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ABSTRACT: The major features of NMR transverse water proton relaxation in polysaccharide solutions
and gels can be quantitatively interpreted in terms of fast chemical exchange between water and polysac-
charide hydroxyl protons. The water proton relaxation is found to be a useful monitor of the mobility and
state of aggregation of the polysaccharide chains and to complement information from high-resolution NMR
spectroscopy. In carrageenan gels there is evidence for microheterogeneity and this gives additional diffusive
dephasing contributions. Although there is evidence that polysaccharides influence the state of the water
around them (the so-called “bound” water concept), the results obtained suggest that this affects the proton
transverse relaxation in a minor way compared to the potent effect of the chemical exchange mechanism.

Introduction

Many reports have shown that the addition of polysac-
charides to water increases the water proton transverse
relaxation rate! and that the extent of the enhancement
depends on the state of aggregation and gelation of the
polysaccharide.? However, the origin of this relaxation
enhancement remains a matter of debate. Using simple
model systems such as glucose solutions and Sephadex
bead suspensions, we have recently shown that rapid
proton exchange between water and carbohydrate hydroxyl
groups is a major transverse relaxation mechanism in
carbohydratesystems.3 The proton exchange contribution
can be calculated by the general two-site exchange
formalism34 in terms of well-defined quantities such as
the mean lifetime of the protons on the carbohydrate (kp,
871), the proton fraction (Pp), and the intrinsic relaxation
time (T'5p) of the carbohydrate hydroxyl protons and their
chemical shift (6w, ppm) from the bulk water protons.

In this paper we explore to what extent proton exchange
can explain the water relaxation behavior of dilute polysac-
charide solutions and gels. In particular we wish to know
whether the transverse water proton relaxation is a useful
monitor of the conformation and mobility of the polysac-
charidein solution. Conformational changes can alter the
accessibility of the polysaccharide hydroxyl groups to
exchange and this should be reflected in an altered value
for the proton fraction Py, and possibly in the exchange
rate k. Variations in polysaccharide chain mobility can
affect the intrinsic transverse relaxation time, T, of the
hydroxyl protons involved in exchange. Since changes in
Py, Ry, and T, have predictable consequences for the water
proton transverse relaxation, we anticipate that this would
be a sensitive probe of the conformation and dynamicstate
of the polysaccharide in solution.

Another possible relaxation mechanism involves the
exchange of water protons in the bulk with those of water
molecules hydrogen bonding the polysaccharide, the so-
called bound water. Our recent studies®® of water relax-
ation in solutions of the a1-4 linked glucans G,, n = 1-7,
using oxygen-17 and deuterium suggest that two water
molecules per carbohydrate hydroxyl group reorient an-
isotropically with correlation times substantially longer
than that characterizing the isotropic reorientation of water
molecules in the bulk phase (r,). Most of the intramo-
lecular dipolar interaction of the bound water is averaged
by rapid, near isotropic rotation characterized by a fast
correlation time (rg), which is only ca. 5~10 times longer
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than 7, (ca. 2.4 ps). However, the residual dipolar coupling
isaveraged on the much slower time scale involving motions
of the carbohydrate molecule and is proportional to the
solution viscosity. With polysaccharides there could be
additional contributions from diffusion of water over the
polysaccharide surface.” In principle, the exchange of
water protons between the bulk and bound water phases
by chemical exchange and/or molecular diffusion can
provide an additional relaxation pathway.® Unfortunately
it is difficult to evaluate the contributions of these various
bound water relaxation mechanisms. Qur previous work
ondilute protein solutions® suggests that, at least in dilute
polysaccharide systems, their contribution is small com-
pared to the proton exchange mechanism. Accordingly,
in this paper we will ignore bound water contributions
and see to what extent the data can be quantitatively
interpreted by using only the proton exchange mecha-
nism.

To provide a diverse range of conformational and
dynamic behavior, we have chosen polysaccharides dif-
fering in molecular weight, chain flexibility, and glyco-
sidic linkage. These include the homopolysaccharides:
a1-6 linked glucans (dextrans), 31-3 linked glucans (lam-
inaran and schleroglucan), and a1-4 linked glucans (mal-
toheptose, hydrolyzed starch, and amylose). Because of
their importance as gelling agents we have included some
pure ion forms of x- and (-carrageenan.

We limit ourselves to the water proton relaxation in
this paper. In subsequent papers we will report on the
deuterium (D;0) and oxygen-17 (H;!70) relaxation in these
systems.

