor formalism
(Zhang, 1993) (Appendix):

1 9~~~~~~~~(9w (2) = COnSt (-^\(0) + 2 ;jF(2) + ,AF(4) ) (19)

The transformation to arbitrary orientation uses the Wigner
rotation matrix as usual,

(20)T(l) (afy) = ED(m) T(')PAS
m'

wnere Ine rJuier angles II = aXpy) are specLIiea reiaiLve LU
an intermediate frame fixed with respect to the principal axis
frame of the electric field gradient tensor, or CSA tensor.
This transformation generates w(2) for an arbitrary orienta-q
tion. Then, the second rotation with Euler angles (f2 = 0))
transforms the resultant fourth-rank tensor components,

(12) FPo) (1 = 0,2,4), from the intermediate fixed frame to the
laboratory frame. Thus,

= (id) + FR)M.
For an echo sequence t = 2T (Wittebort et al., 1987), the

magnetization equation becomes

M(2T) =
I .k 1 ErNAXnkXne,A) (13)
k k 0- m n-ik=wi m n=

with

wq)(f)l J12) = const (-VF~o)(fl ,Q2)

+ 2 (2) (fQ1,f2) + VF 4)(fl 2)

with

1=0,2,4

F(l)(ll gn )= DO)
m'=0,±l,..±4(14)

n

ak = I .

i=l

The single pulse experiment corresponds to setting T = 0.
The spectral pattern is calculated as follows

I(co,r) = I(,,0))sin OdOd4 (15)

and

I(),T,O() = Re(M) (16)

INTERNAL INTERACTION IN 35CL NMR

In 35C1 NMR, the chemical shielding and the second-order
quadrupolar interaction contribute to the spectral pattern of
the central transition. The operational Hamiltonian for the
bound ligand, ES, is

H= HQ + HCSA (17)

or

= (2) + (l) (18)

where HQ is quadrupolar coupling Hamiltonian, HCSA is

chemical shielding anisotropy (CSA) Hamiltonian, W(2) is
second-order quadrupole shift, wCSA is chemical shielding

(22)
1=0,2,4

F(1),(fli) = E F(1)D1)(fQl)
n=0,±2,±4

The anisotropic chemical shift is

WCSA 3 (O
'

(23)

which, after transformation to the laboratory frame, becomes

wCSA(,2)
2 (Q (24)

with

PO)(fi1 fII2) = E Dm2 2 )Pm0(, 1)
m'=0,+±1 +2

(25)

~~(2) I p(2)2=

Pm)(nl ) = V01+P)Dm(fl )

±2 ± 2
n

n=0,+2

p(2) = $ (+2) = 0, p(2) = 17R

crxx- ,8 ,
6q= " T ( )

(26)

M =

kof

(21)
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COMPUTATIONAL RESULTS

Fig. 2 summarizes the spectral patterns for the (1/2) to (-1/2)
transition in two limiting cases. In both cases the composition
of the system was changed from a mole fraction of 0.1 bound
environment at the top of the figure to 0.9 bound at the bot-
tom. No exchange between the environments was permitted
for the spectra computed in the left panel, whereas rapid
exchange at all compositions was assumed for the right
panel. For both of these limiting cases no mixing of orien-
tations was permitted by the exchange process; i.e., the spec-
tra correspond to the cases in Fig. 1 (c) where there is a

random distribution of microdomains of this type but no ex-

change between them. This situation is approximated by the
schematic in Fig. 1 (e) where there is no exchange among the
four microdomains shown, each of which may be like that
in panel (c). The spectra shown in Fig. 2 reproduce what is
expected; the slow exchange case provides a superposition
of the static and the freely rotating environment spectra, but
when the composition of the system is at all rich in the freely
rotating component, the amplitude of the signal from the free
species is so large that it is difficult to observe the immo-
bilized component. Although this dynamic range difficulty
is clearly apparent in the frequency domain presentation
here, it is, in principle, less dramatic in the time domain
signal at short times. The fast exchange simulations shown
on the right in Fig. 2 demonstrate that the powder pattem
width is proportional to the composition as expected. That is,
the concentration ratio behaves as a spectral scale factor as

it does in other rapid exchange cases, provided no mixing of
the exchanging ligand among microdomains is permitted.

