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a  b  s  t  r  a  c  t

The  –OH resonance  on –C1 of  the  � and  �-anomers  of  glucose  that  are  normally  invisible  in 1H  NMR  spec-
tra,  was  used  to monitor  the  reaction  kinetics  of  starch  hydrolysis  in aqueous  solutions.  The  exchangeable
protons  on  glucose  were  detected  indirectly  through  their  exchange  with  water  protons,  and  hence  the
water  resonance,  by  using  selective  radiofrequency  (RF)  saturation  at the  absorption  frequency  of  the
hydroxyl  protons.  The  saturated  population  of  –OH spins  exchanged  rapidly  with  the water  proton  pop-
ulation,  leading  to the  partial  suppression  of the  water  signal.  Mutarotation  of  the  anomers  of  glucose  and
starch  digestion  kinetics  measured  this  way  were  consistent  with  those  readily  obtained  by  other  more
CEST)
igestion kinetics
utarotation

ime-resolved nuclear magnetic resonance
pectroscopy
MR

direct,  but  less  sensitive,  NMR  methods.  The  chemical  exchange  saturation  transfer  (CEST)  technique  is
useful in  favourable  circumstances  when  signals  from  non-exchangeable  protons  are  not  resolved  in  a
crowded  region  of  the  spectrum.  Thus  the 1H2O signal  is  so  relatively  large  that  its  dynamic  range  is high
and  it  gives  greatly  enhanced  sensitivity  for (indirectly)  detecting  much  less  abundant  saccharide  species.
-Spectrum

. Introduction

The kinetics of enzyme-catalyzed starch digestion is a vigorously
esearched area, however current methods used to study them in
ivo are costly; and the relevance to diet-management of analytical
ata on glucose release from foods is controversial and therefore

n need of new analytical approaches (DeVries, 2007). The present
ork was directed at developing an in vitro method of analysis

o predict in vivo digestion of carbohydrates in complex mixtures
uch as food. The protons on the –OH groups of starch chains and
lucose molecules are in relatively rapid exchange with H2O pro-
ons in aqueous solution; this finding can be exploited to study the
nzyme kinetics of reactions involving saccharides by using satura-
ion transfer experiments to monitor the emergence of free glucose.
hus, our aim here was to develop NMR-based analysis that exploits
his exchange, and to apply it to the characterization of the kinetics

f starch digestion.

NMR  spectroscopy has been used to measure the rates of chem-
cal exchange reactions for more than four decades (Forsen &

Abbreviations: CEST, chemical exchange saturation transfer; CPMG, Carr, Pur-
ell,  Meiboom, and Gill; GI, glycemic index; MTRasym, magnetization-transfer
symemetry ratio; NMR, nuclear magnetic resonance; PTE, proton transfer enhance-
ent; RF, radiofrequency.
∗ Corresponding author. Tel.: +65 6478 8743.

E-mail address: philip kuchel@sbic.a-star.edu.sg (P.W. Kuchel).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.06.056
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Hoffman, 1963; Kim, Gillen, Landman Bennett, Zhou, & van Zijl
Peter, 2009; Kuchel, Bulliman, Chapman, & Kirk, 1987; Zhou &
van Zijl, 2006; Zhou, Wilson, Sun, Klaus, & van Zijl, 2004). The
analysis of the special spectra that were generated required the
NMR  Bloch equations to be modified to include terms that describe
the chemically mediated exchange of magnetization. Thus pro-
ton transfer rates between ammonium ions and solvent water
molecules were able to be measured (McConnell & Thompson,
1959). Another early example of chemical exchange saturation
transfer (CEST) analysis was  the measurement of the rate of pro-
ton transfer between salicylaldehyde and water (Forsen & Hoffman,
1963). Recently CEST techniques have generated much interest
as a means of producing contrast in magnetic resonance images
(Guivel-Scharen, Sinnwell, Wolff, & Balaban, 1998; Zhang, Merritt,
Woessner, Lenkinski, & Sherry, 2003); and yet, for many years sat-
uration transfer and more general magnetization transfer methods
have enjoyed wide biochemical applications in determining rate
constants for enzyme-catalyzed and membrane transport reac-
tions (Brindle, Brown, Campbell, Grathwohl, & Kuchel, 1979; Kuchel
et al., 1987; Labotka, Lundberg, & Kuchel, 1995; Szekely, Chapman,
Bubb, & Kuchel, 2006).