Experimental Section

Transverse proton relaxation times were measured by using
the CPMG (Carr-Purcell-Meiboom~Gill) pulse sequence 90°,
[—180°,~r—echo],. The 90-180° pulse spacing r was varied
between 25 us and 10 ms. Data were averaged over eight
acquisitions with phase cycling and a recycle delay of 15 s to
avoid saturation. Sufficient echoes were recorded to give a zero
baseline, and the transverse relaxation times were determined
from the echo decay envelope by using an exponential unpeeling
program. A Brucker MSL-100 spectrometer operating at 100
MHz was used with a high-power solenoid coil and a probe tem-
perature thermostated at 300 K. 90° pulse widths were typically
between 1 and 2 us. .

Samples were made by addition of known weights of solid to
a known weight of doubly distilled, deionized water. Gels were
prepared by heating in a sealed bomb at 100 °C. pH values were
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Figure 1. Experimental and theoretical relaxation dispersions
for solutions of dextran (average MW 9000), pH 6-7, 300 K, at
a spectrometer frequency of 100 MHz: (@) 9.85% w/w dextran,
P,=1615X10% ky = 1.1 X 10%57, 6w = 1.25; (W) 6.40% w/w
dextran, P, = 1.0554 X 1072, ky = 1.0 X 10% 81, 6w = 1.15 ppm;
(A) 1.96% w/w dextran, P, = 3.255 X 108, ky, = 1.0 X 103871, éw
= 1.3 ppm. Other parameters are T3, = 3 s and Tz = 94 ms.

[~

adjusted by addition of trace quantities of HCl or NaOH (or DCI,
NaOD in the case of deuterium oxide), prior to measurement.

Results and Discussion

Dextran Solutions. The water-soluble o1-6 linked
dextrans are thought to adopt highly flexible random coil
conformations in solution. Our relaxation data are con-
sistent with this picture. Figure 1 shows the water proton
transverse relaxation rates of three dextran solutions
(average MW ca. 9000) of differing concentration plotted
against reciprocal CPMG 90-180° pulse spacing at a
spectrometer frequency of 100 MHz. The shape of the
curves is characteristic of fast proton exchange and can
be analyzed by the general two-site exchange formalism,3#4
in terms of the parameters Py, Tap, T2, Rb, and éw. The
fraction of protons in the dextran hydroxyl groups, Py, is
known from the solution concentration. The intrinsic
relaxation time of the bulk water, T2 (~3 s), can be
measured directly. The intrinsic relaxation time of the
dextran hydroxyl protons, T, can only be obtained
indirectly, either by assuming that it is the same as the
relaxation time of the nonexchanging CH protons of the
polysaccharide or from the proton relaxation time at short
CPMG pulse spacing. At the shortest 90-180° pulse
spacing (50 us) the CPMG echo decay envelope is triple
exponential with the longest relaxation time component
corresponding to the water relaxation and the two faster
decaying components (82 and 460 ms) corresponding to
the nonexchanging dextran protons. If the dextran hy-
droxyl protons have similar relaxation times to the non-
exchanging protons, then their average T, lies between
82and 460 ms. The average T2, can also be obtained from
the observed water relaxation rate in the limit of short
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pulse spacing, which can be shown to be* P,Ts,! + Py/
(T + kp). Py, P,, and Ts,! are known and ky, is seen
from the dispersion curve to be of the order of 102 s so
that ky ! << T This gives an average value for T, of ca.
94 ms, which is within the range of the nonexchanging CH
proton relaxation times. This value has been used in the
calculation. Having determined Py, T2, and Tgp, the
exchange rate &, and frequency difference éw (ppm) can
be obtained by numerically fitting the experimental
dispersion curves. The continuous lines in Figure 1 were
obtained in this way. The resulting exchange rate, &y, =
(1.1 £0.1) X 10357, and frequency shift, dw = 1.25 % 0.05
ppm, agree well with those previously measured for glucose
solutions® and methanol-water mixtures.!! Itisimportant
to note that this two-site exchange calculation takes no
explicit account of possible bound water contributions,
Exchange of bound and free water would not be expected
togive rise to the dispersions in Figure 1 since the diffusive
exchange of bound and free water occurs on a time scale
many orders of magnitude faster than 108s-1. Furthermore
there are unlikely to be large frequency differences between
protons in bound and free water. Fitting the dispersions
with the two-site formalism means that any bound water
contribution would be included in the parameter Tsp,. Since
Ty is of the same order as the relaxation time of the non-
exchanging protons, any bound water contribution must
be small.

The proton exchange is, of course, acid-base catalyzed,
but in the neutral pH region around pH 6-7 previous work
on methanol!! and glucose® solutions has shown that the
proton exchange proceeds mainly by a nonionie, cyclic,
exchange mechanism. The frequency shift, w, and
exchange rate, kp, deduced by fitting the dispersion curve
are, of course, average values for hydroxyl protons situated
on different carbon atoms in the glucose subunits. High-
resolution proton spectra for glucose solutions at low tem-
perature? show that dw can differ by up to 0.18 ppm for
hydroxyl protons on carbons 2, 3, and 4. This difference
is too small to warrant fitting the observed relaxation data
as a sum of separate dispersions for each site.

