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I. Introduction

NMR spectroscopy has been used extensively to
study the structure and dynamics of heterogeneous
systems. If spectroscopic lines do not overlap, the
information about the various spin groups in the
system can be found directly. However, in many
heterogeneous systems spectroscopic lines overlap to
such an extent that useful information about the in-
dividual spin groups cannot be obtained. Examples
of such materials, which are of practical importance,
include wood, cement pastes, oil sands, tissues and
dense biopolymer solutions. As a consequence of
the overlap of spectroscopic lines the molecular co-
ordination and motion in these materials can not be
studied with standard techniques.

Consider the response from a heterogeneous sys-
tem upon excitation by a resonant r.f. pulse. A
composite signal from various spin groups in dif-
ferent environments results. In order to gain insight
into molecular coordination and motion of these spin
groups it is essential to resolve and characterize the
different spin groups with a set of NMR relaxation
parameters. This necessitates the decomposition of
the total (composite) NMR response into a sum of
spin group responses. In section II a technique is

discussed that in some cases allows such decomposi-
tion even for overlapping resonance lines. This tech-
nique is a form of two dimensional (2D) NMR (1)
time evolution correlation spectroscopy called NMR
Spin Grouping (2). The technique uses correlations

‘between independent spectroscopic observations to

resolve. the overlap.

In many heterogeneous systems dynamical infor-
mation cannot be obtained directly from NMR spin
grouping due to exchange between individual spin
groups. Such exchange may involve a physical ex-
change of nuclei bearing spins, or a magnetization
transfer by energy conserving spin flips, or both.
As a result of such exchange only apparent relax-
ation parameters (relaxation rates and magnetiza-
tion fractions) are observed. The intrinsic (or true)
parameters which contain information about molec-
ular dynamics are not observed. However, by com-
bining NMR spin grouping with selective excitation
methods and exchange analysis, information about
the intrinsic system NMR parameters as well as the
exchange mechanism itself can be obtained. In sec-
tion III the application of NMR spin grouping and
exchange analysis to hydrated DNA is discussed.
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II. NMR Spin Grouping Method

To illustrate the methodology involved in NMR
spin grouping, consider a hypothetical sample with
two uncoupled spin groups (a and b) in different en-
vironments for which the resonances overlap. Let
the spin groups a and b have Gaussian line shapes

with T2, = 20 pus and T35 = 25 us. The correspond- -

ing Ty’s are 10 ms and 100 ms. Spin groups a and
b contribute 1/3 and 2/3 to the sample magnetiza-
tion, respectively. The free induction decay (FID)
following a 7 /2 pulse applied to such a sample at
thermal equilibrium would appear as shown in Fig-
ure 1, where the normalized transverse magnetiza-
tion is plotted against time t. Mg is the sum of the
spin group magnetizations at thermal equilibrium.

Experimentally the FID (Figure 1) appears to
consist of a single Gaussian. As seen from the inset,
in a typical experiment the decay curve would not
be resolvable further as the plot In M(t)/Mg versus
t? essentially is a straight line (T, ~ 23 ps).

Consider the result of a standard saturation
recovery experiment performed on the sample in
which the magnetization recovery is monitored at
a time t = 10 ps along the FID; this is also re-

ferred toas a 10 pus “time window”. In Figure 2 the

magnetization recovery function [Mg(t1) - M,(t1,

- 1)]/Mo(t1) is plotted against 7, the spacing between

the two pulses in the saturation recovery pulse se-
quence. Here t; = 10 ps and Mq(t;) is the sample
magnetization at a 10 us time window on the FID
obtained following a 7/2 pulse applied at thermal
equilibrium. In this example the recovery function
was found for 10 different 7 values. In a typical ex-
periment as many as 30 or more r values may be
used. The recovery curve is decomposed into two
components (Figure 2); a component with long T,
= 100 ms and Mg (10 pus)/My ~ 2/3 and a compo-

‘nent with short Ty = 10 ms and My (10 ps)/Mo ~
'1/3. Although the standard spin-lattice relaxation

