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Experiments that selectively excite I = 2 nuclei exhibiting resid-
ual quadrupolar splittings are used to acquire Na NMR spectra
from a range of biologically relevant samples containing sodium in
ordered environments. Three complementary approaches to the
analysis of such spectra are described: (i) measurement of relax-
ation rates, (ii) extraction of homogeneous linewidths from two-
dimensional Jeener—Broekaert spectra, and (iii) simultaneous fit-
ting of detailed theoretical functions to a series of one-dimensional
Jeener—Broekaert spectra. Analysis of relaxation rates provides
evidence for compartmentation in bovine nasal cartilage. Each
approach is used to demonstrate the presence of anisotropy in
transverse relaxation in porcine tendon. For certain samples con-
taining collagen, a good theoretical fit to the spectra was obtained
using a model that allows for anisotropic relaxation by including
the effects of slow lateral and radial diffusion. © 1999 Academic Press

INTRODUCTION

The NMR behavior of spinl = 3 nuclei in biological

The purpose of the current work is to demonstrate the use
three complementary analysis techniques that allow the d
tailed study of ions in ordered environments and to apply the:
methods to the investigation of the environment of sodium i
a number of systems.

It is convenient to express the time evolution of the densit
operator for spin = 3 nuclei in the irreducible spherical tensor
operator basis and examples of this application can be found
Refs. (L, 3, 17. Expressions for the time evolution of trans-
verse single-quantum coherence resulting from quadrupol
splitting and pure biexponential relaxation have been given i
Ref. ). From these expressions and other analyses, it becon
clear that, while both quadrupolar splitting and biexponentic
relaxation contribute to the formation of odd-rank tensors,
andT;_.,, only the presence of residual quadrupolar splitting
allows the formation of second-rank tensdrs.,. Thus the
key to selective excitation of ordered spins is the selection «
solely this component of the density operator.

systems is dominated by the quadrupolar interaction. ThisA modified version of the Jeener—Broekaert experimer
interaction of the nuclear quadrupole moment with the locés, 18 and a modified double-quantum filtration experimen
electric field gradient is responsible for the appearance @ 17) have been used to achieve selective excitation of o
splittings in the NMR spectrum and is the dominant mechaered*Na spectra. The pulse sequences for these two exps
nism for relaxation. Recent NMR studies of spir= $ nuclei  iments are shown in Figs. 1a and 1b, respectively. The Jeene
in biological systems have demonstrated the presence of spigekaert experiment performs the selection by exciting a sta
exhibiting residual quadrupolar splittingg<4). Such spectra of quadrupolar ordefT, ,, which can only be created if second-
have been observed usifiNa and**Cl NMR and in samples rank tensors are present. The double-quantum filtration expe
ranging from cell suspensions to excised tissues and eygjent selects the contribution of second-rank tensors by virtt
human tissues vivo (1-10. The residual splittings have beerys 4 flip-angle effect that suppresses unwanted third-rank do
shown to arise from the association of the ions with Order?ﬁe-quantum coherence. The efficiency and properties of the
structures such as collagen or cell membra@e€ (9, 13. A 0 experiments have been compared elsewh&ré4.

number of experiments have been developed that allow selecyp,q spectra obtained using either of these experiments c
tive excitation of this pool of “ordered” ions by selection of

. . respond to the tensof,_, and are characteristic antiphase
particular coherence pathwayks @, 6, 12—1% Detailed, quan-

L . X o owder patterns containing intensignly in the “satellite”
titative analysis of the spectra is imperative if the nature of t Binsiti _ 3 it _ 1 _
o ; ¢ and the interacti ible for nsitions (m, = 3) to |/m, = 3) and|m, = —3) to |m, =
lonic_environment and he Interactions responsiole for 93}). Other experiments have been developed that select t
experimental observations are to be elucidated. A number of %" =

. . . . contribution from the second-rank tensors and then return tt
studies have included analysis of the resulting spectra and have

e . , sighal intensity to the central transitiofin{ = 3) to |[m, =
shown that quantitative information may be obtainédd 19.
q y o 19 —2)) (12). Pulse sequences for two of these so-called “centr:

! Present address: School of Biological Sciences, University of Manchesté@nsition recovery” (CTR) experiments are given in Figs. 1
Oxford Road, Manchester M13 9PT, United Kingdom. and 1d. These experiments show a gain in sensitivity wit
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FIG. 1. Pulse sequences and coherence transfer pathway diagramssfg

exponential functions to a series of decay spectra. This methi
requires littlea priori knowledge of the system under investi-
gation. However, care must be taken that (a) only signal fror
ordered ions contributes to the spectra and (b) the observ
decay is expected to be purely a function of relaxation and n
splitting. Objective (a) can be achieved using the experimen
introduced above which selectively excite ordered sodiun
Objective (b) is achieved if either the time evolution of the spir
| = 2 density operator is independent of splitting or a quadru
polar echo can be formed, thus refocusing any quadrupol
splitting evolution. States of the density operator for whict
these objectives may be achieved and relaxation rates me
sured include quadrupolar order, triple-quantum coherenc
and second-rank double-quantum coherence.