It is remarkable that increasing the average molecular
weight of the dextran from 9000 to 2 X 10° makes very
little difference to the observed relaxation behavior. As
shown in Figure 2 the dispersion behavior for the high and
low molecular weight dextrans is almost superimposable
and the relaxation times of the nonexchanging dextran
protons are also very similar, averaging to 61 ms. The
lines in Figure 2 show the theoretical dependence of
relaxation on concentration at three different pulse
spacings, calculated with the average set of exchange
parameters k, = 1.1 X 10351, 6w = 1.1 ppm, T, = 38, and
Ty, = 94 ms. The near equivalence of the relaxation
behavior for high and low molecular weight dextrans is a
consequence of the flexibility of the a1-6 linkage, which
allows rapid local motions that average the dipolar
interactions of the dextran protons, both exchangeable
and nonexchangeable. Proton exchange dispersions are
even observed in suspensions of Sephadex beads in water,
where the dextran chains are chemically cross-linked with
epichlorhydrin, though with Sephadex bead suspensions
the spatial heterogeneity can also give rise to slow diffusive
exchange and multiple-exponential relazation.!2

Laminaran Solutions. Laminaran consists of low mo-
lecular weight (DP < 300), unbranched chains of §1-3
linked glucose units. It is water soluble but does not form
a gel. In the solid state, X-ray diffraction shows that it
adopts a triple-helix conformation.!® In aqueous solution
at neutral pH the changes in peak intensity of its high-
resolution carbon-13 spectrum suggest that short chains
having less than 20 linked glucose units are in a random
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Figure 2. Dependence of the transverse water proton relaxation
rate at three 90-180° CPMG pulse spacings (7) on dextran
concentration: (®)dextran average MW 9000; (W) dextran average
MW 2 % 10%. Parameters used to calculate the theoretical lines
are Pp = 3x/(3x + 1800), 6w = 1.1 ppm, wo = 100 MHz, k; = 1.1
X 108 871, Tyy = 3 s, Typ = 94 ms for an x% w/w dextran
concentration.

.—‘-—'.—'
L 4

coil state, whereas longer chains having more than 49 linked
glucose units adopt a more rigid, stable conformation,
presumably a triple helix.14 This makes laminaran an
interesting example for water relaxation studies, since the
laminaran hydroxyl protons involved in triple-helix for-
mation are not expected to be readily accessible to
exchange with water protons, either because they are
involved in intramolecular hydrogen bonding or because
there is a sheath of tightly bound water surrounding, and
stabilizing, the triple helix,!® making formation of cyclic
proton exchange transition states energetically unfavor-
able. This is consistent with the observation of Nardin
and Vincenden!® that, in a polydisperse sample of lami-
naran dissolved in D20 containing 25 g/L LiCl at room
temperature, only ca. 70% of the hydroxyl protons were
exchanged with deuterium over a 2-h period. Presumably
the remaining 30% of hydroxyl protons belonged to the
longer chain component involved in helix formation.
Figure 3 shows the transverse relaxation dispersion
observed for a 10.8% w/w laminaran solution at pH 6.5
and at 300 K. Curve a shows the theoretical dispersion
assuming only 70% of the laminaran hydroxyl protons
are accessible to exchange and are associated with lam-
inaran molecules in the random coil state. The same
exchange parameters as random coil dextran (6w = 1.23
ppm, kp = 1.1 X 103 571) have been used with a value for
Ta, of 30 ms. This value was deduced by fitting the
relaxation data at short CPMG pulse spacings, assuming
arelaxation time for bulk water (Ts,) of 3s. It can be seen
that this set of assumptions gives excellent agreement with
experiment. On the other hand curve b in Figure 3 shows
the dispersion curve calculated with the same parameters
but assuming that all of the laminaran hydroxyl protons
are accessible to exchange. Clearly this assumption fails
to describe the observed relaxation data. The dispersion
analysis therefore provides independent confirmation of
the results of Nardin and Vincenden?8 that ca. 30% of the
laminaran hydroxyl protons are inaccessible to exchange.
The echo decay envelope at a 30-180° pulse spacing of 50
us shows two fast components with relaxation times of 8
ms and 490 us arising from the nonexchanging protons.
With the shortest relaxation time component (490 us) there
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Figure 3. Experimental and theoretical water proton transverse
relaxation rates for laminaran and schleroglucan. Curve a:
Theoretical dispersion for a 10.78% w/w laminaran solution, pH
6.5, 300 K, calculated assuming only a 70% accessibility (F =
0.7); P, = 1.2354 X 102, ky = 1.1 X 103 57!, 6w = 1.23 ppm, T,
=3, Ty, = 30 ms, wp = 100 MHz. Triangles are experimental
points. Curve b: As curve a except that a 100% accessibility for
proton exchange has been assumed (F = 1.0), P, = 1.764 95 X
102 Curve ¢: The experimental relaxation rates for a 2.6%
w/w schleroglucan gel at 300 K, wo = 100 MHz. The curve is a
guide to the eye.