For spin-1/2 nuclei like 1H, the Boltzmann equation explains
the unequal distribution of populations of nuclear-spin eigenstates,

aligned either with or against the main magnetic field of the NMR
spectrometer (B0). Magnetic saturation by selective radiofrequency
(RF) irradiation at the resonance frequency of a nuclear population
equalises the populations of the two  eigenstates. If a population

dx.doi.org/10.1016/j.carbpol.2011.06.056
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:philip_kuchel@sbic.a-star.edu.sg
dx.doi.org/10.1016/j.carbpol.2011.06.056
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Fig. 1. 1H NMR  z-spectra of glucose and starch in water and acetate buffer: sol-
vent only (blue); 100 mmol L−1 (glucose equivalent) autoclaved rice starch (red);
and  100 mmol  L−1 glucose (black) in 2 mmol L−1 acetate buffer at 37 ◦C. In the fig-
526 A.C. Dona et al. / Carbohydra

s in chemical exchange with another population this saturation
ill be, at least partially, passed to it. For the purpose of this study
e consider a system where exchangeable protons of –OH groups

n a particular type of molecule (Pool A) are in exchange with the
rotons of the solvent water (Pool B) (Scheme 1),

(1)

here k1 is the forward and k−1 is the reverse-rate constant char-
cterizing the reaction. Saturating the magnetization of the solute
opulation causes no solute resonance to be observed in the spec-
rum that is generated after applying a �/2 sampling pulse to give

 free induction decay (FID). As the nuclei in the molecules of Pool
 are in chemical exchange with those in Pool B saturation of mag-
etization is transferred from Pool A to Pool B. The net result is a
oncomitant decrease in the NMR  signal intensity from the nuclei
n Pool B.

A notable feature of this experiment is that the solute molecules
o not need to be highly concentrated, or even able to be detected in
he NMR  spectrum, for their nuclear magnetization to be saturated
nd for the saturation transfer from them to dramatically affect the
ignal from the much larger solvent population. In other words,
hen the saturating RF field is applied at the resonance frequency

f the solute molecules, the solvent signal (which is evidently very
arge in comparison to that of the solute in the present cases) is
uppressed by proton exchange to an extent where the change in
agnetization (�M;  viewed as a negative signal) is much larger

han the direct signal from the solute. Thus the signal-to-noise ratio
or detecting the solute is greatly enhanced.

The water resonance intensity that remains when saturating
ith frequency-selective RF irradiation at different offsets from

he centre of the water resonance can be graphed to yield a so-
alled z-spectrum. Although an increase in the rate of exchange
f –OH protons reduces their direct visibility in 1H NMR  spectra,
he sensitivity to detection is enhanced by recording a z-spectrum
ecause of the proton exchange with the relatively massive H2O
opulation with its large NMR  signal. The rate of proton exchange

s such that the CEST effect can be used with the –OH groups of glu-
ose, and glucose residues, at concentrations in solution where the
orresponding directly recorded 1H NMR  spectral peaks are barely
isible.

Only at temperatures close to 0 ◦C do the high resolution 1H
MR  spectra of carbohydrate polymers like glycogen and starch,
ave well-defined resonances assigned to protons on –OH groups.
he line-width of these resonances gradually broaden as the tem-
erature is increased, causing them to eventually disappear at

biological’ temperatures (van Zijl, Jones, Ren, Malloy, & Sherry,
007). However, CEST is valuable for analysing biological reactions

nvolving –OH groups that are normally NMR-invisible at biological
emperatures since they can still be detected, albeit indirectly.

In carbohydrate samples the CEST effect is more pronounced
ith higher concentrations, as well as having significant depen-
ence on temperature and type of buffer; the proton exchange is
cid–base catalyzed so other proton-exchanging groups in solution
ffect the lifetime of the protonated –OH. It is often difficult to quan-
ify accurately the variations in signal intensity brought about by RF
rradiation of one spin population if the spectral resonances of the
wo exchanging populations are not well resolved; there can be a
ignificant ‘spill over’ effect, suppressing the second resonance due
o the non-selectivity of the saturating RF field. To control for this
otential experimental artifact the magnitude of the CEST effect

s described in terms of a magnetization-transfer asymmetry ratio

MTRasym), a parameter that is defined as

TRasym(�ω) = S(−�ω) − S(�ω)
S0

(2)
ure  the water frequency was arbitrarily set to 0 Hz. Overlay: 1H NMR  spectrum of
100  mmol  L−1 glucose in acetate buffer at 37 ◦C. (For interpretation of the references
to  color in this figure legend, the reader is referred to the web version of the article.)

where �ω  is the difference between the irradiation frequency and
the centre of water resonance, −�ω  is the offset in the opposite
direction of the centre of the water resonance, S(�ω) and S(−�ω)
are the water intensities after a long pre-saturation pulse at the
offset frequency and the offset on the opposite side of the water
signal, respectively. S0 is the water resonance intensity at a very
large irradiation offset at which the water-resonance intensity is
unaffected by the field. The parameter MTRasym is most useful if it
can be shown that the envelope of the saturating RF field is symmet-
rical. This was confirmed experimentally, in the present work, by
measuring the z-spectrum of only the solvent used for monitoring
reactions by CEST (Fig. 1).