Fig. 3 displays spectra computed as in Fig. 2; however, the
composition and the exchange rate between the oriented
bound and the isotropic environments are changed. The fast
exchange limits remain as in Fig. 2, although it is clear that
the exchange between the two environments makes the line

Slow motion limit Fast motion limit

CES=O.l,CS=0.9
CEs=0.2,Cs=0.8
CES=0.3,CS=0.7
CES=0.4,Cs=0.6
CES=0.5,Cs=0.5
CaS=0.6,CS=0.4

CES=0.7,Cs=0.3
CEs=0.8, CS=O.2
CES=0.9,CS=O- 1

I
I

1I

I I_- Z

50 0 -50 50 0 -50
kHz kHz

FIGURE 2 Simulated spectra for the central transition (1/2, -1/2) of a
spin 3/2 nucleus in a dynamically heterogeneous environment where a
bound site is rotationally immobilized and a free site is isotropic as a function
of composition for the slow (left side, k < 102 Hz) and fast (right side, k >
107 Hz) exchange limit with a quadrupole coupling constant of 4 MHz and
Larmor frequency of 49 MHz.

CES=0-9 CES=0.5
CS=O. I Cs=0.5

CES=0.3 CES=O.1
CS=0.7 CS=0.9

k=1 .5X107

k=l.5X106

k=1.5X10I

k=1 .5X104

k=1.5X103

k=1.5X102
.,.-1,~~~~...1.. ,,..1..

50 0 -5050 0 -50 50 0 -5050 0 -50
kHz kHz kHz kHz

FIGURE 3 Simulated spectra for the central transition (1/2, -1/2) of a
spin 3/2 nucleus in a dynamically heterogeneous environment where a
bound site is rotationally immobilized and a free site is isotropic as a function
of composition over a wide range of exchange rates (102 Hz < k < 1O7 Hz)
with quadrupole coupling constant of 4 MHz and Larmor frequency of 49
MHz.

shape a complex function of both the composition and ex-
change rate. The same calculations are repeated in Fig. 4
where the quadrupole coupling constant for the bound site is
increased by a factor of 3. Although the increase is only a
factor of 3, the spectra have effectively shifted an order of
magnitude on the exchange rate axis because the contribution
of the quadrupole coupling constant enters essentially as the
square.
The case represented by Fig. 1 (b) is shown in Fig. 5 where

exchange within each microdomain is assumed to be for two
bound environments that are different. Again, no mixing of
microdomains is permitted so these spectra are sums over
microdomain orientations; i.e., powder patterns. The simu-
lations demonstrate that the situation rapidly becomes com-
plex, and, with the addition of noise in an experimental spec-
trum, recovery ofunique values for the bound site parameters
would be an extremely difficult task. Nevertheless, the
anisotropy of the spectra remains clear except in the cases
where the exchange rates fall in the intermediate exchange
domain.

These simulations demonstrate that, if one fabricated a
situation like that represented in Fig. 1 (c), i.e., where mi-
crodomain orientation was uniform and the domain size suf-
ficient to prevent effective mixing of the free ligand between

CES=0.9
CS=O.

C,=0o5
CS=0.5

CES=0.3
CS=0.7

CES=O. I
cs=o.9

k=1.5X'7=

k=1.5XI106

k=1.5X10'

k=1.5X10 4

k=1.5XIO3

k=1.5XI 2'
500 0 -500500 0 -500500 0 -500500 0 -500

kHz kHz kHz kHz

FIGURE 4 Same as Fig. 3 but with increased quadrupole coupling con-
stant of 12 MHz.
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CESI=04 CESI=0.1
CES2-O I CES2 04

CS=0 CS=0.5s

CESI=0-25
CES2=0.25
CS=0.5

CESI =0.45
CES2=0.45
Cs=O.