Table 1
Effect of Increasing Concentration on Parameters Related
to the Accessibility and Mobility of Laminaran Hydroxyl

Protons
laminaran Ta(CH)
concn, % w/w Fe Ton(OH), ms  slow, ms fast, us
2.59 0.53 50 28 180
4,75 0.675 40 11.8 350
7.92 0.60 30 8.6 263
10.78 0.70 30 7.9 490

@ Exchangeable fraction of laminaran hydroxyl protons. ® From
the water relaxation.

were very few data points, so this relaxation time is only
an order of magnitude estimate. In D;O a 2.6% lami-
naran solution gave two fast decaying components of 14.6
ms and 89 us. Although we cannot assign these compo-
nents with certainty, it is probable that the longer
relaxation time component (8-15 ms) is associated with
low molecular weight laminaran in the random coil state,
while the shorter component (89-490 us) is associated with
longer chain laminaran in the more rigid triple helix state.
Table I lists the results of analyzing a series of laminaran
solutions of increasing concentration. Therelaxationtimes
To,(OH) and To,(CH) (slow component) tend to shorten
with increasing laminaran concentration as the viscosity
increases, while the fracton (¥) of laminaran hydroxyl
protons accessible to exchange appears to increase slightly
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with increasing laminaran concentration. It is, however,
doubtful whether this later trend is significant because
the errors in determining F increase with decreasing
concentration as the amplitude of the relaxation dispersion
[i.e., To1(long pulse spacing) — T3 (short pulse spacing)]
decreases.

The proton exchange mechanism can therefore provide
a quantitative description of transverse water proton
relaxation in laminaran solutions and suggests that there
are subpopulations of random coil and helical conforma-
tions associated with chains of different length.

Schleroglucan. Like laminaran, the backbone of
schleroglucan consists of a linear chain of «1-3 linked
glucose units. It differs in having a single pendant 81-6
linked glucose unit on every third glucose unit along the
backbone. Inthesolid state schleroglucan adoptsa triple-
helix structure similar to laminaran with the pendant
glucose units projecting radially outward from the helix.?
In solution schleroglucan forms thick gels, which CPMAS
spectra suggest have a high percentage of ordered triple-
helix structure.l” Surprisingly, Nardin and Vincendeni®
found that only about 18 % of the total number of schlero-
glucan hydroxyl proton in a 2% w/v gel exchanged with
deuterium over a 2-h period in D;O at 90 °C. Even
supposing all the hydroxyl groups in the backbone chains
were inaccessible for deuterium exchange, the four hy-
droxyl groups on each pendant 81-6 linked glucose would
still he expected to give a 33% exchange percentage (F =
0.33). Evidently helix association in the gel state or a
tight hydration sheath causes this to be considerably lower.
Such a low accessibility should have observable conse-
quences in the water proton relaxation.

The relaxation time of the nonexchanging CH protons
for a 2.06% w/w schleroglucan gel in D;0 is about 32 ps,
as seen in the single, fast-decaying component of the proton
FID. This veryshort value is consistent with the expected
rigidity of the triple-helix conformation in the gel. It is
also consistent with the lack of any observed dependence
of water proton transverse relaxation rate on CPMG pulse
spacing (Figure 3). The absence of any T dispersion when
Tqp is very short can be understood analytically. When
Py, « 1, which is the case with our dilute schleroglucan
gels, the water proton transverse relaxation rate at long
pulse spacings such that 7 > (2k,)! (7 is the 90-180°
pulse spacing) is given by the Swift~Connick expression!®

Ty 2 + Ty tky, + (60)°
(Ty ' + ky)* + (Bw)?