Quadrupolar relaxation through modulation of the quadru
polar interaction is assumed to be the only mechanism throug
out. The contributions to relaxation of dipolar interactioh8)(
and modulation of the local directo2@) have been neglected.
The calculation of relaxation rates from the relevant Redfiel
matrices can be found in ReflY) for the case where all
transitions are degenerate. When quadrupolar splittings &
dominant this degeneracy is lifted, the cross-relaxation tern
can be neglected, and the calculation becomes trivial. Tt
relaxation rateR(”, wherep is the coherence order and the
labeli follows the convention of Refl(7), can be expressed as

RY = 2K{J1(wo) + Jo(2w0)} [1a]
R = K{Jo(0) + Ji(wo) + J5(2w)} [1b]
RS = K{Ji(wo) + J5(2w0)} [1c]
R® = K{Jy(0) + Ji(wo) + Jo(2w)} [1d]
R® = K{Jy(wo) + Jo(2w)}, [le]

whereK = (%) (e°qQ/%)? (1 + n°/3) andJy(0), J,(w,), and
J,(2w,) are the spectral densities describing the motion re
onsible for the relaxation.

experiments used in selective excitation of ordered sodium. (a) Jeener—BroeQuadrupolar orderT,,, is a population state that is not
kaert experiment. (b) Double-quantum filtration experiment. (c) Central traaffected by quadrupolar splitting or resonance offset and, f

sition recovery experiment (CTR). (d) Triple-quantum filtered central transgpin| = 2, relaxes exponentialy3( 17). The Jeener—Broekaert
tion recovery experiment (TQF-CTR). (e) Double-quantum quadrupolar ecgg(periment (Fig. 1a) and the two central transition recover

experiment (DQQE).

respect to the Jeener—Broekaert experiment owing to %

greater sharpness of the central transition.

APPROACHES TO SPECTRAL ANALYSIS

Measurement of Relaxation Rates

experiments (Figs. 1c and 1d) can be adapted to meast
relaxation ofT,, by simply incrementing the intervak to

8ld a series of spectra to which a decaying exponenti
function can be fitted. The main advantage of the CTR expe
iments in this application is that, while the Jeener—Broekae
experiment yields spectra with intensity only in the satellites
they return intensity to the sharp central transition. This resul
in a gain in sensitivity and an increase in the ease of “pec

The first approach to the analysis of ordered sodium specpiaking,” making these experiments particularly suitable fol
is the simple measurement of relaxation rates by fitting tfie measurement of relaxation.
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The TQF-CTR experiment in Fig. 1d can also be adaptedttee transmitter frequency is on-resonance. The Jeene
measure the relaxation of triple-quantum coherentcg,;. Broekaert experiment is inherently amplitude-modulated and
Although this can be achieved using a conventional triplés therefore possible to obtain pure absorption lineshapEs.in
quantum filtration experiment, the TQF-CTR experiment firéiowever, the necessity in the experiment for a 90° phas
excites quadrupolar order, ensuring that the relaxation ratéference between the initial pulse and the first 45° puls
measured is that of ordered spins alone with no contributiomeans that it is not possible to obtain a cosine-modulate
from spins in an isotropic slow-motion regime. The adaptatiagignal in addition to the sine-modulated signal, and hence si
of the TQF-CTR experiment for the measurement of tripleliscrimination inF, cannot be achieved. The spectrum is
guantum relaxation is exactly analogous to that describedtherefore obtained by using a real Fourier transforrf jrand
Ref. (21) for the conventional triple-quantum filtration experonly positive frequencies are displayed.
iment and involves insertion of an additional 180° refocusing The ridges in the spectra are the result of the presence of t
pulse into the middle of tha" interval and incrementation of inhomogeneous quadrupolar broadening in both dimensior
this interval. Triple-quantum coherence evolution is indepeBrown and Wimperis Z2) have shown that it is possible to
dent of quadrupolar splitting so a simple exponential functioextract the homogeneous linewidth from two-dimensiong
can be fitted to the decay spectra. spectra in which the inhomogeneous broadening remains