experiment provides additional information it still

~ leaves the spin groups unresolved; neither the T,

nor the precise Mg of each spin group was found.
The desired resolution is obtained by recording
the magnetization evolution simultaneously at vari-
ous times t along the FID for each value of . The
recovery curve at each t is analysed using an inter-
active combination of statistical and graphical ap-
proaches (2). (i.e. decompositions as shown in Fig.
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2 are performed at various times t.) This way, for
each t, the value of Ty; and My; (t) for each resolv-
able component is obtained. A plot of the r = 0
intercepts Mg; (t) for each of the components gives
the FIDs corresponding to the spin groups involved.
For the present example, these intercepts are plot-
ted in Figure 3 for 20 time windows. From the re-
constructed transverse decay curves (Figure 3) two
FIDs, corresponding to spin groups a and b, can be
resolved; dashed line: a Gaussian with T2, = 20
ps (T1e = 10 ms and Mg./Mo = 1/3), solid line:
a Gaussian with T2, = 25 ps (T, = 100 ms and
Mgs/Mo = 2/3). In an experiment, each of the sets
i of intercepts are fit to a Gaussian or exponential
line shape. The t = 0 intercepts obtained from the
fits to the reconstructed FIDs give the relative spin
group sizes (Mg;/Mp). Thus, the spin groups have
been resolved and characterized through their Ty,
T, and My. As a typical experiment involves the de-
termination of 30 or more T;’s for each spin group,
a more representative Ty;, compared with standard
pulse NMR experiments, is available through the
average Ty;. :

Spin grouping requires the decomposition of
the nonexponential magnetization recovery function
into separate exponentials. In order for this decom-
position to be unambiguous, the component relax-

~ ation times must be sufficiently different (~ a factor

4 or more). If such difference is not observed in the
high field experiments it may be necessary to study
the 2D time evolution of the magnetization in the
rotating frame and, if required, vary H; until the
low field spin-lattice relaxation times (Tj,) differ

enough to permit the accurate decomposmon of the
composite magnetization decay.

The main advantage offered by NMR spinf group-
ing is that it gives improved spin group resolution
compared with standard pulse NMR techniques. In
addition, the technique lends itself to application
of iteration approaches. For example, at each win-
dow along the FID the analysis of the magnetiza-
tion recovery function yields T; values for each of
the magnetization components. As T; of a particu-
lar magnetization component does not depend on t,
the long T,’s are averaged to obtain the represen-
tative Ty for this spin group. The analysis of each
magnetization recovery function is then repeated by
setting the T; of the component with long T equal
to the representative value at each time window t.
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Figure 1. Composite FID of spin groups a and b. The inset shows a semi-logrithmic plot of normalized
magnetization versus t2.
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Figure 2. Magnetization recovery function at t = 10 ps for sample cdnt»aining spin gioups a and b.
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Figure 3. FID’s reconstructed from spin-lattice relaxation results. Filled circles correspond to FID with Ty
= 10 ms and open circles correspond to FID with T; = 100 ms.

Such a re-analysis produces r = 0 intercepts which
better define the FID of the magnetization with long
T;. The above procedure of incorporating represen-
tative Ty’s into the analysis is repeated for each of
the resolved components (3).

An iteration approach has recently been applied
in which the Ty’s (or Ti,’s) of the magnetization
components are parameterized in a least-squares fit-

ting routine. The routine proceeds through the de-

composition at all time windows along the FID re-
peatedly, at each pass adjusting the component re-

laxation times until x2 has been reduced to. the de-’

sired level. This approach works particularly well if
the scatter in the raw data is small.

III. Spin Grouping and Ex-
change Analysis

A. Selective Excitation, Spin Grouping
and Exchange in Hydrated Lysozyme

Consider a two phase system consisting of spin
group a and spin group b. ‘

The rates of magnetization exchange from group
a to b (ko) and from group b to a (k) are assumed
nonzero. The evolution of the longitudinal magneti-
zation is governed by the coupled differential equa-
tions R

d[Mgs — M,,(7)] _
- =

"‘(Ra + ka)(MOa - Mza)+

ky(Moy — M) (1)
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d[M 0b — zb (T)]
dt

—~(Rp + kp)(Mop — M)+

ka(MOa - Mza) (2)

where R, and R, are the inherent or true relax-
ation rates of group a spins and group b spins, re-
spectively. We assume that group a spins are in a
solid with a Gaussian line shape (with second mo-
ment M2,) and group b spins are in a liquid with
a Lorentzian line shape (transverse relaxation time
Ta). For an inversion recovery sequence, the solu-
tion of the above coupled differential equatlons gives
the following recovery functlon

F(t,7) = pama(r)e" M0 /2 4 pimy(r)e™ T (3)

where the effects of transverse magnetization decay
have been explicitly included. The normalized z-
magnetizations are given (4-6) by

Oab — Mza,b(T)
2M0a,b

mg3(7) =

= C;}:be—)\*'r + C;-’be-z\"f (4)
where A% are the apparent relaxation rates
* = (Ra+ Ry + ko +ks)
t\/(Ra = Ry + ko — k)2 +4kaky  (5)

and coefficients C«fb have the form

= )\¥F
ct, = ’i‘_‘;"_ e (0)F

res©) - s Ol

The fractions of spins in group a (p,) and in group
b (ps) satisfy ps + py = 1. In addition, the condition
of detailed balance applies

kaps = kopy (7)

