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ABSTRACT: A nonlinear regression method is described in detail for analysing 'H T, (Carr—Purcell-Meiboom—
Gill) dispersion curve measurements obtained from water-rich systems containing molecules possessing labile
protons. The method is routine, provides well specified error statistics and does not make assumptions about the
accessibility or mobility of the guest molecule site. The approach is validated using data simulated with the Carver—
Richards two-site exchange model and experimental measurements carried out on a series of methanol-d,—water
mixtures of varying pH. Further simulations are described which investigate the role of polydispersity in determin-
ing the form of the dispersion curve and the relevance of the parameters extracted by fitting a composite curve to a
single Carver—Richards function. The procedure is subsequently used to fit experimental dispersion curves originat-
ing from maltodextrin—water systems and the interpretation of the results is shown to be consistent with previously
suggested ideas for molecular interactions in polysaccharide systems, involving discrete units of double helical

nature, which can further aggregate to develop structure at a supramolecular level.
KEYWORDS: NMR; 'H T, dispersion; proton exchange; biopolymer gels

INTRODUCTION

Largely as a result of the work of Hills and co-workers,
1=8 it is now generally recognized that proton exchange
plays a major role in determining the transverse relax-
ation behaviour of water-rich systems containing mol-
ecules possessing labile protons. Systems of this type are
common and range from relatively simple mixtures of
liquids* to more complex biopolymer sols and
gels,""?%7 which include those of particular interest to
the food industry and the NMR imaging fraternity.®
Spin—spin relaxation times in the solution state are
routinely measured using a Carr—Purcell-Meiboom—
Gill (CPMG) pulse sequence,'®! which removes the
effects of static field inhomogeneities by refocusing mag-
netization that has evolved under the influence of inter-
actions that are linear in I,. In practice, this means that
the sequence is only effective for spins that are suffi-
ciently mobile to yield negligible time-averaged quadru-
polar and homonuclear dipolar interactions. The
experiment consists of a train of equally spaced 180°
pulses, which are applied to the sample to generate a
sequence of spin-echoes. In the simplest case, the decay
of the successive spin-echo heights is fitted to a single
exponential function in order to extract a T, value. The
sequence involves a user-defined delay time, 27, between
the refocusing pulses which can routinely be varied
between 10~ * and 10~ 2 s. Consequently, for systems in
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which the spins are undergoing chemical exchange at
rates of the order of 1 kHz, such a variation of CPMG
pulse spacing gives rise to a characteristic dispersion in
the transverse relaxation behaviour.

A theoretical expression describing this variation of
T, with 7 has previously been developed in its most
general form by Carver and Richards.!? Hills et al.’
have shown that experimental data from a number of
real systems are amenable to analysis within the frame-
work developed by Carver and Richards, and has also
corrected a minor algebraic error in the original work.
The model is cast in terms of five parameters, P,, T,,,
T,,, k and dw, where P, is the fractional population of
exchangeable protons on the guest molecule, T,, and
T,, are the intrinsic spin—spin relaxation times of the
respective sites (the subscript b denoting the guest mol-
ecule site and a the bulk water site), k is the exchange
rate and Jw is the chemical shift difference between the
sites.

Although the importance of proton exchange and the
applicability of a corrected Carver—Richards expression
to the analysis of T, data obtained from exchanging
systems is now well recognized, reported studies to date
have concentrated on methods of extracting selected
physical parameters from the dispersion curve after ini-
tially estimating others. Typically T,, has been esti-
mated from the T, of neat water, T,, from the relaxation
time of non-exchangeable protons and P, from the con-
centration of the guest molecule.® In the study of bio-
polymer systems, however, it is often not feasible to
calculate P, even if the concentration is known, owing
to the possibility that molecular interactions may
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restrict the accessibility of some exchangeable protons.
Although dispersion curves obtained from samples of
the polysaccharide laminaran have been shown to be
consistent with changes in P, suggested from deuterium
exchange studies,’ there has not been a study of the fea-
sibility of extracting the different physical parameters,
including P, and T,,, from the direct fitting of experi-
mental dispersion curves. Neither has there been an
examination of the role of polydispersity in governing
the apparent parameter values obtained from fitting
composite data to a single Carver—Richards function.
This paper seeks to address these points.

GENERAL FITTING PROCEDURE

Hills has stated that ‘It is apparent that there are more
unknown parameters than can be uniquely determined
by simply fitting a dispersion curve.’>**"8 While indeed
we found that it was not possible to extract all five
Carver—Richards parameters by direct fitting, in a sub-
stantial number of cases simply knowing T,, renders it
possible to extract values of the other four quantities.
Although T,, may be slightly modified in the presence
of guest molecules, it can be shown that if the value of
T,, is sufficiently long then the estimate of T,, obtained
by measuring T, in an independent experiment on a
water sample containing no guest molecules is suffi-
ciently accurate for our purpose. A fitting routine was
written utilizing a non-linear regression based on the
Levenberg-Marquardt algorithm®® in which T,, was
user defined and T,,, P,, k and dw were all free fitting
parameters with user-defined starting values. The fitting
was implemented within the environment provided by
SPSS,'* a widely available statistical package, which
uses a modified Levenberg-Marquardt algorithm, pro-
posed by Moré!> and contained in MINPACK.!®
Individual 95% confidence limits on each of the
extracted parameters are also returned by the fitting
procedure. These are appropriate for specifying con-
fidence ranges in the individual parameters irrespective
of the value of the other parameters.!” It should be
noted, however, that although separate confidence inter-
vals of this type are often useful, caution must be exer-
cised if attempts are made to interpret joint intervals. In
cases where there is substantial covariance between
parameters, it is possible that there may be a significant
region of parameter space that, while giving acceptable
joint solutions to 95% confidence, will not be included
in the 95% confidence levels in the single parameter
values. This does not change the definition of the 95%
confidence in the single parameters, but affects how
useful these values are in indicating a level of confidence
region in higher dimensional parameter space. The
fitting procedure also generates a correlation matrix
which makes it possible to obtain an indication of the
covariance between the different parameters. Although
the non-linear regression methodology has recently
been discussed in detail in an NMR context,® it has not
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previously been used in this manner to investigate the
fitting of T, dispersion curves.