It is worth noting from Eq. [1] thaRy’ = 2R® = 2R{". both dimensions. This approach uses the favorable charact
Thus measurement of the relaxation ra&§% andR® provides istics of two-dimensional lineshapes to extract the transver:
an estimate of the transverse relaxation rate of the centralaxation rate by fitting an analytical function to cross section
transition of the powder pattern. Further examination of Eq. [through two-dimensional spectra. Crucially, the results ok
reveals thaR® = R{", so measurement of the relaxation rateained are insensitive to the precise form of the function use
of in-phase double-quantum coherence gives an estimate ofttveescribe the distribution of quadrupolar splittingg)( It has
transverse relaxation rate of the satellites in the powder pattéeen demonstrated that homogeneous linewidths can be re
spectrum. It might be expected thBt? could be measured ably extracted from spectra exhibiting a Gaussian distributio
using the double-quantum filtration experiment in Fig. 1b bgf splittings using a simple model lineshape based on a qu
analogy with the triple-quantum relaxation experiment. Unfodratic distribution function16). Relaxation rates can therefore
tunately, the time evolution of double-quantum coherence bg extracted without a detailed model of the system. When th
dependent on quadrupolar splitting. However, as describedaipproach is applied to the analysis of two-dimensional Jeene
Ref. (13), it is possible to form a complete quadrupolar echBroekaert spectra, the inhomogeneous broadening is the gt
for double-quantum coherence by employing a pulse with a fligupolar broadening of the satellite transitions and the hom
angle of 109.5° as the refocusing pulse in the center of tgeneous linewidth (full width at half height) obtainesy, ,, is
evolution period. This double-quantum quadrupolar-ectiberefore related to the relaxation ra§” by the expression
(DQQE) experiment, shown in Fig. 1e, allows, via incrememR{" = wAwv,,.
tation of the intervald, the measurement of double-quantum
coherence relaxation independently of the quadrupolar spfimultaneous Fitting to One-Dimensional

ting. Jeener—Broekaert Spectra
A third approach to the analysis of ordered sodium spectr
Extraction of Linewidths from Two-Dimensional adopted by Eliav and Navon in a previous study, (nvolves
Jeener—Broekaert Spectra the simultaneous fitting of a detailed theoretical model functio

The direct measurement of the relaxation rate of sin I'[o_aseries of one-dimensional spectra. The approach descrik

! ur . xatl . NYlGere is formally identical to that employed by Eliav and Navor
quantum coherence is not possible because the time evolutll1 ri]'\g double-quantum filtered methods. The Jeener—Broeka
of single-quantum coherences is dependent on quadrupog

- b double-quantum filtered experiments produce essentia
splitting and a perfect quadrupolar echo cannot be formed identical spectra and the same physical models are applied
| = 3. However, one approach to the analysis of ordered sQ- analysis
dium spectra uses the favorable properties of two-dimensionaTn order t.o describe the full spih = 2 lineshape, it is
lineshapes to extract the homogeneous linewidth of the satel“téa : '

. . ) . hecessary to consider the combined effect of relaxation ar
transitions, and hence their transverse relaxation rate, by fm'&@adrupolar splitting. In the Zeeman Hamiltonian eigenbas
to cross sections through a two-dimensional spectrum. '

. . ; the evolution ofp = —1 coherences can be expressed as
A two-dimensional Jeener—Broekaert experiment has been o P

described in Ref.16). In this experiment, thé, = 27 period

in Fig. 1a is incremented, yielding a two-dimensional data set E o I(t) = (—iHY — RCY) g U(p) 2]
in which the evolution int; is the same as that ity,. The dt ’
two-dimensional spectrum therefore consists of two ridges

along opposing diagonals, = F, andF, = —F,, assuming whereH " is the time-independent Hamiltonian superopera
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tor, R“" is the relaxation superoperator, amd “(t) is a whereA is an evolution operator or superoperator, is given b
vector containing thg = —1 elements of the density matrix,

Fo) =[A —iwE] ™, [9]
o2(t)
o U(t) = | oa(t) |. [3] whereE is the unit operator in the same spacéa3he matrix
Ta5(t) AY(w) is thus given, in the tensor operator basis, by th

expression

The residual quadrupolar splittings observeddta nuclei in
biological systems are of the order 0—15 kHz. Since these ard " "(w) = [U"{=iHY = ROV {UTY} 1 — fwE] Y,
relatively small, first-order perturbation theory can be used. In [10]
this limit H" is given by

whereU " is the unitary transformation operator which trans-

—2wq 0 0 forms the Zeeman eigenbasis into the tensor operator bas
HY={ 0 0 0 | [4] given by
0 0 +2wq
: . - 3 2 3
where wq, is the residual quadrupolar splitting parameter. Ig- & \g 10
noring the contribution from the dynamic shift, the relaxation 1
matrix forp = =1 coherences is given by Uy = \g 0 _ \E _ [11]
g
R(D — (0 C 0), 5] 5 5 5
B 0 A

Substituting the expressions fof ™, H, andR " into Eq.
[10] gives an analytical expression far' “(w). The Jeener—

where the elements, B, andC are X . .
o Broekaert lineshape is a result of only one element, which ce

be written
A= R(ll) = K{Jo(0) + Ji(wo) + Jx(2w0)} [6a]
B = —KJy(2w,) [6b] \3 2w,
A(lgl)(w) =1l = R 2 - [12]
C = R = K{Jy(wo) + (200} (6¢] VS H(AT o) 405 = BY