Measuring the intensity of the perturbed water signal signifi-
cantly enhances the signal-to-noise ratio obtained when compared
to monitoring exchangeable protons directly (Goffeney, Bulte,
Duyn, Bryant, & van Zijl, 2001). For fast exchange between two spin
populations, each giving a resolved single signal, it can be shown
that the proton transfer enhancement (PTE) is (Eq. (3)),

PTE = ˛k′MWN

(1 − x)R1wat + xk
(1 − e−[(1−x)R1wat+xk]tsat ) (3)

where  ̨ is the saturation efficiency (0 <  ̨ < 1), k′ the pseudo-first-
order forward rate constant of chemical exchange (Eq. (4)), Mw the
molecular weight, N is the number of exchangeable protons of a
particular type per molecular weight unit, and x the fractional con-
centration of exchangeable protons. The exponential term accounts
for the influence of back-exchange and the longitudinal relaxation
rate constant (R1wat = 1/T1wat) of water protons on the build-up of
this effect during the saturation period (tsat). The pseudo-first-order
rate constant (k′) of exchange depends on the concentration of glu-
cose (Eq. (4)), so the PTE depends on glucose concentration which
is discussed later.

k′ = k[G] (4)

where k is the rate constant of proton exchange between glucose
and water, and [G] is the concentration of glucose.

Controversy surrounds the in vivo measure of the glycemic
index (GI), including its reproducibility and therefore its relevance
to nutrition (Barclay et al., 2008; DeVries, 2007; Livesey, Taylor,
Hulshof, & Howlett, 2008). Conducting experiments on commer-
cial foods to estimate their GI, or other in vivo measures, is costly;

so recent research has been aimed at developing in vitro methods to
predict GI or some equivalent ‘metric’ that can be used in nutritional
analysis (Garsetti et al., 2005; Goni, Garcia-Alonso, & Saura-Calixto,
1997; Okuda, Aramaki, Koseki, Satoh, & Hashizume, 2005).
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The rate of sugar release from enzymic starch digestion is
f biological importance as it affects many areas of human
ealth (Brand-Miller, Holt, Pawlak, & McMillan, 2002; Thornley,
cRobbie, Eyles, Walker, & Simmons, 2008; Wolever et al., 2008).

he rate of sugar release depends on two main factors. The first is
he molecular architecture and physicochemical characteristics of
he starch granule, at all its “six levels of structure” (Ao et al., 2007;
rench & Knapp, 1950; Kerr, Cleveland, & Katzbeck, 1951; Kruger &
archylo, 1985). Research correlating the botanical origin, largely

esponsible for the architecture of the starch granule, with both
n vivo and in vitro digestibility is advanced; this is a correlation and
oes not follow the causal relationship of starch granule biosyn-
hesis (biosynthesis causes structural properties that determine
igestibility) (Goni et al., 1997; Jenkins et al., 2002; Thompson,
000). The second feature affecting the rate of sugar release is the
ydration or physical conformations that starch granules assume in
queous solution; these conformations control digestibility. Both
eat and pressure during the preparation of starch suspensions
lter the progression towards gelatinisation, which increases the
vailability of polysaccharide starch chains to digestive enzymes,
hus affecting the rate of glucose release (Chung, Lim, & Lim, 2006;
hung, Yoo, & Lim, 2005).

. Experimental

.1. Materials

Anhydrous �-d-glucose (AF404308; Ajax Finechem, NSW,
ustralia) was  used for calibrating concentrations from 1H NMR
pectra in starch digestion experiments. For studies relating to
tarch digestion, glucoamylase (E.C. 3.2.1.3) from Aspergillus niger
A7095, Sigma, St Louis, MO)  was obtained at a concentration
f 300 U mL−1, where a single unit of enzyme is defined as that
mount which hydrolyzes the � (1,4) linkage of maltose at a rate
f 1 �mol  min−1 at 25 ◦C. The enzyme was added to rice starch
S-7260, Sigma, St Louis, MO)  during digestion analysis.