SIMULATIONS OF SINGLE DISPERSION
CURVES

Sets of simulated dispersion curves were generated over
an extensive range of parameter values. T,,, P, and dw
were fixed while nine values of both T,, and k were used
in all possible combinations, producing 81 dispersion
curves. The sets of values were chosen to cover a range
considered to be representative of a large number of
systems of interest. The chosen k values started at 100
s~ ! and subsequently spanned 2502000 s~ ! in 250 s !
increments. The selected T,, values were chosen
between 1 and 10™* s so that log T,, values were
equally spaced. The pulse spacings, 7, used in the simu-
lations were spaced logarithmically in t across the range
from 10~# to 10~ 2 s. Unless stated otherwise, T, values
were generated for 10 pulse spacings per decade, giving
a total of 21 points describing each simulated dispersion
curve. Noise values were subsequently added to the
simulated curves. These were obtained from a normal
distribution of known standard deviation, typically
1-2% of 1/T,. These noise values are similar to those
observed in practice, and this point is discussed again in
due course.

Discussion of Fitting Results

For the purpose of obtaining a general impression of
which regions of parameter space provided dispersion
curves that, when fitted, gave ‘reasonably accurate’ esti-
mates of the value of each parameter, the following cri-
terion was adopted: if the ratio of an extracted
parameter to the actual value used was between 0.95
and 1/0.95 then, in terms of the determination of the
value of that parameter, the fit of that dataset was taken
to be ‘reasonably accurate.” The asymptotic 95% con-
fidence limits returned by the fitting procedure were
also examined. For the purpose of obtaining an impres-
sion of which combinations of parameters gave rise to
fits in which the values of the extracted parameters
obtained were ‘reasonably precise, the following cri-
terion was adopted: if the difference between the 95%
confidence limits and the extracted value of a particular
parameter was less than 15% of the extracted value
itself, then the fit was taken to be ‘reasonably precise.’
For sets of dispersion curves with fixed global values of
T,., P, and dw, the various values of 1/T,, and k that
gave ‘reasonably accurate’ or ‘reasonably precise’ results
for each parameter were taken as coordinates and
plotted in the 1/T,,—k plane, as shown in Fig. 1. Each
symbol in the diagram represents a simulated dispersion
curve, an open circle indicates that the value of the
extracted parameter was ‘reasonably accurate,” a cross
that the value was ‘reasonably precise’ and only a small
dot that the value was neither ‘reasonably accurate’ nor
‘reasonably precise.’
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Figure 1. A plot summarizing the attempted extraction
of P, from the fitting of dispersion curves with 2% noise,
T,,=25s, P,=0.005 and 6w = 1885 rad s~ !. ‘Reason-
ably accurate’ extraction of P, (O), ‘reasonably precise’
extraction of P, (x).

Owing to the criteria selected to define ‘reasonably
accurate’ and ‘reasonably precise,” minor changes in the
fit resulting from different noise distributions were
capable of causing the inclusion or exclusion of a point
at particular parameter coordinates in subsequent runs
of the simulation. However, user-defined variations of
the values of the input parameters were found to
produce dominant effects that were identifiable indepen-
dent of the simulated noise distribution. In all fitting
carried out in this work, the true values of each param-
eter were within the returned 95% confidence limits.
There were no erroneous fits that gave incorrect param-
eter values to misleading precision. This demonstrates
that regardless of the problems associated with the
interpretation of uncertainties in a single parameter
within a multi-parameter fit, the 95% confidence limits
returned by the fitting procedure used here are useful.

Points in parameter space qualifying as ‘reasonably
precise’ gave reasonable values of the corresponding
extracted parameter, even if this value did not always
fulfil the criterion set out here in order to be labelled as
‘reasonably accurate.” The starting values of T,,, P, and
k used in the fitting shown here were all twice the true
values, while the initial estimates of dw were set to be
half of the true values used. The ratios of the starting
estimates to the true values that still gave ‘reasonably
accurate’ and ‘reasonably precise’ extractions depended
significantly on the position of the dispersion curve in
parameter space.

Figure 1 shows an example of a plot summarizing the
fitting of dispersion curves generated with 2% noise,
T,, =2.5s, P, =0.005 and dw = 1885 rad s~! (1 ppm
at 300 MHz), with regard to the extraction of P,. It
should be noted that this value of P, has been inten-
tionally selected to be small, which is typical of many
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Figure 2. A plot summarizing the attempted extraction
of dw from the fitting of dispersion curves with 2%
noise, 7,,=2.5 s, P,=0.005 and éw = 1885 rad s .
‘Reasonably accurate’ extraction of dw (QO), ‘reasonably
precise’ extraction of dw (x).

biopolymer systems of interest. Figure 2 shows the plot
obtained for the extraction of dw. Similar plots were
generated for k and T,, but for brevity these are not
shown.