In this work, a simultaneous fit to a series of Jeener—Broe
kaert spectra recorded with different values of the evolutio
time 2r is performed and it is necessary to also calculate th

o1 = expl(=iH™Y = Rt} 0" Y(0).  [7]  expected amplitude of each spectrum. The amplitude of tt
spectrum will depend upon the amount of second-rank tens
Time-domain evolution functions for tensor operatars,”(t), produced during the evolution time. Hence, to simulate spect
can be derived by evaluation of the matrix expfiH" > — from such an experiment the lineshape functitf},”(w), must
RY)t} followed by transformation into the tensor basisbe multiplied by the time-evolution functiong; ”(27). The full
Dinesen and Sanctuary have presented this time-domain @dpression for the lineshape is therefore
culation @3).

The solution to Eg. [2] has the form

The time-domain signal observed in NMR of sgdin= 32 252 21)A G (w)
nuclei is the result of the evolution @f _, into T, _, during the
acquisition period. The function{, *(t), therefore, describes 12 w§exp—2A7} sin2(40g - B?) 1} 13
the FID characteristic of the tens®r_,. A Fourier transform 5 {(A+iw)?+ 4wé - B? \/(4(,)6 -B?’ [13]

of this function,A {; P(w), will thus give the spectral lineshape.
It is possible to calculate the frequency-domain lineshapghere A and B are the relaxation matrix elements given by
without first calculating the time-domain functions by means gfys. [6a] and [6b], respectively.
a Fourier-Laplace transforn24). This states that the Fourier  Thjs expression is a function of the quadrupolar splitting
transform of any function of the form we, and the spectral densities. These fundamental paramet
are dependent on the local environment of the ions. Fitting ¢
f(t) = exp{At}, [8] this function to experimental data using different theoretice
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models allows detailed study of the motion and environment ofi the Smoluchowski diffusion equation and the continuous di
sodium in ordered biological systems. Five such theoretidakion model which will not be elucidated here. The mode
models, previously introduced by Eliav and Navon, are exarassumes a fast local motion combined with a much slower radi

ined here. and lateral diffusion (i.e., around or perpendicular to the fiber:
_ respectively). The long-range order case described by Halle is t
Motional Models case for which a residual quadrupolar coupling is observabl

Assuming that the value of is not changing on the NMR

The residual quadrupolar splitting parameteg can be ° " ’
timescale, the spectral densities are given by

expressed as

@ = 3wg™ (3 cosh — 1), B @ =, S @8

m=0,2
where#f is the angle between the magnetic field and the local

director @). The quadrupolar interaction is also responsible for X A[dEn(0)]% + [di_n(0)]15(w),  [16]
relaxation, and the efficiency of relaxation is described in terms

of the spectral densities, as in Eq. [1]. For isotropic motiovhereJ!(w) represents the component of the spectral densi
where the correlation time is single-valued, the spectralj (w) arising from the fast motion anif,(w) (m = 0, 2) the

density functions take the simple form component arising from the slow radial and lateral diffusion
The functionJ{(w) is assumed to be well-approximated by the
27, isotropic form of the spectral densities (Eqg. [15]) in the ex

In(w) = Jw) =777 72 [15]  treme-narrowing limit (i.e.J5(0) = J!(wg) ~ J%(2wy)), while

Ji(w,) and J;(2w,) are discarded since the intensity of slow

However, it is likely that in heterogeneous biological system8}otion at the frequencies, and 2v, is assumed to be negli-
particularly in the presence of quadrupolar splitings, the spedible. Hence, the spectral densities are given as
tral density functions will take a more complex form.

The simplest model of a system which might be considered Ji(wo) = J,(2wg) = J'
is one in whichw,, is single-valued (i.e., there exists a unique [17a]
*Na environment and macroscopic order). For biological sam- 1
ples this is clearly unrealistic and is not used in the fits. The Jo(0) = JT + 16 (3 cos P + 1)235(0)
next level of complexity is to allow macroscopic disorder of a
single”Na environment. Model A will be defined here as one 3
in which 6 is distributed randomly, bug®™ and alsor, are + 35 (1 — cos 2)%35(0). [17b]
single-valued. This model can only apply in samples which are
homogeneous with well-defined anisotropic binding sites for . ) )
sodium ions. The Jeener—Broekaert spectrum will take thgis nlgxdEI’ Model C, has four independent varlgble param
form of a well-defined antiphase Pake powder pattern. The s oo the fast component of the spectral densitigs and

of data to Model A include three independent variable para 1€ two slow componentsJ,(0) andKJ3(0). )
eters: the reduced variabld/w,, ©2* andw,r Models A to C assume that the quadrupolar coupling cor