In general, we wish to determine the intrinsic
relaxation rates, the exchange rates and the sizes
of the spin groups. This way the system can be

" characterized and information about molecular dy-
namics can be obtained. From eqn. (6) it is seen
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that both the exchange rates and the intrinsic re-
laxation rates can be found if the coefficients C:k
and rates A* could be determined for two different
initial conditions of the experiment (dxﬂ'e:ent mg
(0)). In fact, with the above, the spin populations p,
and pp can also be calculated using eqn. (7). How-
ever, using standard NMR pulse approaches in the
heterogeneous systems under consideration it gen-
erally is not possible to obtain the necessary coeffi-
cients and apparent relaxation rates for the follow-
ing reasons. 1) Using standard NMR pulse exper-
iments, all spin groups are excited equally so that
the initial conditions are not variable. 2) Often the
biopolymer-water system is in or near the fast ex-
change limit and as a consequence either no infor-
mation or very limited information about the appar-
ent rate At and the corresponding coefficients C:: b
is available using standard NMR pulse experiments.
For the most part we are interested in systems con-
sisting of a solid-like spin group with a Gaussian FID
(T2 ~ 10 ps) and a liquid-like spin group with an
exponential FID having a T; of 1 ms or longer. In
such systems the above difficulties can be circum-
vented with an experiment introduced (4) in 1978
that selectively excites the liquid-like and solid-like
magnetizations. This approach involves an inver-
sion recovery sequence with a selective or soft (S)
preparation pulse and a nonselective or hard (H)
monitor pulse. The values m,3 (0) can then be
manipulated through the length t, (and the ampli-
tude B, of the rf. field) of the preparation pulse.
For example, if t, > M, -1/ 2, where M; is the sec-
ond moment of the resonance line of the solid-like
spin group, and t, < T, of the liquid-like magne-
tization then the liquid magnetization is inverted
whereas the solid magnetization is not appreciably
affected. 3) Standard NMR pulse techniques do not
provide sufficient spin group resolution. Although
selective excitation is a powerful approach for inves-
tigating the mixing of magnetizations of spin groups
the difficulties depicted in section II are commonly
encountered in these complex systems. As a conse-
quence NMR spin grouping is vessenytia’l‘ir‘x order to
resolve the various magnetization components mak-
ing up the composite response and in the process
accurately define the corresponding sizes and relax-
ation times of spin groups.

NMR spin grouping combined with selective ex-
citation, where the results are analysed for ex-
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change (eqns. 1-7), was first applied (7) to hy-
drated lysozyme (178 mg H;O/gram of sample).
The FID in this sample consists of a Gaussian com-
ponent with T2 ~ 15 us and an exponential compo-
nent with T ~ 1.8 ms. A good correspondence
was found between the measured relative magni-
tudes of the Gaussian and exponential magnetiza-
tion components and those calculated from the sam-
ple composition and spin densities of the water and
lysozyme. This was taken as evidence that all of
the protons in the sample are “seen” in the NMR
experiment (7). ’

At a 100 us time window long the FID, an ex-
ponential recovery curve was obtained using a HH
inversion recovery sequence. However, employing a
soft inverting pulse (SH inversion recovery sequence
with t, = 80 us for the S-pulse) yields a two compo-

* nent recovery curve at the same time window. Fig-

ure 4 shows fepresentati\(e recovery curves at t =
100 us (see Fig. 1 of reference 7). Because of its
short T, the protein magnetization has dephased
at the 100 ps time window. Thus, lines (a) and (b)
in Fig. 4 are recovery curves for the water proton
magnetization. The initial, rapid increase of water
proton magnetization during the first 10 ms [line
(b)] clearly shows the importance of magnetization
transfer or cross-relaxation between the water pro-
tons and the lysozyme protons.

Figure 5 shows representative curves of the ap-
parent magnetization fractions at r = 0 plotted
as a function of t for a soft inverting pulse with
t, = 80 ps. On the basis of their T,, the compo-
nents a and b of the reconstructed FIDs (Fig. 5),
obtained from the spin grouping analysis, are asso-
ciated with protein protons and water protons re-
spectively. The t = 0 intercepts of the FIDs yield
the coefficients C* (Fig. 5). A selective inversion
experiment for Whlch the soft mvertmg pulse has
tp = 30us gave quahtatwely the same results but

with different values of C*b (7). Using informa-

tion about the known stonchlometry of the hydrated
lysozyme sample and the values of A* and Cib ob-
tained from the above spin grouping analysis eqn.
(6) was solved for kaop and the protein and water
relaxation rates R, and R,, (7).