It is apparent from the results of the analyses that
both the accuracy and precision to which the different
parameters can be extracted varies and is dependent
upon the interrelation of the parameters and their rela-
tive importance in determining the form of the disper-
sion curve in different regimes. It should be noted that
the correlation between the different parameters is also
a function of their interrelation and relative value and
that, in general, the parameters that are extracted well
exhibit minor correlations. It is of general interest to
determine whether or not it is possible to measure dis-
persion curves to sufficient accuracy to permit the
extraction of useful values of any of the parameters, by
regression analysis, from the direct fitting of the disper-
sion curves. This depends on the values of all param-
eters and indeed, in certain cases, it proved to be
impossible to extract some of the parameters from
simulations that incorporated experimentally realistic
levels of noise. It is important to realize that the inabil-
ity of the fitting procedure to extract one of the param-
eters does not necessarily preclude a fairly accurate and
precise value being obtained for another, as can clearly
be seen from a comparison of Figs 1 and 2. In fact, by
performing a fit in this fashion a poorly estimated
parameter with large 95% confidence limits may indi-
cate that the dispersion curve does not depend signifi-
cantly upon this property of the system and that its
value is essentially unobtainable from this experiment.

By examining plots of the sort shown in Figs 1 and 2,
generated for different global parameter sets and noise
values, it is possible to draw some conclusions about
the ability of the fitting procedure to determine the
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Table 1. A selection of source dispersion curves which
were used in combination to simulate the response of
polydisperse systems

P, T,y (5) dw (rad s~ 1) k(™Y Set
0.001 1 1791 1750 1
0.001 0.1 2073 1375 2
0.001 0.01 1885 2500 3
0.001 0.001 1697 1000 4
0.001 0.0001 1979 2125 5
0.01 1 1697 2500 6
0.01 0.00001 2073 1000 7
0.02 0.001 2073 1000 8
0.01 0.01 1791 2500 9
0.005 0.1 1979 1500 10
0.001 1 1697 2000 11
0.01 1 754 1000 12
0.0007787 0.000 04 628 1200 13

values of the different parameters. These observed
trends can be rationalized by considering the evolution
of the corresponding functional form of the dispersion
curves. In general, if 1/T,, or k> dw the dispersive
behaviour is drastically reduced and fitting the disper-
sion curve becomes impossible. Equally, if 1/T,, or
k < dw then, although the dispersive effect may be large,
there is little discrimination between the dispersion
curves with different values of that parameter. The
extraction of either T,, or k is most effective when the
value of that parameter is of the order of dw. As dw
increases the extraction of dw and P, becomes possible
over a wider range of parameter sets and to an increas-
ing degree of precision. At a 3% noise level the region of
parameter space that provides dispersion curves, which,
when fitted, still give good extractions of k and T,, is

reduced significantly compared with 2%. dw and P, are
more robust but again the number of dispersion curves
that give good extractions of these values is reduced
markedly for noise levels greater than 2%.

SIMULATIONS OF DISPERSION CURVES
FROM POLYDISPERSE SYSTEMS

Many systems of interest, such as biopolymer sols and
gels, are likely, in reality, to be composed of a number
of ‘fractions’ which may have significant variations in
the values of the quantities that parameterize the
Carver—Richards expression. Even in systems contain-
ing only carbohydrates where all labile protons are of
the same chemical type, the chemical shift values may
not all be identical. For example, in glucose solutions,
at low temperature, the hydroxyl sites associated with
the carbons at the 2-, 3- and 4-positions have been
found to have chemical shift values which differ by 0.18
ppm.'® A distribution of exchange rates is also possible
and the T, values of distinct sites in polydisperse car-
bohydrate systems will, in general, depend on the length
of the chain on which the site is situated.

In order to examine the implications of such polydis-
persity, sets of dispersion curves were generated in
which T,,, k and dw were varied. A selection of these
are summarized and labelled in Table 1. The curves
were generated for a range of P, values in order to
simulate the response of polydisperse systems contain-
ing different amounts of the individual components.
Assuming that there is no direct exchange of protons
between guest molecule sites in different components
the T, dispersion curve resulting from a polydisperse
system can be generated by summing the individual dis-
persion curves due to the component fractions and then

Table 2. Results from non-linear regression fitting of composite set
1+2+3+4+5 (with T,, = 2.5, av. w = 1885 rad s, av. k = 1750

s~1, P, = 0.005)

a (%) T,;, (ms) P, dw (rad s™1) k™Y
1 1.84 + 0.09 0.0064 + 0.0009 1903 + 196 1175 + 407
1.74 + 0.08 0.0061 + 0.0008 2018 + 175 1215 + 371
1.79 £ 0.18 0.0056 + 0.0004 1925 + 265 1567 + 338
2 1.68 + 0.19 0.0061 + 0.0015 2201 + 236 1108 + 510
1.88 + 0.27 0.0060 + 0.0006 1818 + 341 1446 + 592
1.78 + 0.18 0.0063 + 0.0016 2030 + 467 1150 + 607

Table 3. Results from non-linear regression fitting of composite set
6 +7 (with T,,=2.5, av. 6w = 1885 rad s~ !, av. k =1750 s™!, P, =

0.002)
o (%) T,, (ms) P, dw (rad s™1) k™Y
1 1.38 + 0.37 0.0193 + 0.0017 1699 + 362 1784 + 720
1.24 +0.12 0.0194 + 0.0025 1922 + 343 1430 + 534
1.23 +0.14 0.0187 + 0.0025 1963 + 411 1506 + 670
2 1.28 + 0.46 0.0180 + 0.0017 1882 + 670 1780 + 1298
1.24 + 0.13 0.0209 + 0.0072 2052 + 468 1160 + 841
121 +0.11 0.0210 + 0.0062 2085 + 341 1140 + 662
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subtracting the extra water contributions. A large
variety of composite dispersion curves were constructed
in this manner, noise was added to the simulated data
and the fitting procedure was carried out as described
previously. The dispersion curves labelled 12 and 13 are
taken from a previously proposed model of a hydro-
lysed starch system.’