Many biological systems are highly heterogeneous, posse%ga—nt’ g™, is single-valued. Given the heterogeneity of bio-

ing a range of environments. In such systems, the obserdggi(?al, samples aIready mentioned this assumpti'on SEems |
values of the spectral densities are an average from sevé?zi\l'St'C' Heteroggnelty ,Of_ qugdrupg!xar coupling can b
types of environment and a single value &f cannot be introduced by havmg.a dls.trlb.uthn @y values. Mod_els D
defined. Model B considers thk(w) values as independentiﬂnddEl aE(;d aégaussmn Q|s|tr|.but|0n g™ to the motional
parameters based on sample heterogeneity (notewiffatis odels B and C, respectively:

still single-valued). In this case, the const&tan no longer

be isolated from the spectral densities and the functig@s) o (05— (wg™)?

and J,(w) never appear separately. Model B thus has three W(wg™) = exp{ B Awd™ } [18a]
independent variable parametess;™, K{ J,(0) + Ji(wo)},

andKJ,(2w,). 08 — 2003% = 0§ = (08 + 2405 [180]

In some samples, particularly those containing oriented fibers,
itis possible that tumbling motions responsible for relaxation mayhere(wg™) is the mean value obg™ and Awg™ is a factor
be affected by the anisotropy of the environment, conferringrapresenting the width of the Gaussian and is considered one
6-dependence to the spectral densities. H&® presents an the variables in the fitting routine. The independent variabl
advanced theory of spin relaxation at cylindrical interfaces basedrameters for Model D aréwg™), K{ Jo(0) + Ji(wo)},
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TABLE 1
Quadrupolar Order Relaxation Rate, R, Measured in Bovine Nasal Cartilage Using *Na NMR
Exponential fit Biexponential fit
Experiment RIS F RO(i)s™ R®(ii)/s ™ Ratio i:ii F
Jeener—Broekaert 106 0.024 93.0 850 1.0:0.17 0.004
CTR 101 0.025 89.5 960 1.0:0.19 0.006
TQF-CTR 97.5 0.022 86.5 780 1.0:0.18 0.004

KJ,(2wo), and Awd™ Those for Model E ardwd™), KJ', compartmentation of the sample, with only slow exchang
KJ5(0), KJ5(0), andAwg™. between the compartments. Further work is necessary to cc
Note that, although some samples exhibit a degree of mdicm the presence of multiexponential relaxation in these sy:
roscopic ordering, i.e., have a nonspherical distributiord,of tems. Nevertheless, this observation demonstrates the utility
this possibility has not been included in the fits. These specthee measurement of the relaxation r&g in biological sys-
also exhibit heterogeneity and since a Gaussian distributionteins.
quadrupolar splittings accounts adequately for the spectra, th@he triple-quantum relaxation rate®, was measured to be
addition of extra parameters has not been found to be wat.4 s* using the TQF-CTR experiment. No line-broadening

ranted. was applied. Values for the triple-quantum relaxation are e»
pected, from Eq. [1], to be half of that measured for quadru

RESULTS polar order. There is good agreement with the slow compc

nents derived from the biexponential fits. There was n

Relaxation Rates significant improvement in the fit by applying a biexponentia

function to the triple-quantum relaxation data. It is likely that
Relaxation rates were measured for two samples: bovifi fast component is lost during the refocusing pulse require
nasal cartilage and porcine Achilles tendon. Experiments wWgfethis experiment, 7Qus in this case.
carried out at 79.5 MHz on a Bruker Biospec spectrometerResylts obtained using the DQQE experiment (creation tim
using a custom-built, 20-mm-diameter solenoidal coil that; — 5og us, 1024 transients coadded) on the porcine tendc
yields both high sensitivity and a homogened&ydield witha  sample in both orientations are given in Table 2. Gaussic
180° pulse length of 7Qus. The porcine tendon sample disroadening (300 Hz) was applied to the data and the full widt
plays macroscopic ordering with fibers running along thf the powder pattern spectrum was 8 kHz. For each orient

length of the tendon. For this reason two sets of measuremegis the relaxation rate was measured for different points ¢
were made with the tendon oriented parallel and perpendicular

to the static magnetic field. Bovine nasal cartilage does not

exhibit any macroscopic ordering, and there is no effect on the TABLE 2

spectra of orientation with respect to the magnetic field. Double-Quantum Relaxation Rates, R?, Measured in Porcine
For the Jeener—Broekaert experiment on the bovine nasal Achilles Tendon Using *Na NMR

cartilage sample, 128 transients were accumulated per incre=

ment while the CTR experiments required 192 to complete thePerpendicular td, field Parallel toB, field

phase cycle. Owing to the large volume of sample, the signal;