The buffer solution mainly used was 2 mmol  L−1 acetate (sodium
cetate, D3247; and glacial acetic acid, AH312068; Ajax Finechem)
t pH 5.3 in H2O. Potassium hydrogen phthalate (399, Ajax
inechem) was also used for some experiments as indicated in the
ext.

.2. Methods

.2.1. 1H nuclear magnetic resonance
All NMR  spectra were acquired on a Bruker Avance III spec-

rometer (Karlsruhe, Germany), equipped with a 9.4 T wide-bore
ertical magnet (Oxford Instruments, Oxford, UK), operating at an
F of 400.09 MHz  for 1H detection, using a triple resonance inverse
TXI) probe. The probe temperature was set to 37 ◦C for all exper-
ments. The 90◦ pulse duration was ∼11.5 �s; and the acquisition
ime (aq) and relaxation delay (d1) were 8 s and 2 s, respectively.
he pre-saturation pulse had a duration of 10 s and a B1 of 1.9 �T.
ach spectrum was derived from two transients. Chemical shifts
ere calibrated using the resonance from H2O at 0.000 Hz. Expo-
ential line broadening of 1 Hz was used with no zero-filling prior
o Fourier transformation of the FID. The data were recorded and
rocessed using TOPSPIN 2.1 software (Bruker).

To calibrate the 1H NMR  intensities of the –C1OH resonances of
- and �-reducing ends of glucose, z-spectra of 10 d-glucose stan-
ards were recorded at concentrations ranging from 10 to 100 mM.

o quantify the concentration of glucose produced during starch
igestion experiments, standard solutions made up of mixtures of
utoclaved starch and free glucose were diluted to each contain a
otal of 100 mM glucose units (i.e., 10 mM of glucose and 90 mM
mers 86 (2011) 1525– 1532 1527

glucose equivalent starch and so forth). Nine standards were con-
structed with free glucose concentrations ranging between 0 and
100 mM.  For each standard, a set of 181 spectra were recorded,
with the pre-saturation RF pulse shifted in frequency by 20 Hz. The
integral of the water resonance was  plotted against the saturation
frequency to create each z-spectrum.

All digestion reactions were carried out in 2 mmol  L−1 sodium
acetate buffer, at pH 5.3 made up in H2O. Prior to enzyme addition,
a spectrum of each sample was acquired, and the correspond-
ing asymmetry at the –C1OH resonance of the �- and �-reducing
ends was  recorded. Subsequently, glucoamylase enzyme solution
(1.2 U mL−1) was  added to the starch solution samples and the
asymmetry was measured at the frequencies of interest over time.
The delay between beginning the enzymic reaction and recording a
1H NMR  spectrum was precisely timed (∼2 min); then up to 500 1H
NMR spectra (∼2 min  each) were acquired sequentially to monitor
the time course. To compare the method with other well developed
NMR  methods for monitoring the digestion of starch, a Carr, Purcell,
Meiboom, and Gill (CPMG) pulse sequence was  used, as described
by Dona, Pages, Gilbert, Gaborieau, and Kuchel (2009).

2.2.2. Preparation of samples
Autoclaving is the most widely used technique for homogenis-

ing of starch suspensions, although many starch varieties do not
solvate to homogeneity (Mukerjea, Slocum, Mukerjea, & Robyt,
2006). CEST experiments require samples to be solvated, and ideally
homogeneous; however as with many NMR techniques spectra can
be recorded from inhomogeneous samples (e.g., Dona et al., 2007,
2009; Mulquiney, Bubb, & Kuchel, 1999). Therefore, samples used
for z-spectrum experiments were autoclaved at 121 ◦C for 30 min  in
a glass vial and then aliquots were transferred at room temperature
to NMR  tubes.

2.2.3. 1H NMR spectral features of carbohydrates
The features in z-spectra of carbohydrates change significantly

with carbohydrate type, concentration, buffer conditions and tem-
perature (van Zijl et al., 2007). Saturation envelope experiments of
acetate buffer alone displayed no asymmetric features on the H2O
resonance (Fig. 1). Upon running the same experiment on an auto-
claved starch sample, in acetate buffer, a single asymmetric feature
appeared due to the four –OH groups that exist on glucose residues
in starch chains. Saturation envelope analysis of glucose in acetate
buffer revealed that its z-spectrum contained two  additional char-
acteristic features compared with autoclaved starch (Fig. 1). These
features correspond to the exchange with H2O from reducing end
�- and �-G–OH signals (860 and 1140 Hz from the water peak,
respectively). These offsets did not generate a significant asym-
metrical feature in the z-spectrum from either buffer solution, or
autoclaved starch samples (Fig. 2).