Discussion of Fitting Results

The results of fitting the simulated dispersion curves
originating from polydisperse systems to a single
Carver—Richards function are shown for an illustrative
number of examples in Tables 2-5. Each fit was per-
formed a total of six times, each time using a different
noise distribution with a standard deviation of 1 or 2%.
In each case the weighted average of the constituent k
and éw values and the P, value of the composite system
are shown for comparison. It can be seen that, in
general, the application of the fitting procedure
described in this paper to dispersion curves resulting
from polydisperse systems can still provide useful infor-
mation. In the majority of cases the extracted k and dw
values are a useful indication of the average of those of
the constituent components (weighted by the relative
amount), while P, is a clear indication of the total
number of exchangeable protons, even in the case
detailed in Table 3 where 50% of the simulated sample
has a T,, of 10 ps. The extracted value of T,,, on the
other hand, is much more difficult to interpret in these
systems. This is perhaps due to the fact that the values
associated with the individual ‘fractions’ can be spread
over as many as five orders of magnitude, a substan-
tially larger range than the other parameters. The

results of the analysis on monodisperse systems carried
out previously in this paper clearly show that not all T,
values can be extracted with the same degree of accu-
racy and precision. Hence it appears that in polydis-
perse systems the extracted apparent value of T,
depends not only on its constituent values but also on
how successfully each of the constituent values can be
extracted by the fitting procedure. The tendency here is
to weight the apparent value of T,, towards the milli-
second range where 1/T,, is of the order of dw.

EXPERIMENTAL VALIDATION

Having determined with the use of simulated data that
the described fitting procedure provides a useful tool in
the study of water-rich chemically exchanging systems,
the approach was further validated by experiment. This
involved both simple methanol-water mixtures and
more complex maltodextrin-water systems.

The CPMG Experiment

Previous work has shown that careful CPMG experi-
ments are capable of determining T, values to an accu-
racy and precision of 1-2%,'° and it should
immediately be noted that dispersion curves measured
for such a dataset can often be usefully fitted, as demon-
strated in the previous section. Other studies that have
been concerned with the precision of T, measurements
have concluded that the CPMG sequence is remarkably
robust and that stability is the main requirement for a
successful experiment.?°

All NMR measurements were carried out using a
Bruker MSL spectrometer operating at 300 MHz. The

Table 4. Results from non-linear regression fitting of composite set
8+9+10+ 11 (with T,, = 2.5, av. dw = 1971 rad s~ *, av. kK = 1514

s~1, P, = 0.036)

a (%) T, (ms) P, dw (rad s™1) k™Y
1 2.09 + 0.08 0.0312 + 0.0013 1975 + 131 1491 + 272
2.03 + 0.06 0.0307 + 0.0021 2147 + 118 1370 + 262
222 +0.03 0.0307 + 0.0020 1894 + 114 1788 + 445
2 2.14 + 0.04 0.0357 + 0.0090 2332 + 183 949 + 396
2.33 + 0.08 0.0319 + 0.0070 1778 + 338 1902 + 815
2.01 £ 0.16 0.0318 + 0.0028 2070 + 327 1477 + 702

Table 5. Results from non-linear regression fitting of composite set
12+ 13 (with 7,,=3, av. 5w =741 rad s, av. k=973 s7!, P, =

0.0107787)
o (%) T,, (ms) P, dw (rad s™1) k(™Y
1 12.58 + 145 0.0107 + 0.0009 802 + 68 832 + 104
16.67 £+ 5.39 0.0134 + 0.0038 677 + 127 1018 + 139
15.73 + 5.00 0.0130 + 0.0036 695 + 131 991 + 151
2 15.20 + 8.38 0.0126 + 0.0060 707 + 235 971 + 281
12.99 + 3.84 0.0108 + 0.0025 795 + 160 892 + 230
13.55+ 295 0.0114 + 0.0020 767 + 110 901 + 151
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temperature was set at 298 K unless stated otherwise
and was controlled by a gas flow system, to within + 1
K. The basic pulse sequence used was the standard
CPMG sequence: 903—(-t-1807—t—echo-),. Typical 90°
pulse lengths were 12-13 ps using a 100 W amplifier.
The experiments were carried out in external advance
mode so that the ADC was only triggered at times cor-
responding to the spin-echo maxima. This ensured the
most efficient sampling of the data and the direct acqui-
sition of the decay curve. The recycle delay was set to
>5T, to ensure fall magnetization recovery between
applications of the pulse sequence. Eight scans of the
decay curve were usually recorded, incorporating phase
cycling, giving a typical signal-to-noise ratio of between
500 and 1000. The pulse programme was nested in a
variable 7 loop so that it was possible to measure a dis-
persion curve automatically. As this necessarily
involved the sample being irradiated over substantial
time periods, the effects of radiofrequency heating on
the measured T, value were investigated and found to
be negligible. In the automatic measurement of decay
curves with variable 7 the filter width was set according
to the smallest © delay. Sufficient echoes were obtained
to give a stable baseline and particular attention was
placed on observing that no baseline drift had occurred,
which would be indicative of the presence of phase
glitches or problems associated with diffusion in an
inhomogeneous field,>*:2? and could lead to errors in
the measurement of T, .