. . . o . /st F R®/s™ F
to-noise ratio was high and no weighting was applied to the
time-domain data prior to Fourier transformation. The resultggsg 0.051 2760 011
of fitting exponential functions to the experimental data aree4o 0.042 2560 0.099
shown in Table 1. The value &f given in this and other tables 2590 0.036 2380 0.087
is the normalized final root-mean-square difference betweer® 0.032 2170 0.087
the theoretical function and the experimental data. Three quaso. 0.029 2000 0.080
_ . p -1 quas7g 0.028 1850 0.066
drupolar order relaxation rate®;’, as measured using the 2149 0.027 1730 0.067
three different experimental methods, are shown. However99o 0.027 1720 0.070
fitting a biexponential function results in a statistically signif-1850 0.027 1790 0.066
icant improvement to the fit and two rates, one approximatel Zgg 83)3279 1920 0.076

an order of magnitude faster than the other. The results of these
bleXpOﬂeﬂtIa| fItS are a|SO Summal’lzed |n Table 1. Th'S deVi'a Rate measured near Outside edgé?’ub sate”ite |ineshape_
ation from monoexponential relaxation may be attributable to® Rate measured near middle ‘9Na satellite lineshape.
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1 kHz

12.5 kHz

1 kHz

12.5 kHz

FIG. 2. Two-dimensional Jeener—-Broekaé&ita NMR spectra of porcine
Achilles tendon oriented perpendicularBg in (a) and parallel td, in (b).

Thirty-two increments irt;, each with 1024 transients coadded, 180° pulse

unexpected but has not been observed in this type of syste
previously. Note that, sincR® = R{", we have effectively
detected anisotropy in the transverse relaxation rate. A simil
procedure applied to the Jeener—Broekaert experiment meas
ing quadrupolar order relaxation failed to show any anisotrop
This implies, by inspection of Eq. [1], that the anisotropy arise
from the J,(0) (zero frequency) component of the relaxatior
function. In turn, this implies that slow motions are responsibl
for the anisotropic relaxation, suggesting the likelihood tha
either Model C or E will provide the best theoretical descrip:
tion of the motion of the ions in this sample. Note that nc
anisotropy in the relaxation was observed in the bovine nas
cartilage sample.

Extraction of Linewidths from Two-Dimensional
Jeener—Broekaert Spectra

Two-dimensional Jeener—Broekaert spectra were obtain
from the porcine Achilles tendon sample described abov
Figure 2 shows the spectra obtained with the sample orient
perpendicular to the static magnetic field (Fig. 2a) and paralls
to the field (Fig. 2b). It can be immediately seen that the tw
spectra have different lineshapes. The change of lineshape c
to the orientation with respect to tigg field can be attributed
to macroscopic ordering of collagen fibers in the tendon. Se
eral cross sections were taken through each of the two-dime
sional spectra and fitted to an analytical function based on
quadratic distribution function. Two cross sections from eac
spectrum, corresponding to the arrows marked, and the fitte
functions are shown. The relaxation rates determined are giv
in Table 3 for all cross sections that gave a reliable fit.

Two features can be noted from these results. First, tt

TABLE 3
Extraction of Satellite Transition Relaxation Rates, R{", from
Two-Dimensional Jeener-Broekaert *Na NMR Spectra of Por-
cine Achilles Tendon

Perpendicular td, field Parallel toB, field

) ) - o Mgt F R{P/s™ F
length 70 us. Cross sections (i and ii, solid lines) extracted from each !
two-dimensional spectrum have been fitted with analytical lineshape expres-
sions (dashed lines). 2870 0.064 - _
2760 0.071 — —
2610 0.069 2550 0.10
the powder pattern by extracting columns from the two-dimenz480 0.045 2560 0.090
sional data seB(A, w,). The first rate shown in each case?32° 0.065 2210 0.10
from the outside of the powder pattern and subsequ zzﬁo 0.070 2390 0-10
comes _ powder p quenl, 0.037 2350 0.063
values correspond to points moving inward toward the centrabig 0.055 1830 0.057
transition. The interesting feature of these relaxation rates 1950 0.043 2100 0.055
the apparent decrease across the powder pattern. This decre@6e 0.059 2410 0.067
occurs for both orientations and is indicative of anisotropy irf+%° 0.033 1880 0.045
1850 0.048 1660 0.058

the relaxation, that is, a dependence of the relaxation rate an

the orientation of the local director or, in other words, a :Rate measured near outside edgé’di satellite lineshape.
dependence af,(w) on the value o®. Such anisotropy is not °Rate measured near middle 8Ra satellite lineshape.
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TABLE 4
Mean-Square Residuals after Simultaneous Fitting of Theoretical Models to Jeener-Broekaert
“Na NMR Spectra Obtained from Samples 1-7 (See Text)