The results were interpreted (7) in terms of an
interfacial intermolecular cross-relaxation model in
which on average ‘all water protons interact with
lysozyme protons with a cross-relaxation rate k. In
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this model the evolution of the magnetization is
given by eqns. 1-6 but with k, and kj replaced with
kf, and kf,, respectively. Here f, and f, are the
respective fractions of water and protein protons di-
rectly coupled to each other. From the above results
k = (98 £ 16) s71. R, = 6 s7! is approximately
three times as large as the intrinsic protein proton
spin-lattice relaxation rate R,; measured in a dry
lysozyme sample. Thus, the water—protein interac-
tion not only results in spin-spin coupling and as-
sociated magnetization exchange effects, but also in
lysozyme proton-water proton intermolecular spin-
lattice relaxation. This relaxation rate Riu, was es-
timated (7) at 8 s™1. With this contribution taken
into account the intrinsic water proton relaxation
rate Ry, was calculated and analysed (7) for water
molecule dynamics using standard relaxation equa-
tions (8). The resulting relaxation model for the

“hydrated lysozyme is summarized in Fig. 6.

B. Spin Grouping and Exchénge Aﬁély—
sis in DNA

In the application to lysozyme the results from
spin grouping were analysed for exchange by solving
eqn. 6 for intrinsic and exchange parameters uti-
lizing two different initial experimental conditions.

" Although such approach is straightforward, a more

powerful approach that involves the correlation be-
tween results from several different experiments and
utilizes simultaneous graphical displays of experi-
mental and modelled intrinsic and exchange param-
eters has been developed recently (9-12). .

This method referred to as NMR spin group-
ing and exchange analysis consists of the follow-
ing four steps. First, a broad experimental basis is
established using selective and nonselective pulses.
Specifically HH Ty, SH Ty, SS T; and Tl,, experi-
ments are performed. Second, spin groupmg is ap-
plied to extract accurate values of C‘Jl » Map (0) and
£ and to establish correlatlons between the results
from different experiments. Such correlations im-
prove the reliability of intrinsic relaxation parame-
ters.

In the third step the results from spin grouping
are analysed for exchange. To this end at least one
of the populations p,p is needed: In many cases
the stoichiometry of the system will provide this in-
formation. - In a binary liquid-solid system it may
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Figure 4. Recovery curves for hydrated lysozyme at t = 100 ps and (a) 180° pulse length = 3.2 ps; (b) 180°
pulse length = 80 us
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Figure 6. Relaxation model for hydrated lysozyme. 7, is the correlation time charactenzmg the motlon glvmg
rise to k whereas 7.(wp) characterizes the motion giving rise to Ryyp.

be possible to determine these populations from the
FID. Knowledge about the p,4’s allows us to ex-
press k; in terms of k, (see eqn. 7). Then, values
of Cib are calculated for a range of k, values using
eqns. 6 and 7 as well as the following expressions
for the intrinsic spin relaxation rates obtained from
eqn. 5.

= Lt ia- )£ (A = A-)2 ~ ke k,,] ~k, (8)

Ml‘—‘

&:(A++A")—Raf,ka'fkb | (9)

The modelled Ca 'y, as a function of k,, and the
experimental values are displayed simultaneously on
a computer screen. The system’s k, is taken as the
value of k, that provides the best correspondence
between modelled and experimental magnetization
fractions in all experiments. Then, Rs and Ry are
determined through eqns. 8 and 9.

In cases where information about the p,3’s is
not readily avallable ‘the correct k, (and ki, Pap’s

and R, 4’s) may be found by parameterizing, say, pa

and performing the above graphical comparison in

each experiment for a range of values of the popula-
tion — until an acceptable correspondence between
modelled and experimental Cai.b’s is found in all ex-
periments. \

In the last step of spin grouping and exchange
analysis the set of model parameters that correctly
predicts the results of all experiments, is used to
analyse the system for molecular dynamics.

NMR spin grouping and exchange analysis has
recently been applied (9, 13) to NaDNA paracrys-

~ tals with hydration levels ranging from about 3 H,O

molecules to 14 H,0 molecules per nucleotide. This
work involved Tz, HH Ty, SH Ty, SS T; and Ty,
experiments performed as a function of tempera-
ture and frequency. Spin grouping and exchange
analysis was applied to experimental results in each
case. In addition, relaxation measurements on wa-
ter deuterons were performed.

k Fig\ite 7 depicts the possible hydration sites of
NaDNA (14, 9). In the following we consider relax- -
ation at 40 MHz and 6°C in the sample hydrated
to the 3 H,O molecules/nucleotide level for which

- essentially all the water molecules of hydration. bind
at the ionic phosphate site (site 1 of Fig. 7) (9).
Sites 2-5 are filled as more water is added. Upon a
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Figure 7. NaDNA hydration scheme.