k=1.5X107

k=1.5X106

k=1.5Xl_'

k=1.5X10_

k=1.5X103

k=1.5XIO

500 0 -500500 0 -500500 0 -500500 0 -500
kH7 kHz kHz kHz

FIGURE 5 Simulated spectra for the central transition (1/2, -1/2) of a

spin 3/2 nucleus in a dynamically heterogeneous environment with two
different bound sites that are rotationally immobilized and a free site is
isotropic as a function of composition over a wide range of exchange rates
(102 Hz < k < 107 Hz) with quadrupolar coupling constants of 4 MHz and
12 MHz. The Larmor frequency is 49 MHz.

microdomains, then the line shape information obtained from
the exchange-averaged spectra may be used together with the
thermodynamic information that characterizes the binding
sites to extract the bound site spectrum and what information
the anisotropy of that spectrum carries, including any bound
site local motional averaging. The advantage of such a situ-
ation would in principle be that the spectral width could be
controlled by the composition of the system. Increasing the
exchanging species concentration increases the signal-to-
noise directly and also narrows the exchange-averaged spec-

trum, making the observation more efficient. Of course, these
simulations also show that the analysis to extract the bound
state spectrum is only simple in the limit of rapid exchange.
The extension of the simulation in Fig. 5 may be made

either by increasing the number of different bound environ-
ments on the same enzyme or by permitting mixing among

the differently oriented microdomains. The latter has been
discussed previously in the context of deuterium NMR spec-

troscopy, and the result is generally collapse of the powder
pattern to what is often called a super-Lorentzian line shape,
i.e., one that is narrow at the top but very broad at the bottom
(Blum et al., 1987). This is apparently also the case for most
ions that have been observed in tissues (Forsen et al., 1987;
Rooney et al., 1988; Urry et al., 1989; Furo, et al., 1991;
Kemp-Harper and Wimperis, 1993). An experimental ex-

ample will be shown in the present context for chloride ion.

MATERIALS AND METHODS
Magnetic resonance spectra were obtained with a General Electric OMEGA-
500 NMR spectrometer operating at 49.0 MHz for 35CI. Samples were con-

tained in 10-mm tubes and spectra recorded with a low frequency broad-
band probe with typical 900 pulse width of 15 ,us. Bovine serum albumin
(Sigma Chemical Co. A-7030, St. Louis, MO) was cross-linked with gl-
utaraldehyde by mixing 1.6 ml of 2mM albumin in 10mM phosphate buffer
at pH 7 with 1.3 ml of 25% aqueous glutaraldehyde (Sigma Chemical Co.)
and 1.3 ml of 1.3 M NaCl or 3 M NaCl at ice temperature (Habeeb and
Hiramoto, 1968). The samples were placed at 277 K overnight before meas-
urement. The mercury derivative was prepared by adding 1.0 equivalent of
mercury(II) chloride (Aldrich Chemical Co., Milwaukee, WI) to the protein
before the cross-linking reaction.

The liquid crystal samples were made by dissolving C8H17NH3C1 (East-
man Kodak Co., Rochester, NY) in a water and then adding the requisite
amount of decanol, which was warmed to promote dissolution (Ekwall,
1975; Lindman and Forsen, 1976; Forrest and Reeves, 1981). The sample
was permitted to cool to room temperature, centrifuged for 1 h, and stored
for a minimum of 2 days before measurement. The NMR spectra did not
change over the period of several weeks. The presence of the lamellar phase
was verified by light microscopy under crossed polarizers. The mercury
derivative was obtained by adding a stoichiometric amount of mercury(II)
chloride to 1-hexanethiol (Aldrich Chemical Co.) and the product dissolved
in decanol before making the liquid phase. The sample compositions made
are summarized in Table 1.