Model
Sample A B C D E
1 0.299+ 0.003 0.310+ 0.002 0.358+ 0.004 0.42+ 0.06 0.36+ 0.01
2 0.39+ 0.08 0.39+ 0.08 0.41+ 0.08 0.40+ 0.08 0.47+ 0.1
3 0.80* 0.01 0.36%+ 0.01 0.169+ 0.008 0.23* 0.02 0.15+ 0.01
4 0.70* 0.01 0.282+ 0.008 0.256+ 0.008 0.08+ 0.01 0.09+ 0.01
5 1.06+ 0.08 0.835+ 0.06 0.26+ 0.04 0.46+ 0.05 0.17+ 0.04
6 0.69* 0.06 0.42+ 0.06 0.27+ 0.06 0.24+ 0.06 0.24+ 0.06
7 1.0£0.2 0.8+ 0.1 0.5+ 0.1 0.4+ 0.1 0.2+ 0.1

Note.Best fits are shown in bold.

values for the relaxation raf{" are of the same order as the Sample 1 is a lamellar-phase, lyotropic liquid—crystal sam
values forR® obtained from the DQQE experiment, confirmple consisting of a 1:2:2 mixture of sodium octanoate, 1-dec:
ing both approaches to the measurement of the relaxation raiel, and water, and prepared in accordance with Sasamtims
Second, the variation of the relaxation rate with quadrupolal. (26). Such a system contains well-ordered organic bilayer
splitting confirms the observation of anisotropy in the relaxte which sodium ions are associated and is generally thought
ation made by measurement of the double-quantum relaxatmmtain only oné°Na environment which is oriented randomly
rate. The reduction in the relaxation rate can also be seenviiyh respect tdB,. This is an approximation to the binding of
inspection of the cross sections in Fig. 2, which clearly showtaological sodium ions to cell membranes. Table 4 shows th:
decrease in linewidth for the cross sections taken nearer to z#re spectra from Sample 1 are best approximated by Model

frequency inF ;. indicative of a homogeneous sample containing only one el
vironment for ordered ions. Figure 3a demonstrates the ove
Lineshape Fitting laying of experimental and simulated lineshapes for three tyj

Lineshapes simulated in accordance with the analytical fur{ggl spectra from the set fitted. The features of the antipha:

tion in Eq. [13] and Models A to E were fitted to sets*ifla
NMR spectra recorded by application of the Jeener—Broekaert
pulse sequence shown in Fig. 1a to a number of model bio-
logical systems. Each set consisted of spectra observed with
different evolution times,r, but with all other parameters

TABLE 5

Lineshape and Motional Parameters Corresponding
to Best Fits in Table 4

equal. (Sample
For each of the seven samples described below, sets of
one-dimensional NMR Jeener—Broekaert spectra with an in-  Model A 1 2
crementedr period were acquired. Except where noted, al!mﬁx/(zﬂ Hz) P T
spectra were recorded at 105.8 MHz on a Bruker MSL 4()45((UO s 17+ 3 160+ 40
spectrometer with a 180° pulse length of 18 and 2048 ., 0.14+ 0.02 0.6+ 0.1
transients per creation-time increment. A simultaneous fit to 10
spectra with differentr periods was performed several times Model D 4 6
v_wth dlﬁqrent starting points for each sample and quel. TQSW}/(zw Hz) 520+ 10 1720+ 10
final “residuals” are the average of the mean-square differencgs=y > nz) 410+ 20 760+ 20
obtained from the fits while the error ranges reflect the standaegi,(0) + J.(wo)}/s* 112+ 7 330= 10
error in the results and the spectral resolution. Table 4 shotid(2w.)/s™ 120+ 7 345+ 5

the values of the residuals obtained by fitting each sample with

all five theoretical models. The model resulting in the lowest Model £ 3 ° !
re_sidual is considergd the mgst appropriate for that_samgl@s%/(zw Hz) 210+ 10 1500+ 200 1380+ 20
with the caveat that if the residuals for two models differ bygw3>/(27 Hz) 210+ 30 2900+ 300 1520+ 30
less than the error range, the simpler model is deemed m&pés . 3.7+03 65+ 4 70+ 10
appropriate. Table 5 gives the parameters obtained from fs(©/s 2500+ 40 13000+ 1000 2500+ 100
KJ30)/s 7+3 200 60 500 200

best of the fits in Table 4.
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FIG.3. Jeener-BroekaetiNa NMR spectra obtained from Samples 1-4 using three values of the evolution tirteglRl lines) and results of simultaneous
lineshape fitting (dashed lines). (a) Sample 1, lyotropic liquid crystal. Best fit: Model A. (b) Sample 2, egg phosphatidylcholine in 0.15 M NaCIVBdst fi
A. (c) Sample 3, collagen in 0.15 M NaCl. Best fit: Model E. (d) Sample 5, bovine articular cartilage. Best fit: Model D.