T, (long 7) = P, T,, " + Pbkb{

(1)
If Ty, is short such that the terms in (dw)? are negligible,
this reduces to

T, '(long 7) = P,Ty, " + P/ (T + k™) (2)

This is the same expression expected in the short pulse
spacing limit.* Hence under the conditions that dw <«
Tayl, no dependence of relaxation rate (T5™!) on pulse
spacing is observed. If the exchangeable schleroglucan
hydroxyl protons have a similar short relaxation time, Ty,
of about 32 us, as observed for the nonexchanging protons,
then it is safe to assume further that, in the neutral gel,
kp! 3> Tap, so that the relaxation is exchange rate limited
and eq 2 reduces to Tyl = P,To! + Pykp, at all pulse
spacings. If a fraction F' of the schleroglucan hydroxyl
protons is accessible to exchange, thisbecomes Tg™1 = Tyy1
+ F(Pb)marky, where (Py)mex is the theoretical value
assuming 12 exchangeable protons per repeating unit. A
plot of T'5! against (Pp)max should therefore be linear with
slope Fky, and intercept T2, !. Figure 4 shows that this is
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indeed the case and the experimental slope is 667 81,
Taking F equal to 0.18 from the data of Nardin and Vin-
cenden yields a value for the proton exchange rate, ky, of
3.7 %X 103571, This resultis of the correct order of magnitude
for proton exchange, especially if the pH of the gel deviates
somewhat from neutrality. As a further test we measured
the water relaxation time of the same gel at a very acidic
pH value (<£2). This was done by allowing 0.1 M HCl to
diffuse into the gel for several hours at 5 °C. We reasoned
that since proton exchange is acid-base catalyzed the
exchange rate, kyp, at very low pH values should become
very fast compared to the relaxation rate, L. If so, the
water proton relaxation should change from the exchange-
limited case to the “Tap-limited” case for which T =
T2yl + F(Pp)maxT2rl. This would enable the relaxation
time of the exchangeable schleroglucan hydroxyl protons
(T3) to be estimated and compared with that measured
for the nonexchanging CH protons. Assuming F remains
unchanged at 0.18, the observed relaxation rate (3.1 s1)
for the acidified gel gives a value for T, of 216 us. This
is to be compared with a relaxation time of ca. 167 us for
the nonexchanging protons in a 2% schleroglucan gel
prepared in D20 and acidified with DCl. The agreement
is reasonable but both relaxation times (216 and 167 us)
are significantly longer than those in the unacidified gel
(ca. 32 us), which suggests that the acid treatment has
weakened the gel structure somewhat.

The proton exchange mechanism therefore appears to
confirm that the schleroglucan gel network is extremely
rigid and that the hydroxyl protons have a low accessibility
for exchange with water. It also explains the observed
dependence of relaxation rate on concentration and pulse
spacing. It is noteworthy that no explicit reference has
been made to contributions from bound water. In the
above two-site proton exchange analysis any bound water
contribution would be incorporated in a somewhat en-
hanced value for the exchange parameter, k,. While this
remains a possibility, the fact that the value derived for
kp (3.7 X 108 871) is of the correct order of magnitude for
proton exchange suggests that bound water contributions
are minor.

Sodium x-Carrageenan. Therepeating unit of sodium
x-carrageenan is shown below:

0805
CH 2 OH o)
o)

OH
ORa

lota Ra =803
Kappa Ra =H

Structure of the repeat unit of carrageenan

Figure 5 shows the experimental dependence of the single-
exponential water proton transverse relaxation rate on
pulse spacing for a 4.47% w/w gel in 0.2 M NaCl at pH
6.8 measured at 300 K. At this relatively high ionic
strength the sample forms a soft gel having a slightly milky
appearance. This semiopaque quality of the gel suggests
some form of microheterogeneity and examination with
alight microscope reveals a granular structure on a distance
scale of 1-10 um. This microheterogeneity is most
probably a result of a microphase separation process,®
whereby the gel is formed by association of many chains
into a three-dimensional network of microfibers having a
thickness of 1-10 um. The existence of two microphases
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Figure 4. Dependence on concentration, (Py)mas, of the water
proton transverse relaxation rate at a CPMG 90-180° pulse
spacing of 500 us for schleroglucan gels at 300 K.

has important consequences for the interpretation of the
relaxation data. At the shortest 90~180° pulse space (50
us) there are, besides the water relaxation, two faster
decaying components in the CPMG echo decay envelope,
having relaxation times of ca. 12.7 ms (0.54% ) and 150 us
(1.52%). These two faster components could correspond
either to nonexchanging protons in the two microphases
or, more probably, to carrageenan protons in the gel-rich
phase where the shorter 150-us component corresponds
to helices associated into more rigid junction zones!® with
the microfibers. The assignment is not critical since both
possibilities lead to similar expressions for the water proton
relaxation rate in the limit of short pulse spacings. To see
this we first assume that the two relaxation times Ty
(12.7 ms) and T'5,® (150 us) are associated with carra-
geenan hydroxyl protons in two separate microphases
labeled (1) and (2). Then we can write