HH excitation the 3 HoO/nucleotide sample relaxes
with a single T;. FID analysis gives spin fractions
of water (~ 35%, T2 ~ 250 ps) and DNA (~ 65%,
T2 ~ 12 ps),identical to their stoichiometric val-
ues. However, upon a SH excitation (t, = 200us
for the S-pulse), the system relaxes with two char-
acteristic relaxation times (9). Figure 8 gives the
results of the spin grouping analysis for this exper-
iment (13). For a two site exchange model, where
pa and p; are equal to the stoichiometric water and
DNA spin fractions, no reasonable corespondence
between experimental and modelled apparent mag-
netization fractions could be found (9, 13).

The results of spin grouping applied to the Ty,
experiment at 7 G are shown in Figure 9 (13). These

results are clearly at odds with a two site solid-
water exchange scheme. The reconstructed FID of
the magnetization with short Ty, (Fig. 9) is de-
composed (13) into a solid fraction (14%, T, ~ 20
ps) and a liquid fraction (37%, T2 ~ 450 ps). The

magnetization with Ty, ~ 5 ms appears as a solid-

(49%) with T2 ~ 14 us. Thus, water protons ap-
pear strongly coupled to a fraction of the DNA pro-
tons on the T;, timescale while the major fraction
of the DNA protons (49% of sample protons or 78%
of DNA protons) relax with a Ty, of 5 ms.

In Figure 10 a linear three site exchange scheme,
consistent with the above, is depicted (9). The a-
and B-protons make up magnetizations with short
and long T;,, respectively. The exchange rates
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Figure 8. Apparent magnetization fractions versus t for the SH T; experiment in low hydration NaDNA. The
filled and open circles are associated with the magnetization components wnth short Ty ~ 4 ms and long T,
~ 90 ms, respectively. -
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Figure 10. Three site exchange scheme for NaDNA at 3H,0 molecules/nucleotide hydration level.

kH,0-aDNA, kaDNA-H,0 >> T7,, while the ex-
change between o DNA- and # DNA-protons is slow
compared with Ty,. On the T, timescale, however,
all exchange processes are fast. The system param-
eters characterizing the exchange scheme depicted
in Fig. 10 were obtained (13) through the applica-
tion of a three site exchange formalism in conjunc-
tion with an iterative correlation procedure. Details
about the exchange analysis may be found in refer-
ence 13.

With the intrinsic relaxation parameters and
exchange information obtained through the above
analysis, the system was analysed for molecular dy-
namics (13). Anisotropic water molecule motion
was found consistent with the proton and deuteron
relaxation results. Although the water proton-
aDNA proton intermolecular interactions produce
a relatively strong spin-spin coupling (kaDNA-H;0
~ 2300 s~! at room temperature) any contribution
to interfacial intermolecular proton spin-lattice re-
laxation was estimated to be smaller than the inac-
curacy of the exchange analysis.

IV. Summary
NMR spin grouping and exchange analysis is

an effective method for resolving the NMR response
of a heterogeneous system. ‘The approach consists

of four steps; establishing a broad experimental ba-
sis utilizing various experimental techniques includ-
ing selective excitation of spin groups, accurately
detecting all apparent relaxation parameters and
establishing correlations between different experi-
ments using spin grouping, analysing the relaxation
— correlation results for exchange so as to obtain in-
trinsic relaxation parameters, and with these data
model the molecular dynamics of the system. One
of the main features of this approach is that cor-
relations among the various experiments are incor-
porated into the analysis. The resulting model for
molecular dynamics is reliable. ‘

Several recent applications of NMR spin group-
ing and exchange analysis have been reported in
‘DNA (12 and references therein) and tissues (10,
11). In each case the resolution has been substan-
tially improved. A study of DNA paracrystals is dis-
cussed in section IIL. In tissues, spin grouping and
exchange analysis has been applied to determine the
bulk water-bound water exchange rate [(29 + 9) s™!
in mouse muscle tissue] (10).

In conclusion, the correlation spectroscopy dis-
cussed in this report provides better spin group res-
olution than standard pulse NMR. With this spec-
troscopy it is possible to determine the inherent re-
laxation parameters which in turn allow modeling
of molecular dynamics in complex systems.
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