The MTRasym (Eq. (2))  further clarifies the features observed in
the z-spectra of measured samples (Fig. 1). The peaks present due to
the –OH groups on the reducing end of glucose are better resolved
than the other –OHs of glucose such that variations between sam-
ples can be more accurately quantified. The other –OH resonances
in both glucose and starch molecules (C2, 3, 5 and 6) produce a
single unresolved feature that is most prominent at 540 Hz (Fig. 2).
The feature is more prominent in glucose than in autoclaved starch
at comparable glucose unit concentrations, most likely due to a
change in the exchange rate of equivalent protons in the two differ-
ent sample. A small change in environment can significantly affect
the proton exchange rate (van Zijl et al., 2007).
2.2.4. Influence of buffer type and concentration
Various buffer concentrations and types were explored to max-

imize the asymmetric signal from z-spectra of carbohydrates. To
minimize the error encountered when monitoring the kinetics of
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Fig. 2. Magnetization transfer asymmetry ratio of glucose and starch: 100 mmol L−1

glucose (black); and 100 mmol  L−1 (glucose equivalent) rice starch (red) in
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Table 1
Comparison of the theoretically calculated and experimentally measured MTRasym

for each anomer of glucose.

Glucose anomer Theoretical MTRasym Experimental MTRasym

a

rates were also estimated between the hydroxyl protons of glucose
with water by extrapolation from recorded data (Fabri et al., 2005)
 mmol  L−1 acetate buffer at 37 ◦C. (For interpretation of the references to color in
his figure legend, the reader is referred to the web  version of the article.)

arious carbohydrate reactions, the measured asymmetric signal
eeded to be maximised. Saturation envelope experiments were
arried out on glucose in two buffer types, acetate and phthalate
pH 5.3), over a range of concentrations. A pH of 5.3 was cho-
en for many reasons including the glucoamylase used later for
igestibility studies has optimal activity at this pH. Furthermore,

nitial studies showed the CEST experiments were found to give
ore resolved signals at pH 5.3 in acetate buffer.
The asymmetric features in both buffers increased in magnitude

t lower buffer concentrations; at a given concentration, phthalate
uffer gave a significantly more asymmetric signal than acetate
uffer (Fig. 3). However, the signals measured in the z-spectrum
f glucose in phthalate buffer were broader and less well-reolved
han the signals recorded in acetate buffer. This poorer resolution
n phthalate buffer is most prominently seen on the shoulder at
40 Hz, and it clearly had more definition in the sample recorded

n acetate buffer (Fig. 3). The decrease in broadness of signals in
cetate buffer was also clearly recognisable in the signal around

 Hz due to water.
Acetate buffer was used rather than phthalate buffer for further

tudies as the z-spectrum of glucose had better definition, allowing
he features to be more accurately monitored over time; acetate
uffer was also chosen for consistency with digestibility studies

arried out in previous research. The concentration of acetate buffer
2 mmol  L−1) chosen for kinetic analysis was relatively small in

ig. 3. The z-spectra of 100 mmol L−1 glucose in 2 mmol L−1 acetate buffer (red),
 mmol  L−1 phthalate buffer (blue), and 10 mmol L−1 phthalate buffer (green) with
H 5.3 at 37 ◦C. (For interpretation of the references to color in this figure legend,
he reader is referred to the web  version of the article.)
� 0.214 ± 0.003 0.165 ± 0.008
� 0.222 ± 0.004 0.172 ± 0.010

a Denotes ± standard deviation.

order to maximise the MTRasym, however it was sufficiently large
to hold the pH stable at 5.3 after starch or glucose addition.

3. Results and discussion

3.1. Theoretical magnetic transfer ratio asymmetry

As mentioned previously, monitoring of –OH protons indi-
rectly through the perturbed water signal leads to a significant
improvement in the signal-to-noise ratio compared with directly
monitoring –OH signals. Theoretically the observed ratio of the
water signal intensity, with (S(�ω)) and without (S0) saturation
of the exchangeable protons on the carbohydrate can be calculated
(Eq. (5)):
(

1 − S(�ω)
S0

)
= [carbohydrate]PTE

2[H2O]
(5)

where PTE is the theoretical proton transfer enhancement (Eq. (3)).
Having calculated the S(�ω)/S0 ratio, it is inherent from Eq. (2) that
the MTRasym observed for the features in a carbohydrate z-spectrum
can be calculated theoretically (Table 1).