Analysis of the Decay Curve

A non-linear regression based on the Levenberg—
Marquardt!3 algorithm was used to fit the experimental
decay curves to an exponential function. The corre-
lation coefficient for such a fit is based upon the ratio of
the sum of the squares of the residuals to the square of
the spread of the values about their mean (which relates
to the magnitude of the functional variation). While it is
true that a small value of this ratio, often corresponding
to a quoted correlation coefficient near unity, indicates
that the residuals are small compared with the size of
the functional variation, this is often misleading taken
to imply that the chosen fitting function is a good repre-
sentation of the data. In fact, this value is largely mea-
ningless without a knowledge of the intrinsic noise
present in the data. The value of the correlation coeffi-
cient does not convey any information about the rela-
tive contributions to the residuals of the actual intrinsic
noise in the experimental data values and mismatches of
the chosen fitting function. It is important in extracting
T, values from fitting the CPMG decay curve not to
use the correlation coefficient as the only criterion for
judging the quality of the fit. Plotting the residuals is
useful in this situation, as it immediately becomes
apparent whether the residuals are randomly scattered,
which would be expected if the chosen functional form
is a good fit to the data, or show a systematic variation.
However, this procedure is somewhat subjective. A

© 1998 John Wiley & Sons, Ltd.

better approach is to calculate reduced chi-squared, x>,
defined as the ratio of the mean square residuals
obtained from the fit (s*) to the mean square of the
intrinsic noise in the data (¢?). For a perfect fit the only
residuals result from the intrinsic noise and x2 = 1.
This type of analysis has been discussed previously, in
detail, in relation to multi-exponential fitting.>* In this
work, o? was calculated for each decay curve from the
baseline and s* for each fit was returned by the fitting
procedure. In this manner, estimated y,2 values were
recorded for the fitting of each decay curve as a further
check on the extracted values of T,. As both the fit itself
and the intrinsic noise value calculation were carried
out on a limited number of points, some variation of y,>
from 1 is to be expected. It was assumed that y,? values
as large as 1.5 were acceptable fits>* under typical
experimental circumstances, and all fits reported here
fulfilled this criterion.

Methanol-water

Sample Preparation. Methanol-d,~water mixtures
were prepared and the pH values of the solutions were
varied by the addition of NaOH and HCL. The com-
position was chosen so that P, = 0.0419, in line with a
previous study.* Since methanol-d, was used, ca. 4% of
the total exchangeable proton sites were occupied by
deuterons. This was preferable to using protonated
methanol where the signal from the non-exchangeable
methyl protons would have necessitated double expo-
nential fitting of the magnetization decay. The pH
reported here was measured with a glass electrode after
sample preparation was completed.

Results and Discussion. Figure 3 shows typical dis-
persion curves obtained from a study carried out on
methanol-d,—water mixtures of varying pH and fits

2.0 2.5 3.0 3.5 4.0
log (s/T)

Figure 3. Dispersion curves obtained from a study
carried out on methanol-d,~water mixtures (O) of pH
7.0 (—), 7.5 (--) and 8.2 (- - -), with fits obtained from the
application of a non-linear regression analysis described
in this work. The results obtained from the neat water
used are also shown (@).
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obtained from the application of a non-linear regression
analysis described in this work. The results obtained
from a neat water sample are also shown and can be
seen to have negligible variation. (A simplistic calcu-
lation of the contribution to dispersive behaviour
resulting from the exchange of protons between sites on
water molecules adjacent to 17O and %0 nuclei, respec-
tively, concurs with this observation for naturally
occurring isotopic abundances.) It can be seen that
there is excellent agreement between the experimental
and fitted curves. The values of the Carver—Richards
parameters extracted by the fit are shown in Table 6, in
comparison with values obtained in previous work at
similar pHs.* The quoted uncertainty values are 95%
confidence limits.

Figure 4 shows the exchange rates obtained from
both studies plotted as a function of pH. Two theoreti-
cal predictions, taken from the work of Hills,* are also

60

P40
o

2

k/1

20—

0 l | | I \ \

4 5 6 7 8 9 10
pH

Figure 4. The exchange rates obtained from both this
work (@) with 95% confidence limits and Ref. 4 (O),
plotted as a function of pH. Theoretical predictions,
taken from Ref. 4, are also shown (i) for a purely acid-
base catalysed exchange mechanism (:--) and (ii) for an
exchange process which includes a contribution from a
neutral exchange mechanism (—).

shown (i) for a purely acid—base-catalysed exchange
mechanism and (ii) for an exchange process which
includes a contribution from a neutral mechanism. It
can be seen that there is good agreement between the
experimental results, and in particular that the value of
the exchange rate at neutral pH is significantly greater
than that predicted by a purely acid-base-catalysed
mechanism. This provides further evidence that neutral
exchange mechanisms exist in this system. This has been
discussed in detail by Hills* and is not the focus of this
paper, although it should be noted that having 95%
confidence limits for the extracted exchange rate values
strengthens the case against a purely acid—base-
catalysed mechanism.

While the values of the parameters obtained from the
different studies cannot be compared directly with one
another because the measurements were made at slight-
ly different pHs (with the exception of pH 7.0), Table 6
is still of general interest. The dw values obtained by
both studies give similar chemical shift values, and
those obtained in this work are the same within experi-
mental uncertainty. Chemical shift differences exhibited
by the hydroxyl protons of methanol compared with
those of water have previously been measured in
alcohol-water mixtures by using deuterated solvents
and low temperatures.?> Taking account of the differ-
ences in the temperature coefficient of chemical shift
between the two sites, a dw value of ca. 0.31 ppm at 298
K can be predicted. This is in good agreement with the
values reported here and this gives further confidence in
the fitting procedure.