Ty ‘short 7) = {P,VT, 1 + PO /(T ™ + b, )} +
{P,OT, . + P2/ (Ty,® + k, ™) 3)

where the two terms in braces correspond to the two
separate microphases. (Possible contributions from dif-
fusive exchange between the two phases are ignored.) But
since P,{D + P, = P, = (1 - P,V - P,®), this expression
can also be written as

Ty Y short r) = P,T,, " + P/ (T, + k) +
PP /(Ty,® + Ry (4)

which would also result from associating both T, and
To,? with molecular structures of different mobility within
a single microfiber phase surrounded by bulk water. For
simplicity we therefore refer in the following to two
“domains” without specifying whether these correspond
tothespatially distinct microphases seenin the microscope
or merely to different molecular a€gregates within a single
phase. The sum P, = P,V 4+ P,® can be calculated from
the known gel concentration, assuming three exchangeable
carrageenan hydroxyl protons per repeating disaccharide
unit, with the result P, = 2.949 X 102 for a 4.47% w/w
sodium x-carrageenan gel. T, has the bulk water value
(3 8), which leaves P,'® and k3, as the only independent,
unknown variables. If we assume kj, has a value of ca. 103
s71in line with dextran and glucose, Py(® can be calculated
from eq 4 with the result Pp,® = 0.696 X 10-3 and P, =
2.253 X 1073, Knowing these values from the relaxation
rate at short pulse spacing, it is straightforward to calculate
the relaxation rates at all other pulse spacings as 7! =
Ty 1D 4+ Ty-1 - Tp-t where Tl is the relaxation rate
for domain i calculated by using the two-site exchange

Macromolecules, Vol. 24, No. 10, 1991

T, 6

,°°’\<\‘

D\ A

TTSA Ne* i-caragesnan {300K)

S K*i-caragesnan gel (310K)

oot (300K)

5 A | J
’ 10 10’ 0 ©
Reciprocal 90™-180° puise spacing (s")

Figure 5. Experimental and theoretical water proton transverse
relaxation rates for several pure ion forms of carrageenan. (®)
4.47% w/w sodium x-carrageenan gel in 0.2 M NaCl at 300 K,
pH 7; (0, W) ca. 10% w/w potassium -carrageenan, (00) gel at 310
K, (m) sol at 353 K; () 9.89% w/w sodium -carrageenan at 300
K, pH 7 (no added NaCl). Curve a: The theoretical proton
exchange dispersion calculated as the sum of dispersions char-
acterized by P, = 2,253 X 10-3, T = 13 ms, Pp(® = 6.966 X
104, and T3,® = 150 us. Other parameters are éw = 1.3 ppm,
T2 =38,kp=10%s7!, and wo = 100 MHz. Curveb: The theoretical
proton exchange dispersion calculated as the sum of dispersions
characterized by PpV) = 3.549 X 10, P,@ = 2,594 X 1073, and k;
= 300 s1, Other parameters as in curve a. Curves other than
a and b are only guides for the eye.

equations with an assumed hydroxyl proton chemical shift
of about 1.25 ppm on the basis of dextran and glucose
data. The relaxation rate of bulk water T2,! needs to be
subtracted since it would otherwise be counted twice. As
with schleroglucan the component having a short Ty, of
only 150 us does not give rise to any pulse spacing
dependence, so the predicted variation (curve a in Figure
5) originates from the component characterized by a T,
of 12.7 ms. Comparison of curve a with the experimental
data in Figure 5 shows that while the proton exchange
mechanism adequately accounts for the relaxation rate at
short pulse spacings it fails to reproduce the monotonic
increase in relaxation rates as the 90-180° pulse spacing
becomes longer than about 500 us.

The theoretical curve a is, however, based on an assumed
proton exchange rate, kp, of 108 s-1. The independent
observation that raising the temperature gives an exchange
minimum in the water relaxation rate? suggests that at
300 K the proton exchange rate is slow, such that ky 1w
> 1. Curve bin Figure 5 has been calculated by assuming
a ky, of only 300 s71 to illustrate that lowering ky, markedly
reduces the amplitude of the dispersion. Nevertheless
thisstill does not explain the observed monotonic increase
inrelaxationrate. Such monotonicincreases can, however,
arise when water molecules diffuse in systems having mi-
croheterogeneity. This is because different microregions
are associated with slightly different water proton reso-
nance frequencies so that diffusion of water between them
causes enhanced dephasing, which increases with increas-
ing pulse spacing. The spatial variations in resonance
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frequencies are caused by magnetic susceptibility differ-
ences and their associated field gradients as well as by fast
proton exchange in carrageenan gel with spatially varying
concentration. We have previously reported similar
monotonically increasing water proton relaxation rates in
the model system consisting of a packed suspension of
Sephadex beads (G25~50) in water, where the beads have
a mean radius of 256 um.!? The criterion for observing
single-exponential relaxation in these spatially heterog-
enous systems is, approximately, that (a2/D)|T; 1V -
T; 19| &« 1, where a is the mean dimension of the
heterogeneity, D is the water self-diffusion coefficient, and
T,®is the intrinsic relazation time of microregion i.21 Since
a is of the order of 10 um or less, D is ca. 10% cm? s~! and
Ty and T9® are calculated to be 2.0 and 1.06 s,
respectively; for k, = 300 s71, the ratio (a2/D)|T; 1) —
T4 1@ is only 0.045, which is consistent with the observed
monoexponential water proton relaxation.