The normalised intensity of the water signal can be simulated
over a range of glucose concentrations for different values of the
first-order-rate constant (k1) for proton exchange. The simulation
to showed that as the glucose concentration increased the expected
normalised intensity of the water signal decayed away rapidly. At a
given concentration of glucose the theoretical normalised intensity
of the water signal also decreased as the rate of exchange increased
(Fig. 4).

To calculate the theoretical MTRasym, ideal saturation efficiency
(  ̨ = 1) was  assumed, and previously recorded data (Cho et al., 1991)
were extrapolated to estimate the spin-lattice relaxation time of
water in glucose solutions (T1 = 3.0 ± 0.1 s). The kinetic exchange
for each anomer of glucose (k1� = 2150 s−1 and k1� = 700 s−1). Using
the respective concentrations of each anomer ([G�] = 34 mmol L−1

Fig. 4. Simulated normalized intensity of the water signal in glucose solutions at dif-
ferent first order rate constants for proton exchange (s−1, 10000 (red), 6000 (orange),
4000 (green), 2000 (blue), 1000 (purple)). (For interpretation of the references to color
in  this figure legend, the reader is referred to the web version of the article.)
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Fig. 5. Concentration of each anomer of glucose as estimated by CEST measurements
during the mutarotation of �-d-glucose in 2 mmol L−1 acetate buffer at 25 ◦C. The

existing as a monomer or contained in starch molecules that had
been solubilised by autoclaving. All three main features observed in
the z-spectra (540, 860, 1140 Hz) increased in depth as the concen-
tration of autoclaved starch was decreased and the concentration

Fig. 6. 1H NMR  z-spectra from glucose and starch standards: glucose (mmol  L−1, 0
A.C. Dona et al. / Carbohydra

nd [G�] = 64 mmol  L−1) the theoretical MTRasym was calculated in
00 mmol  L−1 glucose using Eqs. (2), (3) and (5).

Comparing the theoretical values with experimentally obtained
easurements of the MTRasym showed a close relationship. How-

ver, a significant difference existed between the values of MTRasym

easured experimentally and estimated theoretically (Table 1).
he overestimation of theoretically calculated values for MTRasym

ay  be caused by fast rates of proton exchange not allowing full sat-
ration before exchange, thereby reducing the saturation efficiency
hich was assumed to be 100% effective (i.e.  ̨ = 1).

The saturation efficiency is reduced due to ‘back exchange’ of
ater protons from the magnetically saturated population occur-

ing with high concentrations of exchangeable protons on the
OHs of the carbohydrates. This inherently reduces the CEST effect
Woods et al., 2006). At high exchange rates the analytical expres-
ion for PTE (Eq. (3)), used to calculate the MTRasym does not hold,
ven for low concentrations of glucose. Exact fits of the data can be
btained by numerically regressing the Bloch equations (McMahon
t al., 2006) onto them, however this approach lay beyond the scope
f the present work. Back exchange and intra-hydroxyl exchange
ere not considered during the present study as the effect was
egligible.

Considering the high exchange rate, the reduced saturation effi-
iency, ˛, can be estimated using the pulse power and the exchange
ate constant:

 = (�B1)2

(�B1)2 + k2
(6)

here �B1 is the power of the applied pulse;  ̨ was calculated using
he known (set by the experimenter) applied pulse power, and the
heoretical kinetic exchange rate constant(s). For the �-anomer of
lucose the reduced saturation efficiency was estimated to be 97.9%
nd for the �-anomer it was 98.5%. The saturation efficiency of
ess than 100% provided a theoretical basis for understanding the
xperimental estimate of MTRasym (Table 1).

.2. Mutarotation

The kinetics of mutarotation of glucose have been success-
ully investigated by polarimetry (Kendrew and Moelwyn-Hughes,
940), 1H NMR  (Dona et al., 2009) and 13C NMR  (Kuchel et al., 1988).
o demonstrate the applicability of CEST to monitor reaction kinet-
cs, the mutarotational kinetic constants of glucose were measured.
rior to kinetic measurements, a set of glucose standards (between
0 and 100 mmol  L−1) were analysed and the resulting z-spectra
sed to correlate MTRasym to anomer concentration. The z-spectra
f standards of increasing glucose concentration displayed increas-
ng signals resulting from the �- and �-anomers at 860 and 1140 Hz
rom the water frequency, respectively. Although glucose concen-
ration and MTRasym signal are not expected to have a strictly linear
elationship, it was found to be linear over the glucose concentra-
ions used in this work.