The intrinsic relaxation rates of the hydroxyl protons
reported in this study are all, as found previously,* con-
siderably faster than obtained for pure methanol
(measured in an independent experiment to be 0.312
s~ ') and are, within 95% confidence limits, independent
of pH, having a mean value of the order of 4 s~1. The
contribution to the transverse relaxation rate of a meth-
anol hydroxyl proton in dilute aqueous solution from
the fluctuation of intermolecular proton—proton inter-
actions, resulting from the diffusion of water molecules,
is of the order of 0.1 s~ 1. It seems reasonable, therefore,

Table 6. Carver-Richards parameters obtained from the application of the fitting
procedure to experimental dispersion curves obtained from methanol-d ,—~water mix-
tures of varying pH (a) in comparison with values obtained at similar pH values in

previous work (b)*

pH k(s dw (ppm) T, (s) P, Source
5.9 1006 + 34 0.29 + 0.04 0.35 +£ 0.17 0.065 + 0.041 (a)
5.94 700 0310 0.23 — (b)
6.6 606 + 37 0.29 + 0.02 0.24 + 0.07 0.055 + 0.021 (@)
6.80 500 0312 0.35 — (b)
7.0 548 + 55 0.29 + 0.02 0.23 + 0.09 0.058 + 0.021 (@)
7.00 600 0.324 0.62 — (b)
75 784 + 66 0.32 + 0.03 0.19 + 0.08 0.048 + 0.010 (@)
7.30 760 0337 0.63 — (b)
771 1000 0.318 0.35 — (b)
8.2 1684 + 41 0.33 £+ 0.05 0.17 + 0.09 0.047 £+ 0.020 (@)
8.43 3000 0.341 0.84 — (b)

© 1998 John Wiley & Sons, Ltd.
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to suggest that the increase in the relaxation rate is due
to a lengthening of the reorientational correlation time
of the methanol molecule in the mixtures, by as much as
an order of magnitude, compared with that in the neat
liquid. There is some evidence to support this: the diffu-
sion coefficient for methanol in water is found to be
70% of the methanol self-diffusion coefficient, and it has
previously been suggested from chemical shift
measurements?® that methanol is less strongly hydrogen
bonded in methanol than in water.

The values of P, extracted by the fitting procedure
are all the same within 95% confidence limits, as
expected, and for each curve the true value is within the
calculated uncertainty. In these experiments P, was
known and could have been fixed initially. However, for
an arbitrary system this is not always the case and it is
the purpose of this work to demonstrate the general
applicability of the described fitting procedure.

Maltodextrin—-water

Sample Preparation. Maltodextrin was obtained from
Cerestar UK. The sample was an a-amylase degraded
potato starch that was initially ca. 60% amylopectin.
Samples of various concentrations were prepared by
adding a known weight of maltodextrin to a known
weight of deionized water. These mixtures were then
heated for 30 min in a water-bath maintained at 358 K
while the solutions were continuously stirred. Samples
were contained in flasks sealed with Parafilm, to reduce
evaporation, and were weighed after preparation. Some
of the sample was then transferred, using a glass pipette,
into an NMR tube (5 mm o.d.). The glassware was kept
warm in an oven to prevent the sample experiencing
large thermal gradients at this stage. The samples were
subsequently left to cool to room temperature. The pH
of each sample was measured and found, at pre-gelling
temperatures, to be ca. 5.7 + 0.2. An independent mea-
surement of the proton NMR relaxation time, T,, of the
neat water used to prepare the samples was also per-
formed. Repeat experiments carried out on a replicate
1% (w/w) sample were found to produce consistent
decay curves and T, values in agreement to better than
1%. With biopolymer gels, assessing the repeatability of
T, measurements is complicated by the difficulty of
reproducing samples of exactly the same concentration
that have had identical thermal histories. Deviations in
this respect could possibly yield states of the system that
differ at the molecular level. However, 24 h after the gels
had cooled, any changes in these systems were believed
to be occurring relatively slowly, so that T, experiments
repeated many times over the time-scale of minutes
were assumed to be on an identical system.

The Gelation of Amylose and Amylopectin. The
gelling behaviour of a maltodextrin solution will be
dependent upon the relative proportions of (linear)
amylose and (branched) amylopectin it contains. It is

© 1998 John Wiley & Sons, Ltd.

worthwhile, therefore, to review briefly the behaviour of
amylose and amylopectin solutions.

Early studies of amylose gelation observed that above
1.5% (w/w) amylose forms a gel rather than a precipi-
tate.2” It was concluded from viscosity data that this
critical gelling concentration corresponded to the coil-
overlap concentration. In 1989, however, a series of
papers were published on the aggregation and gelation
of nearly monodisperse enzymically synthesized
amylose fractions, which showed that, for amyloses with
a degree of polymerization (DP) > 250, gels formed at
>1% (W/v) concentration, independent of chain length
and, in contrast to the previous work, below the coil-
overlap concentration.?83° A more recent study,
carried out on an amylose sample obtained from a
potato starch fraction, found a value for the overlap
concentration of twice that reported previously for the
same DP, further distancing this value from that of the
critical gelling concentration.3! The value of the overlap
concentration obtained in that study was justified by
calculating a critical molecular weight for the onset of
entanglements and relating it to certain structural
parameters of amylose.

The non-equivalence of the critical gelling concentra-
tion and the coil-overlap concentration has previously
been observed for globular proteins3?:3® and suggests
that a specific cross-linking mechanism is responsible
for the gelation behaviour. The molecular units that
result from such cross-linking in amylose have been
shown, by 13C cross-polarization magic angle spinning
(CP/MAS) NMR, to be composed of double helices of
the B-type.*° In this model, the formation of molecular
units is the initial process that underlies gelation and
the subsequent development of long-range order results
from the packing of the double helical units. Similarly, it
has been suggested from studies of the disruption of
starch granules, that the integrity of the granules largely
results from interactions at the double helical level.>*
The results of a Fourier transform IR study concur with
the notion that coil to helix transitions are at the heart
of both amylose and amylopectin gelation, being inter-
molecular and intramolecular, respectively.*>

An early study of the gelation of amylopectin found
that although the coil-overlap concentration, deduced
from viscosity data, was 0.9% (w/w), gelation only
occurred from ‘heavily entangled’ solutions of >10%
concentration.>® This behaviour is distinctly different
from that of amylose, where gels are known to form
well below the coil-overlap concentration. This is not
entirely unexpected, however, considering that linear
chain sections of the length thought to be involved in
the intermolecular interactions of amylose (ca. 100
residues) are not present in the branched amylopectin
structure. A later study,®” in which an even greater criti-
cal gelling concentration of 18% was found, suggested
that the critical concentration depended on molar mass.
More recently it has been shown that weak amylopectin
gels can be formed at lower concentrations (3%), which
are visually clear and homogeneous.>® It has been pro-
posed that the mechanism of gelation in this case is the
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pairwise aggregation of outer amylopectin chains to
form double helices.