LIQUID CRYSTAL RESULTS

The well characterized liquid crystal system was used for a
model system to document these theoretical considerations
experimentally. Fig. 6 shows the experimental 35Cl NMR
spectrum of the alkyl ammonium chloride powder. The simu-
lated spectrum is also shown where no exchange is assumed.
The parameters derived from this powder pattern are used
in the calculation of the exchange-averaged spectra when
the liquid crystal is made from this material with water and
decanol.
The 35C1 spectra of the liquid crystal are shown in Fig. 7

where the left hand column corresponds to the case of Fig.
1 (e) with surface sites only. The simulations of these spectra
at different concentrations of chloride ion are summarized on
the right side of Fig. 7 with the concentration of bound sites
varying from 1 to 7% and a quadrupole coupling constant of
2.7 MHz. Rapid exchange is assumed.
The addition of a second type of site was accomplished by

incorporating 0.5% of 1-hexanethiol chloromercurate, where
the mercury provides a single binding site for the chloride ion
when the alkyl chain is incorporated into the liquid crystal
at low concentration. This type of binding site has been well
characterized by much earlier work, and the ligand exchange
kinetics are reported to be very rapid so that there is the best
chance that the spectrum could fall into the rapid exchange
limit, even though the quadrupole coupling constant for the
mercury-coordinated chloride ion is expected to be between
20 and 50 MHz (Subramanian and Narasimhan, 1982;
Lucken, 1969; Lindman and Forsen, 1976). Experimentally,
it is clear that there is essentially no effect of the added
chloromercurate sites on the detected 35CI spectrum in the
liquid crystal. This lack of effect may result from the low
concentration of the alkyl mercurate species or the fact that
the chloride ion exchange rate is not sufficient to provide a
rapid exchange spectrum that mixes these sites significantly
in this environment. Were the exchange sufficiently rapid,
we would expect that the spectral widths of the middle spec-
tra would be broader than the metal-free samples on the left,

TABLE 1 Mole fraction compositions
of liquid crystal samples

Sample C8H17NH3Cl (%) Decanol (%) Water (%) [Cl] (M)

1 0.2 0.2 0.6 1.3
2 0.5 0.2 0.3 5
3 0.5 0.3 0.2 5
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(b) (la) (I b)

(2a) (2b)
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kHz
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FIGURE 6 (a) 35Cl NMR spectrum of octyl ammonium chloride powder
obtained at 49 MHz. (b) Simulated spectrum for the central (1/2, -1/2)
transition assuming an isotropic chemical shift of 60 ppm from aqueous 0.1
M aqueous sodium chloride, a quadrupole coupling constant of 2.7 MHz,
an asymmetry parameter of 0.3, a CSA of 60 ppm and asymmetry factor of
1.0, and a line broadening of 100 Hz.

but they are not. Nevertheless, these samples represent an
experimental example of the types represented in Fig. 1
where the orientations of the microdomains are not averaged
by the exchange process.

PROTEIN GEL RESULTS

The more common experimental situation, presumably a
good model for most biological samples, is shown in Fig. 8
where a cross-linked serum albumin gel is used. As the cross-

2.5 1.25 0 -1.25 -2.5 2.5 1.25 0 -l.25 -2.5
kHz kHz

FIGURE 8 35Cl NMR spectra obtained at 49 MHz from a sample of 7%
cross-linked bovine serum albumin (b) and cross-linked bovine serum al-
bumin complex HgCl2 at 1:1 ratio (a) in 1.3 M (la and lb) and 3 M NaCl
(2a and 2b).

linking reaction is not orientation specific, these samples cor-
respond to the situation in Fig. 1 (d). The metal-free protein
gel provides a broadened chloride ion spectrum because the
protein binds chloride ions with a binding affinity that is pH
dependent. The line shape for the gel is super-Lorentzian.
The experimental situation of Fig. 1 (a) that was simulated
earlier with a much larger quadrupole coupling constant for
one of the binding sites is provided again by the addition of
mercury to the protein gel. The mercury binds readily to the
sulfhydryl group of the protein and histidine groups to pro-
vide a protein-bound environment with quadrupole coupling
constant in the range of 20-50 MHz (Subramanian and
Narasimhan, 1982; Lucken, 1969; Lindman and Forsen,
1976). In this case, the addition of one equivalent of mercury
contributes to a uniform broadening of the observable line,
which retains the super-Lorentzian shape. In this case, the
exchange of the chloride ion is with a number of protein
molecules, each of which is randomly oriented with respect
to the laboratory frame. As a consequence of the exchange
averaging among rotationally immobilized sites at different
orientations, the chloride ion samples many different com-
ponents of the powder pattern with the result that the fre-
quency of the chloride ion resonance is substantially aver-
aged, the anisotropic NMR line shape is lost, and a single