Time courses of mutarotation were monitored by running
EST experiments. Rather than saturating across all frequencies,
equired to create z-spectra, the saturation pulse was cycled
etween three frequencies for each anomer to monitor the change

n MTRasym (Fig. 5). The water intensity was measured after long
re-saturation pulses at the offset frequency of the anomer, at the
ffset frequency on the opposite side of the water frequency of

he anomer, and at a very large offset at which the water-signal
ntensity was not affected (i.e., for the �-anomer, 860, −860 and
800 Hz). The MTRasym was later calibrated to yield the concen-
ration of each anomer over time and the kinetic constants of
asymmetry was measured at an offset of 1140 Hz (�-glucose) and 860 Hz  (�-glucose)
with calculated mutarotation parameters equal to kM1 = (1.58 ± 0.12) × 10−4 s−1 and
kM−1 = (2.76 ± 0.16) × 10−4 s−1.

mutarotation were calculated by optimising the fit between Eqs.
(7) and (8),  and the data.

[˛(t)] = [A]0(kM1e−(kM1+kM−1)t + kM−1)
kM1 + kM−1

(7)

[ˇ(t)] = [A]0(kM1 + kM−1e−(kM1+kM−1)t)
kM1 + kM−1

(8)

where [˛] is the concentration of the �-anomer, kM1 is the rate
constant for conversion from �-glucoside to �-glucoside, kM−1 is
that in the opposite direction, and [A]0 is the original concentration
of �-d-glucose.

3.3. Starch digestion by CEST

In order to monitor the kinetics of enzymic hydrolysis by CEST
methodologies, first a set of intermediate standards were studied.
Saturation envelope experiments were performed on a range of
samples all containing the equivalent of 100 mmol  L−1 glucose or
glucose residues. The standards differed by the amount of glucose
(red),  10 (orange), 40 (yellow), 60 (green), 90 (blue), 100 (purple)) with autoclaved
starch in 2 mmol  L−1 acetate buffer (pH 5.3). The standards were produced so the
total glucose or glucose residue equivalent concentration (glucose plus autoclaved
starch) was  100 mmol L−1. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)
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Fig. 7. Magnetization transfer asymmetry ratio, MTRasym, for glucose and starch:
glucose standards (mmol L−1, 0 (red), 10 (pink), 20 (orange), 40 (yellow), 50 (green),
60 (blue), 80 (purple), 90 (brown), 100 (black)) of increasing concentration with auto-
claved starch in 2 mmol L−1 acetate buffer (pH 5.3). The standards were compared so
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Fig. 9. Concentration of glucose produced when 100 mmol L−1 of autoclaved starch
was  digested by glucoamylase (1.2 U mL−1) in 2 mmol L−1 acetate buffer (pH 5.3).
Glucose concentration was measured by CPMG 1H NMR  experiments, with D2O
solvent (blue) and measured by CEST NMR  in H2O solvent (red). (For interpretation
he total glucose or glucose residue concentration (glucose plus autoclaved starch)

as  100 mmol  L−1. (For interpretation of the references to color in this figure legend,
he  reader is referred to the web  version of the article.)

f glucose was increased (Fig. 6). This phenomenon allowed the
ydrolysis of starch molecules by glucoamylase to be followed by
he saturation transfer method.

To quantify the variation in the saturation features of standards,
he effect was better described in terms of the MTRasym param-
ter. The asymmetry displayed an increase in magnitude as the
oncentration of glucose was increased. The features of the �- and
-anomers displayed no clear change in shape although the min-

mum at 540 Hz broadened and became less well-defined as the
oncentration of glucose was increased. In 100 mmol  L−1 (glucose
quivalent) autoclaved starch the asymmetry of the minimum at
40 Hz was less intense than for standards with glucose present
owever it appeared to display more definition. The feature due to
he four exchangeable protons of starch chains showed sufficient
efinition to enable it to be defined as two separate peaks (Fig. 7).

To normalise the measured asymmetry to the concentration of
lucose in the sample a calibration curve between the measured
TRasym and the concentration of each anomer was  developed

Fig. 8). One would not expect the MTRasym signal to be strictly

inear with glucose concentration. As with any saturation phe-
omenon, the effect can only approach a maximum of 100%. The
oncentration at which maximum saturation is reached depends

ig. 8. Linear fits to the intensity of the MTRasym at 860 and 1140 Hz corre-
ponding to �-glucose (blue) and �-glucose (red) features in Fig. 7, respectively,
gainst the concentration of each anomer. Best fit equations: �-anomer,
A  = 0.00472[˛G] + 0.02667; �-anomer, NA = 0.00309[ˇG] + 0.01235. (For interpre-

ation of the references to color in this figure legend, the reader is referred to the
eb  version of the article.)
of the references to color in this figure legend, the reader is referred to the web
version of the article.)