The exchange minima observed in carrageenan gels as
the temperature is raised? are predicted by the proton
exchange model. Equation 4 shows that exchange minima
are expected at temperatures for which T2V = gy, and
Top 1@ = ky. This occurs when ky, is 78.7 571 (Tl = 12.7
ms) and 6.7 X 103871 (T'y,® = 150 us). The later exchange
rate is in the correct range for carbohydrate hydroxyl
proton exchange at elevated temperatures. Once the gel
has melted T2,'® changes from 150 us to tens of milli-
seconds, so an exchange minima is no longer observable.2

The observation? that plots of T at fixed pulse spacing
against carrageenan concentration (Py,) are linear but have
an intercept at zero concentration that is significantly
higher than T',! is a simple consequence of the existence
of two domains in the sample. Since P, = P, + P, eq
4 can be written as

T, ‘(short 7) = P,Ty, + P,Y/(T,,® + &, ) +
(Pb - Pb(l))/(sz@) + kb—l) (5)

In general P,V is expected to depend in a complicated
way on the gel concentration (P},) but, provided P, « 1,
P, can be written as a polynomial in Py, and terms higher
than first-order neglected. Then PV = o + 8P, + ...
Substituting this into eq 5 gives

Ty Yshort 7) = (T, + al) + Py(T,® + k™)™ + 6IP,
(6)

where

I=(Ty® + k) - (Ty,® + B, M

This shows that if there is microheterogeneity (i.e., two
domains) a plot of 7! against Py gives a straight line of
slope (T9,® + ky 1) + 81 and intercept (T, + al). A
positive value of the incremental intercept, af, means that
there is proportionally more of the more rigid domain at
the minimum gelling concentration than at higher con-
centrations. It is noteworthy that if both 7', and T'y,®
become much shorter than k, so the relaxation is
exchange rate limited, then / — 0 and the intercept
becomes simply T2,~!. This may well be the case with
deuterium (D20) relaxation in carrageenan gels for which
T and T are determined by fast quadrupolar
relaxation mechanisms. Schleroglucan gels, which were
discussed in the previous section, have an intercept equal
to Taal, at least within experimental error. This is
expected since the gels are transparent and there is only
a single very short T, associated with the nonexchanging
protons. Accordingly there is no evidence for microhet-
ercl)geneity (i.e., more than one domain) in schleroglucan
gels.
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Figure 6. Experimental and theoretical water proton relaxation
dispersion curves for maltoheptose and hydrolyzed starch. (®)
Experimental relaxation rates for a 208% w/w maltoheptose
solution, pH 7, 300 K. (#) Experimental relaxation rates for a
10.75% w/w gel of hydrolyzed potato starch at 300 K. Curve a.
Curvea: Theoretical proton exchange dispersion calculated with
P, =3.7236 X 1073, kp, = 1.8 X 10357, 6w = 1.1 ppm, Ty, = 3 s,
Ty = 0.7 8, and wo = 100 MHz. Curve b: Theoretical proton
exchange dispersion calculated as the sum of two dispersions
characterized by Py® = 1072, T = 18, P,® = 7.787 X 104, and
Taw® < 100 us. Other parameters are kp, = 1.1 X 10881, Ty, =
38, 6w = 1.1 ppm, and wy = 100 MHz.

The above analysis therefore provides a consistent
framework for interpreting the subtle relaxation phe-
nomena found in carrageenan gels. Unfortunately, the
magnitude of the exchange rate, ky, at 300 K has not been
determined except that it must be considerably lower than
for dextran and glucose. This may be a consequence of
the ionic nature of carrageenan gels where charged sulfate
groups spaced along the backbone, together with their
associated counterions, may sterically hinder proton
exchange between water and the carrageenan hydroxyl
groups or so structure the water that the cyclic transition
states needed for proton exchange at neutral pH%!! are
energetically unfavorable.