FIGURE 7 35Cl NMR spectra of octyl
ammonium chloride-decanol-water liq-
uid crystal system in the lamellar phase
obtained at 49 MHz without (a) and with
(b) 0.5% hexaylthiol-HgCl. The compo-
sitions of each sample are listed in Table
1. (c) Simulation of spectra with qua-
drupolar coupling constant of 2.7 MHz
and asymmetry factor of 0.3, an isotropic
chemical shift from 0.1 M aqueous so-
dium chloride of 60 ppm, a chemical
anisotropy of 60 ppm and asymmetry
factor of 1.0, and a line broadening of
100 Hz.

(la)

(2a)

(3a)

5.0 2.5 0 -2.5 -5.0
kHz

Il (lb)

(2b)

'C (3b)

I

5.0 2.5 0 -2.5 -5.0
kHz

CES =0.01
Cs=0.99

CES =0-05
CS =0.95

kHz
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frequency multicomponent spectrum results. This situation
corresponds to the Rooney-Springer type c spectrum found
for cation resonances in many tissue samples that have been
the focus of recent analyses by multiple quantum spectros-
copy (Eliav and Navon, 1994; Rooney and Springer,
1991a,b).

value of I has 21 + 1 irreducible components with the following form (Rose,
1957):

Vm) = I (l1 2mm2 1 l111m)T(m _T'm
ml ,m2

or

T() = (21 + 1)1/2 (-1)" + 2 m(1, m2 l pIl)p12)
ml ,m2 \~m1 m2 -in] m1 i2'

(A3)

SUMMARY

We have examined the NMR line shape for nuclei with
nuclear spin greater than 1 in the case where the nucleus may
exchange between rotationally immobilized environments
and a dynamically isotropic environment. When the nuclear
electric quadrupole coupling constant for the nucleus is large,
the width of the spectrum may be so large that only the
contributions from the central (1/2, -1/2) transition generally
are detected. This transition is anisotropically broadened to
second and higher orders, and the anisotropy of the line shape
may carry information about local dynamic averaging. If the
observable nucleus may exchange between rotationally im-
mobilized and an isotropic environment, the characteristics
of the observable NMR spectrum are dependent on the nature
and spatial extent of the local order of the bound or rota-
tionally immobilized environment. In a liquid crystal-type
environment where the spatial extent of the local order is
large and translational motion is insufficient to cause the
observed nucleus to sample different orientations of the
bound sites, a powder pattern results. In the limit of rapid
exchange, the observed powder pattern is simply scaled by
the concentration factors as in other rapid exchange cases. As
in simpler exchange cases, the line shape becomes distorted
when the exchange rate is in the intermediate range; how-
ever, -if the observed nucleus can sample many bound en-

vironment orientations rapidly, then the powder pattern of
even the central (1/2, -1/2) transition collapses. Experimen-
tally, this situation may be achieved by a protein gel and is
the spectrum often observed in intracellular environments
(Forsen et al., 1987; Urry et al., 1989).

APPENDIX I

Fourth-rank irreducible spherical tensor
formalism for the second-order quadrupolar
interaction
The second-order quadrupolar interaction that determines the central tran-
sition energy is a function of the direct products of the second-rank irre-
ducible tensors (Abragam, 1961):

AE = - = E E3e 1 V+21 2-641 V+1 2}. (Al)

To express the quadratic terms of the second-rank tensor as linear terms
involving higher order tensors, we first construct the needed higher order
tensors. The direct product of two irreducible tensors T(') and V12) is given
by (Rose, 1957)

11 + 12

T(I1) X T(12) = T") (A2)
1= 111-121

For the case at hand, 11 = 12 = 2, thus, I has values of 4, 3, 2, 1, 0. Each

in which (11 12 1 and (1112m1m2 l,l2lm) are the Wigner coefficients or

the vector-coupling 3j symbols (Rose, 1957; Condon and Shortley, 1935):

1= 11 + 12,...1l - 12 = 4,2,0

m= +4, 2,0

F( 5= 0 (A4)