Results and Discussion. Typical CPMG decay curves,
obtained from samples 24 h after preparation, were
found to be good fits to single exponential functions
(based on the criteria discussed in the Experimental
section). It is assumed that the signal from non-
exchangeable biopolymer protons was either small
enough to be negligible or, at the higher concentrations,
short enough to have dephased before the observation
of the first echo. In a previous NMR study that used
CPMG measurements of 'H T, to investigate the struc-
ture of systems containing amylose, amylopectin and
their mixtures,?® single exponential decay curves were
reported for concentrations of maltodextrin up to 12%.
Unfortunately, the CPMG pulse spacing was not speci-
fied and, furthermore, chemical exchange between the
bulk water and the biopolymer hydroxyl groups was
completely ignored, casting serious doubt on the inter-
pretation presented.

Figure 5 shows the results of typical 'H T, dispersion
experiments carried out on maltodextrin samples of bio-
polymer weight fraction 1, 5, 10, 15 and 20% (w/w)
(uncorrected for moisture content). The solid lines are
fits to the data with T,, = 2.48 s in all cases (this value
was chosen to be equal to the independently measured
value of the T, of the bulk water used in the preparation
of this set of samples). The fits were obtained as
described previously. It can be seen that there is excel-
lent agreement between the experimental data and the
fitted functional forms. The extracted values of k and dw
varied slightly, but not significantly within 95% con-
fidence limits, as a function of concentration. The aver-
ages of these extracted values (weighted by the
reciprocal of the variances of each fit) were 901 + 46 Hz
and 1.00 + 0.05 ppm, respectively. It is clear from the
results obtained using simulated systems that for a
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Figure 5. Results of typical 'H T, dispersion experiments
(O) carried out on maltodextrin samples of biopolymer
weight fraction 1, 5, 10, 15 and 20% (uncorrected for
moisture content). The solid lines are fits to the data
carried out as described in the text.
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system of this type these should be interpreted as indi-
cating the average values of any distinct sites. It is inter-
esting to note that the average of the chemical shift
values obtained from the hydroxyl protons at the 2-, 3-
and 6-positions for a-D-glucose at 273 K is 1.00 ppm.!8
The extracted T,, values varied from 10 ms in the most
dilute sample to ca. 4 ms for the more concentrated
systems. However, these results should be treated with
caution owing to the significant polydispersity of the
sample. This is discussed again in due course.

Figure 6 shows the variation in the value of P,,
extracted by the fitting procedure for a set of maltodex-
trin sols and gels, as a function of the percentage bio-
polymer weight fraction, w. These weight fractions were
calculated taking into account the moisture content of
the maltodextrin sample. It is interesting to consider the
expected form of a plot of P, vs. w based on simplistic
models for the behaviour of maltodextrin—water
systems.

In general, in the absence of any conformational
change or specific interactions that would restrict the
accessibility of some exchangeable groups on the bio-
polymer, P, would be expected to be of the form

N R

where M is the relative molar mass of a biopolymer
residue and n is the number of exchangeable protons
per residue. In the case of maltodextrin, M = 162 and n
can be estimated from the structures of amylose and
amylopectin as follows. Each of the glucose monomers
that constitute the amylose backbone has three
hydroxyl protons that are potentially exchangeable.
This is also true of the branched amylopectin structure,
with the exception of the glucose unit that forms the
branching point at the 6-position. It is believed that
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Figure 6. The variation in the value of P, (@), extracted
by the fitting procedure, with 95% confidence limits, for
a set of maltodextrin sols and gels, as a function of w.
These weight fractions were calculated taking into account the
moisture content of the maltodextrin samples. The curves are
generated model functions described in the text.
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typically there is a branching point every 20-25 units3®
in the amylopectin structure so that, on average, amylo-
pectin has 2.95 exchangeable protons per residue. In the
production of maltodextrin, because the enzymatic
cleavage of glycosidic bonds in starch proceeds via
hydrolysis, further exchangeable hydroxyl sites are
introduced, the number of which will depend on the
resulting molar mass distribution. It is not unreason-
able, in a simplistic model, to assume a value of three
exchangeable protons per residue for the maltodextrin
and the functional form given by Eqn (1) is plotted in
Fig. 6 [curve (a)], based on this value. It is immediately
apparent that this function significantly overestimates
the number of exchangeable protons available com-
pared with the value obtained from the fitting of the
experimental dispersion curves. The work on the simu-
lated dispersion curves clearly shows that this large dis-
crepancy in this measured exchangeable fraction is not
an artifact of polydispersity. Neither can changes in T,,
resulting from the motion of constrained water mol-
ecules provide an explanation. Fitting data which orig-
inate from a system with low T, to a Carver—Richards
function with T, erroneously set to a higher value can
only yield a P, value that is higher than the true value.
Clearly, the discrepancy between the experimentally
determined P, values and those calculated assuming all
exchangeable protons contribute to fast chemical
exchange warrants a physical interpretation.

For data obtained up to and including w = 1.5%, a
fit to Eqn (1) yields n = 2.1 + 0.3. This suggests that
even in the low concentration region a fraction f; ~ 1/3
of the hydroxyl protons are not contributing to the dis-
persive behaviour. It has recently been proposed that
intramolecular hydrogen bonding occurs between the
OH(6) and the adjacent hemiacetal oxygen atom of the
D-glycosyl residues of amylose molecules in aqueous
solution.*® This would be consistent with our observ-
ations if it were postulated that protons involved in
intramolecular hydrogen bonds were removed from the
pool taking part in fast chemical exchange.