Pake powder patterns can be clearly seen, as can the periodich better approximation to biological membranes and

nodes resulting from the (approximately) sinusoidal depewields spectra of a quite different appearance. Figure 3
dence of the lineshape on the value @4 (Eqg. [13]). The shows three typical fitted spectra from the data set. All o
parameteK . is related to the linewidth due to relaxation (i.e.the experimental spectra are corrupted by a central artifa
the homogeneous linewidth). In this sample this parameterdse to incomplete suppression of the signal from ions in th
much smaller than the value afy™ as would be expected for extreme-narrowing limit which, in this sample, vastly out-
a true solid. number the ordered ions. These data points were discard

Sample 2 is a sample of multilamellar vesicles preparelliring the fitting procedure.

by suspending-a-phosphatidylcholine (type X) from dried Sample 3 is a sample of collagen (type 1) obtained fron
egg yolk (Sigma) in 0.15 M NaCl. This sample is also be$tovine Achilles tendon (Sigma) in 0.15 M NaCl. The spectr:
described by Model A, with a singl&@Na environment but, obtained from this sample show particularly interesting beha
in contrast to Sample 1, the homogeneous and heterog®-as a function of 2. Instead of developing the expected
neous linewidths are more comparable. The sample is thusales as 2increases, the lineshape simply narrows (Fig. 3c
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2t =390 us

35.7 kHz

FIG. 4. Four typical Jeener—BroekaéiNa NMR spectra (solid lines) of Sample 5, bovine tendon, showing the results of fits (dashed lines) using (a) M
D and (b) Model E.

The spectra are best fitted by Model E in which the spectredrtilage, stored in 0.15 M NaCl. The presence of collagen h:
densities possesstadependence due to anisotropic local moseen demonstrated to be the origin of ordered ions in th
tion in the presence of the macromolecular fibers. A very largample 4). However, unlike in the case of collagen, spectre
value of KJ5(0) relative to the other spectral density compoebtained from this sample display the nodes (Fig. 3d). Th
nents KJ" and KJ5(0)) is required in order to model theexperimental data are fitted well by Model E, but better by th
behavior of the experimental spectra. Note that the homog#mpler Model D, which has né-dependence in the spectral
neous linewidth, dominated by th&J3(0) term, is much larger densities.
than the value ofwqg™), providing an explanation for the Sample 5 is an excised tissue sample of bovine tendc
absence of nodes in the spectra. The model also requires a ldrgen around the knee, stored in 0.15 M NaCl to maintair
range ofwg ™ values (i.e., a large value &wg™ relative to cell structure. Bovine tendon is known to contain collager
(08™)), indicating a high degree of heterogeneity in the ionimolecules which might ordéfNa nuclei in a similar way to
environment. those in Sample 3. Figure 4 compares fits using Models |
Sample 4 is an excised tissue sample of bovine articul@nd E for several spectra from this sample. These spectra
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FIG. 5. Jeener—BroekaeffNa NMR spectra (solid lines) of porcine Achilles tendon oriented perpendicuBy o (a) and parallel td, in (b), obtained

with three different values of the evolution timerg, 2and results of simultaneous lineshape fitting (dashed lines). Best fit: (a) Model D; (b) Model E

best fitted by Model E and their appearance is remarkaldiftown in Fig. 5. Model E implies anisotropic local motions
similar to those from Sample 3, suggesting a similar orderesulting in an orientational dependenceJgf0) and hence
ing of *Na nuclei by collagen. As with the collagen sampleanisotropic relaxation. Clearly, the motion will not change
the absence of nodes can only be accounted for by ModetlEpending on the orientation of the sample. The difference |
which includes a mechanism that allows the homogeneathe fits can be ascribed to the macroscopic ordering of tt
linewidth to dominate the quadrupolar splitting. collagen fibers in the tendon. From Eq. [17b] it can be see
Samples 6 and 7 consist of porcine tendon aligned perpéhat, for Model E, the contribution of th&(0) term toJ,(0) is
dicular or parallel tdB,, respectively. Tendon is an inherentlygreater by a factor of four wheé = 0° than whenf = 90°.
anisotropic sample on the macroscopic level. Figure 2 demartus, when the majority of fibers are aligned wilh, as in
strates the dependence of two-dimensional Jeener—Broek&ample 7, th&-dependence af,(0) will be more evident and
spectra on the orientation of the tendon with respect to thModel E is more likely to give an improvement in the fit.
static magnetic field. Simultaneous fits can be performed usiHgwever, in Sample 6, the fibers are perpendiculaBfothe
the same data sets (recorded on the Biospec at 79.5 MHz) butependence 08,(0) will be less evident, and the fitting
only performing a Fourier transform in thig dimension. procedure will be less likely to distinguish between the twc
Sample 6 is fitted well by both models so the simpler Model Bhodels. It is therefore reasonable to conclude that Model

is preferred, while Sample 7 is fitted better by Model E. Therovides the best model of the environment in the porcin
resulting parameters are given in Table 5 and typical fits aendon sample.
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CONCLUSIONS interest and support and to Paul Hodgkinson for writing the software used
process the spectra presented here. The MSL 400 spectrometer was purch:
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