1 +32

142 2O/

_24 35\43

F()= 0

F 0

using (Rose, 1957)

V(2)12= (2 2 j)Fo)

with] = 0, 2, 4 and q = 1, 2. The result is

1
V(2)12

4
(0 )

1 (2)4F4

V(2)12 = ) + ._2) + Fo4)t2 0 0 ~~+ ~Ft4V5 N/7~~~~~~~~0

(A5)

(A6)

(A7)

Substituting Eqs. A6 and A7 into Eq. Al, the second-order quadrupolar
shift (in kHz) is

1 (I(I + 1) 3/4)32(Q,c2(1/2--(/2) 6 (21(21 - 1))2 0o (A8)

( + 2 F
2)
+ F°(4)

where Q. is the quadrupolar coupling constant in MHz and vo is the Larmor
frequency in MHz.

Mueller and co-workers (1991) have discussed second-order quadrupolar
contributions to the spectrum. The present results are cast in irreducible
form.
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Intermediate exchange theory for the
second-order quadrupolar interaction
The intermediate exchange theory including the second-order quadru-
polar interaction is obtained by modification of the first-order quadru-
polar theory (Wittebort et al., 1987). The assumptions made for this
second-order system are that the dimension of the time evolution density
operator for the central transition of half integral spin I is suppressed
to (2 X 2) instead of (2I + 1) X (21 + 1) and includes only m = 11/2
states:

212>2 2 <21
p(t) = ( ) (Bi)

The operational Hamiltonian in the rotating frame is, therefore, reduced
to (2 X 2) as well

Hr = ±Q)0+ fQ) (B2)

where

-q = eQ -V'2?(312 - /2) (B3)Q 41(21-1) 3"

and

eIe2qQ/h 2 1
( c{2(42- 8 -1)1,1 V 2 2(212P-21 -1)IzI V(+ 2}

(B4)

In the adiabatic approximation (Wittebort et al., 1987), only the time
evolution of the off-diagonal, pI2 1/2' matrix element is considered. It obeys
the equation

p'1/2 12=<-I -i[H' fpr] I -->=135_ > =<-12 =-i(A1/2-A 1/2,-1/2 (B5)

where Al2, k-,1/2 are the energy corrections of the second-order qua-
drupolar interaction for states m = +1/2 and m = -1/2, AX/2 - A =

w(q2), with

q(2) h_(eQ40) (321 V+2 2-641 V, 2). (B6)

Eq. 6 may be expressed in the fourth-rank irreducible spherical tensor
formalism (Zhang, 1993):

Wq2) = const (-\F(°) + 2 - F12 + 7F0 (B7)N/50 ~~~7V1)
where

1 (1(1+ 1 /4\)32/QCC
const = 2w * (-4) (- (+ 1))2 (QV) (B8)

For the general orientation, a rotational transformation of Eq. B7, with
Euler angles (12, = afpy) is specified relative to an intermediate frame fixed
with respect to the principal axial frame of the electric field gradient tensor.
This transformation generate ()w(2) for arbitrary orientation. A second rotation
with Euler angles (f12 = 0H) transforms the resultant fourth-rank tensor
components, F(') (I = 0,2,4), from the intermediate fixed frame to the labo-
ratory frame. Thus,

w(2) (QI,2) = const(-.,F()) (ffk) ± 2 2F() (QIQ2)

9N+F2 4 (Q11,ffl) (B9)
N/5 ~70 -

with

=(0)2,4

and

=0,2,4

m F(I)F'D, (f1) (BI1)
n , 2,+4

The transverse magnetization is derived from the equation of motion for
the spin density matrix, with interference from jumping between discrete
sites, by calculating the trace of the shift operator, M+ = Tr(pI,), as well
as M+ = Tr(pOI). Thus, we obtain an equation similar to Eq. 3.4 in Wit-
tebort's paper (Wittebort et al., 1987), in which the matrix W is replaced with
one calculated from the second-order quadrupolar shifts, wq , rather than
first-order splitting:

N

M = E (-iW12-(ft 142)5i8 + RJO)M. (B12)
i=l

This work was supported by National Institutes of Health grant SRO1-
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