Although we have so far considered only sodium «-car-
rageenan a very similar picture is found with other pure
ion forms of carrageenans. In Figure 5 we have included
the experimental data for a more concentrated (ca. 10%)
potassium -carrageenan gel at 310 K and its correspond-
ing sol state after heating to 353 K as well as for sodium
i-carrageenanat 300 K. Itcanbeseenthatallthesesystems
exhibit the monotonic dependence on pulse spacing, which
is characteristic of water diffusion in microheterogeneous
systems. Itis interesting to note that even in the sol state
of sodium :-carrageenan at pH 7 at low ionic strength (no
added NaCl) the viscous solution remains slightly opaque,
suggesting the persistence of microphases over a distance
scale of micrometers.

Maltoheptose, Hydrolyzed Starch, and Amylose.
Because of the rigidity of their gel networks, starch, amy-
lose, and amylopectin gels would not be expected to show
any proton exchange dispersion in the water proton
transverse relaxation rate as the pulse spacing is varied.
A gel of potato starch that has been partially hydrolyzed
for use in electrophoresis does, however, show a typical
proton exchange dispersion (Figure 6). This dispersion
undoubtedly originates from the hydrolytic treatment,
which creates short, flexible chains attached to the gel
network or a distribution of low molecular weight oligosac-
charides dissolved in the gel. The CPMG echo decay
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Figure 7. Biexponential decay observed in an amylose gel at
300 K using a 90-180° CPMG pulse spacing of 1 ms. The
component relaxation times are 0.506 and 0.194 s,

envelope of a 10.75% gel observed with a 50 us 90-180°
pulse spacing shows two faster decaying components with
mean relaxation times of 20.5 ms and 40 us. The shorter,
40 us-relaxation time probably corresponds to CH protons
in the more rigid gel network, while the longer 20.5-ms
component arises from the more flexible hydrolyzed chains
and/or the dissolved oligosaccharides. Figure 6 showsthe
experimental proton exchange dispersion for the purified
oligosaccharide maltoheptose at pH 7, which can be
satisfactorily fitted with an exchange rate of 1.8 X 1081
and a Ty, of 0.7 s. The polydispersity of the hydrolyzed
starch gel prevents any accurate theoretical analysis of its
dispersion curve, but the existence of a dispersion in a
partially hydrolyzed gel can be demonstrated theoretically
by modeling it as a solution of oligosaccharides with an
average Ty of 1 s dissolved in a rigid starch gel having a
very short T, of less than 100 us (Figure 6, curve b).

The gelling and retrogradation properties of amylose
solutions have been extensively investigated.!82° Cooling
aqueous amylose solutions can produce either homoge-
neous gels or complex two-phase systems where there is
gelation accompanied by precipitation or gel lump for-
mation, depending on the degree of polymerization,
concentration, and rate of cooling. The transverse re-
laxation behavior of the water protons is a sensitive probe
of these complex phase phenomena. If the dimension a
characterizing the scale of the gel heterogeneity is suffi-
ciently large that the ratio (a2/D)|T71) - T,1| becomes
greater than unity, multiple-exponential relaxation is
predicted.!>2! Figure 7 shows the experimental biexpo-
nential relaxation in the CPMG echo decay envelope of
an amylose gel, where the gel has become opaque due to
phase separation. The two phases have intrinsic relaxation
times of 0.506 and 0.194 s that are independent of pulse
spacing. These components no doubt are determined by
fast proton exchange between water and amylose hydroxyl
protons in the separate phases. However, contributions
from diffusive exchange and the bound water relaxation
mechanism cannot be discounted.

Conclusion

By assuming proton exchange to be the major transverse
relaxation mechanism, we have succeeded in showing that

Macromolecules, Vol. 24, No. 10, 1991

the diverse range of water relaxation behavior observed
in dilute polysaccharide systems can be interpreted
quantitatively and related to the rigidity and state of
aggregation of the polysaccharide chains. A recurring
difficulty in the analysis has been the unique determi-
nation of the parameters, Py, &y, and Ty, For this reason
it is best to combine the water relaxation measurements
with other NMR techniques that give complementary
information on the state of the biopolymer. For example,
deuterium exchange methods!® can provide an indepen-
dent determination of the accessibility of hydroxyl protons
to exchange and hence of the parameter P,. Line widths
in high-resolution carbon-13 spectroscopy can give some
indication of the dynamic state of the biopolymer chains,??
while high-resolution CPMAS spectra of polysaccharide
gels can, in suitable circumstances, be related to the con-
formational state of the biopolymer.17,20

The results obtained here suggest that in dilute polysac-
charide systems bound water has no significant part to
play in proton relaxation phenomena. It is not clear if
this is the case in more concentrated systems and it is a
matter of considerable interest to determine what effects
polysaccharides do have on the behavior of water. Deu-
terium and 170 relaxation time measurements can cast
considerable light on this question and we hope to report
on results of these in forthcoming papers.
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