In order to explain the observed variation of P,
above 1.5%, however, it was found necessary to take
into account both intra- and intermolecular inter-
actions. In this context, the distinct models in which
hydroxyl protons are prevented from participating in
fast chemical exchange were considered.

Model 1

In the case of progressive entanglement, as the concen-
tration rises an additional fraction of exchangeable
protons (f,w) would become inaccessible as the bio-
polymer becomes increasingly entangled. It has been
assumed here that the number of interaction points is
proportional to w, although it is possible that the
dependence is on w" with n > 1 (it should be remem-
bered that the r.m.s. end-to-end distance of a random
coil is proportional to (DP)'/2, so that the probability of
entanglement will depend not only on the total mass of
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the biopolymer present but also on the polydispersity of
the sample). In this case, the dependence of n on w is
given by

n=31-f —fiw) @

where f; and f,w are the fractions per residue of
exchangeable biopolymer protons removed from fast
chemical exchange by intramolecular and intermolecu-
lar interactions, respectively. Curve (b) in Fig. 6 was cal-
culated using Eqns (1) and (2) with f; = 1/3 and f, set to
give good agreement with experiment in the centre of
the examined concentration range.

Model 2

In the opposite extreme, a ‘crystallization’ process can
be envisaged in which the further addition of maltodex-
trin to an aggregated system would simply increase the
dimensions of the aggregate. In this case the number of
the extra exchangeables provided by the addition of
new material would be equal to those removed at the
interaction site. The predicted functional form resulting
from this scenario would be given for w < 1.5 by Eqns
(1) and (2) with f; = 1/3 and f, = 0 and for w > 1.5 by
P, = P,(1.5), as shown in Fig. 6 [curve (c)].

Model 3

Maltodextrin solutions above a critical concentration
could be involved in intermolecular pairwise aggre-
gation, forming double helices. This would result in a
further fraction of protons per residue, f;, becoming
inaccessible, in addition to those involved in intramole-
cular interactions, so that the predicted functional form
resulting from this process would be given for w < 1.5
by Eqns (1) and (2) with f; = 1/3 and f, =0 and for
w > 1.5 by Eqns (1) and (3):

n=31-f—-1) ©)

The case of f; = 1/3 and f; = 1/5 is shown in Fig. 6
[curve (d)]. It can be seen that this is by far the most
successful description of the experimental data. This is
also in fair agreement with a proposed model of inter-
molecular hydrogen bonding for amylose in aqueous
solution, in which pairwise associations of the molecules
are stabilized by hydrogen bonding between the OH(2)
and adjacent O(6) of the D-glucosyl residues on different
molecules,*® as in the solid state. This process would be
expected to involve one extra hydroxyl site per two resi-
dues compared with the intramolecular situation, which
would be equivalent to f; = 1/6. The slight discrepancy
between this theoretical value and that determined
experimentally could possibly be the result of the
further aggregation of double helical regions, involving
specific interhelical interactions.

In conclusion, the experimental data shown in Fig. 6
suggest the formation of discrete molecular units, which
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is consistent with the model of double helix formation
suggested by Gidley.3°

It would be expected that the formation of double
helical structures would also be reflected in the molecu-
lar dynamics of the biopolymer and hence in T,,.
However, it is not straightforward to predict the exact
form of the relationship between T,, and concentration.
T,, is inversely proportional to the residual magnetic
dipole—dipole interaction experienced by the proton and
although, qualitatively, the more rigid a gel becomes the
larger the residual static interaction and the shorter T,
becomes, the exact form of the averaging behaviour is
complex. Even if this function could be elucidated, the
present work on the simulated polydisperse systems
indicates that the T, values extracted depend in a com-
plicated way on the efficiency of the fitting routine in
different T,, regimes and, although T, values of the
order of milliseconds are reasonable, this does not pre-
clude the existence of many other dynamic environ-
ments.

CONCLUSIONS

It has been shown, both with the use of simulated data
and experimentally, that a four-parameter non-linear
regression analysis of 'H T, dispersion curves can be a
useful tool in the study of water-rich systems, in which
spins are undergoing proton exchange, even if the size
of the exchangeable population is unknown and signifi-
cant polydispersity exists. The application of the fitting
procedure is routine and has the advantage of produc-
ing well defined 95% confidence limits. The work
carried out with simulated data provides an under-
standing of the ability of the fitting procedure to extract
accurate and precise values of the physical quantities
parametrizing the Carver—Richards expression. This is
of general interest and provides not only an interpreta-
tion of fitting results but also a basis for experimental
design, where the optimum values of external param-
eters such as applied field strength, temperature and pH
could be chosen to give the best chance of the successful
extraction of a particular parameter.

It has also been shown that the procedure is suc-
cessful in fitting experimental dispersion curves
obtained from maltodextrin—water systems. The
extracted P, values are found to be considerably lower
than those calculated on the basis of the maltodextrin
structure assuming that all hydroxyl protons contribute
to fast chemical exchange. Extensive simulations of
polydisperse systems have shown that this observed
reduction cannot be accounted for by the effects of
sample polydispersity. The simplest interpretation of the
results is consistent with previously postulated mecha-
nisms of molecular interaction: at low concentration
(< 1.5% in this work) one hydroxyl group per residue is
involved in intramolecular hydrogen bonding and is
therefore not involved in fast chemical exchange pro-
cesses. At higher concentrations, discrete units of double
helical nature are formed which are stabilized by inter-

© 1998 John Wiley & Sons, Ltd.

molecular hydrogen bonding. These molecular units can
further aggregate to develop structure at a supramo-
lecular level.
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