on two parameters: (1) the concentration of exchangeable pro-
tons; and (2) the exchange rate constant(s). Maximum saturation
is reached at lower concentrations when exchange rates are larger
(Fig. 4). Linear dependence at concentrations below 50 mmol  L−1

had been previously observed between the magnitudes of MTRasym

signals, as a function of glucose concentration; higher concentra-
tions displayed non-linearity (van Zijl et al., 2007). However, a
study of anomer concentrations up to 65 mmol  L−1 in the present
work was sufficiently close to linear to warrant calibrating glu-
cose concentration with a straight line (Fig. 8). During the digestion
of 100 mmol L−1 starch (glucose equivalent), the concentration of
either anomer of glucose did not exceed 65 mmol L−1 such that the
linear calibration was  sufficient.

In a manner similar to the monitoring of the kinetics of mutaro-
tation, the kinetics of digestion of starch was  monitored by the CEST
technique. Only the frequencies corresponding to the asymmetries
of each anomer’s minima were recorded, allowing for measure-
ment of frequent time points. The concentration of glucose could
then be calculated at any given time during the time course by
using the standard calibration line (Fig. 8). Monitoring the enzymic
digestions of autoclaved rice starch by CPMG methods displayed
analogous kinetic results to those monitored by the saturation
transfer method (Fig. 9). Therefore validation was provided to show
that CEST is a practical method for monitoring the reaction kinetics
of starch digestion, and mutarotation of glucose.

As with any methodology, there are specific advantages and
disadvantages to the application of CEST compared with other
reaction-monitoring techniques. Like any solution NMR  technique,
CEST requires the exchangeable proton groups of interest to be
completely solvated in a relatively homogeneous solution. Fur-
ther limitations to the application of CEST include the relatively
high temperatures (≥25 ◦C) required to observe asymmetry in the
z-spectrum due to the exchangeable protons. The features of the
z-spectrum were very dependent on the environment in which
they were monitored, and compared with classical CPMG 1H NMR
experiments the signals observed indirectly by CEST experiments
were broader and less well-defined. Coincidently, the uncertainty
of kinetic constants estimated in carbohydrate reactions using CEST
techniques was larger than constants estimated using classical
1H NMR  CPMG experiments. However, the kinetic constants esti-

mated by using either CPMG 1H NMR  or CEST experiments showed
insignificant variation. The constants and their uncertainties esti-
mated using the Michaelis–Menten equation for enzymic activity,
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Table  2
Comparison of the estimates of the values of the Michaelis–Menten kinetic constants
for  digestibility obtained from the two  NMR  experimental techniques.

NMR technique Km (mmol L−1) Vmax (mmol  L−1 s−1)

CPMG 1H NMR 90 ± 3a 0.083 ± 0.008
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CEST 83 ± 15 0.075 ± 0.015

a Denotes ± standard deviation.

s measured by the two experimental techniques, are given in
able 2.

As the application of CEST detects protons indirectly through
he water signal it provides certain advantages over classical NMR
echniques; for instance exchangeable protons undetectable by
onventional NMR  techniques become detectable. Recently, the
EST approach has been applied to monitor the breakdown of
lycogen in mouse liver (van Zijl et al., 2007). The approach has
llowed imaging of the distribution of glycogen in tissue, and
onitoring its metabolism non-invasively in magnetic resonance

maging experiments. Similarly the present study showed that the
nzymic breakdown of starch to glucose could also be monitored
ia changes in the z-spectra of samples. Exploring the possibilities
f CEST paves the way for the implementation of the technique in
ircumstances when non-exchangeable proton signals cannot be
eadily measured using 1H NMR, while exchangeable protons can
e detected.

. Conclusions

Chemical exchange saturation transfer has been successfully
mplemented to explore and monitor the enzymic degradation of

acromolecular starch granules. Applying understanding of the
eatures observed in the CEST z-spectrum of glucose, both the kinet-
cs of mutarotation between anomers of glucose and the kinetics
f glucose release during the hydrolysis by glucoamylase of cooked
tarch was successfully monitored. Using CEST to monitor reac-
ion kinetics holds much promise in biochemical systems where
elevant signals from non-exchangeable protons are not able to
e accurately monitored by classical 1H NMR  methods. Alternately
EST can be used to monitor the change in the nature of protons

n relatively fast exchange with aqueous solvent to observe the
inetics of biochemical systems.
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