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ABSTRACT: Starch is a prominent component of the human
diet and is hydrolyzed by α-amylase post-ingestion. Probing
the mechanism of this process has proven challenging, due to
the intrinsic heterogeneity of individual starch granules. By
means of solution-state NMR, we demonstrate that flexible
polysaccharide chains protruding from the solvent-exposed
surfaces of waxy rice starch granules are highly mobile and that
during hydrothermal treatment, when the granules swell, the
number of flexible residues on the exposed surfaces increases
by a factor of 15. Moreover, we show that these flexible chains
are the primary substrates for α-amylase, being cleaved in the initial stages of hydrolysis. These findings allow us to conclude that
the quantity of flexible α-glucan chains protruding from the granule surface will greatly influence the rate of energy acquisition
from digestion of starch.

■ INTRODUCTION

Starch granules are energy storage components formed within
plant cells. The granules are insoluble in water yet still
accessible to the plant’s metabolic enzymes.1 With the
development of cooking methods by hominids, the emergence
of the ability to hydrolyze most of any starch ingested from
plants with the enzyme α-amylase and therefore benefit from
the energy source, represents a major development in the
course of human evolution.2−5 The energetic advantages arising
from digestion of starch are believed to be of great importance
in supporting the evolution of increased brain size.6 In contrast
to animal feedstuff, nearly all ingested starch in human diets will
have been subjected to hydrothermal treatment during
domestic and commercial food processing. Such starch is
normally a main source of exogenous glucose produced during
digestion that subsequently appears at high concentrations in
the blood circulation.7

Cooked starch is digested rapidly in the gastrointestinal tract
causing peaks in glycemia and insulinemia within 1 h after
ingestion, but the rates of digestion of different starch sources
can differ noticeably.8 Controlling the variations in postprandial
glycemia and insulinemia is of great importance in the
prevention and treatment of diabetes mellitus and cardiovas-
cular disease and also has implications for obesity manage-
ment.9−14 Thus, it is important that the relatively early stages of
interaction between starch and α-amylase, the enzyme that
catalyzes the first stage in the intestinal digestion of starch, are
fully understood so that better predictions can be made of

intestinal digestibility rates of particular starch sources and of
the subsequent glycemia and insulinemia.
Solution-state NMR is uniquely powerful for observing

dynamic segments of macromolecular assemblies.15−17 If a
segment within a complex assembly has a high degree of
conformational flexibility, the effective local tumbling rate can
be substantially greater than that expected for a rigid system of
the same size, a phenomenon that results in significantly
narrower NMR signals from such regions. A particularly
interesting situation arises when flexible segments of a
macromolecular assembly give rise to sharp NMR signals,
whereas signals from the rigid core are too broad to be
detected. This situation has been observed in studies of large
functional biomolecular complexes, including ribosomes and
protein aggregates, such as amyloid fibrils.18−24 NMR experi-
ments that are particularly useful for characterizing the
resonances from flexible regions of significantly larger structures
use pulsed field gradients (PFGs) to measure diffusion
coefficients.25 Such experiments measure physical displacement
of nuclear spins during a delay denoted by Δ. Translational
diffusion occurring in solution leads to the displacement of
nuclear spins and so NMR diffusion experiments have
traditionally been interpreted in terms of this phenomenon.26

In recent years, however, it has been shown that for
biomolecular assemblies with at least one dimension exceeding
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about 500 nm, rotational, as well as translational motion, can
influence NMR diffusion measurements.27 These rotational
effects are manifest as a variation in the apparent diffusion
coefficients obtained from flexible segments at different values
of Δ.27,28 From such behavior, the size of the underlying
structure can be deduced.28 These methods are well suited for
interrogating the structure of starch granules.
From a structural perspective, starch granules, which are

supramolecular assemblies, are composed of the glucose
polymers amylose and amylopectin, both containing primarily
α-1,4 linkages. Amylopectin, normally ∼70−85% of the total
polysaccharide, is highly branched via additional α-1,6 linkages,
whereas the minority component amylose, ∼15−30%,
possesses significantly fewer branch points and is essentially
linear.1,29,30 The granules possess regions of high (crystalline)
and low (amorphous) local order, arranged with radial
symmetry30−32 that gives rise to a Maltese cross birefringence
pattern when granules are viewed using cross-polarized light.
Starch is hydrolyzed by α-amylases in the mouth and small
intestine to low molecular-weight carbohydrates, such as
maltose and maltotriose. There is considerable variation,
however, in both the rate and the extent of starch digestion
and the ensuing rise in blood glucose and insulin concen-
trations8−11 that partly reflect differences in the underlying
structures of the ingested starch granules.30−32 We have shown
recently that both the rate and the strength of binding of α-
amylase to starch granules depends on the surface properties of
the granule; binding to relatively smooth surfaces occurs more
rapidly and with greater affinity than to surfaces with irregular
contours.33,34 It has been suggested that such findings provide
strong evidence for the validity of the blocklet model of starch
structure.33 Also, a very recent report presents evidence that
amylase binds to granule regions that are particularly
susceptible to amylolysis.35 Regions of high sensitivity to
hydrolysis by α-amylase are crucial for amylolysis in nature,1

but characterization of these regions has proven to be
exceedingly challenging.
On hydrothermal treatment, the granules swell significantly

when water is abundant and the Maltese cross birefringence
pattern is lost in a process known as gelatinization.30,36−41 This
renders starch granules significantly more susceptible to
digestion by α-amylase1,42 and can be exploited industrially
for products such as adhesives, alcoholic beverages, biofuels,
and paper, and in the production of some organic chemicals.1

In the present study, we demonstrate that flexible chains
protruding from solvent-exposed surfaces of waxy rice starch
granules (in which 94% of the starch polymer is amylopectin)
can be observed using solution-state NMR techniques. Also, we
establish that the number of disordered glucan chains increases
as the granules swell after gelatinization and that these chains
are removed in the early stages of hydrolysis by α-amylase. We
show further that the number of flexible glucan chains on the
granule surface is proportional to the exposed α-amylase
reaction sites, leading to the conclusion that the flexible chains
are the primary substrate for α-amylase. These NMR
experiments provide direct experimental evidence that exposed
surfaces of a starch granule possess flexible protruding chains43

and that initial actions of α-amylase cause the removal of these
chains leaving a central core. It follows that the flexibility of
polysaccharide chains on the surface of starch granules is a
primary determinant of the susceptibility of starch to
amylolysis.

■ MATERIALS AND METHODS
Starch Samples. A waxy rice starch sample, Remyline-AX-DR

(Cairn International Ltd., Chesham, Buckinghamshire, HP5 2JD,
U.K.), was selected for its ease of dispersion in water for NMR
measurements and for its homogeneity in shape and size when
compared to starch from other sources. The nonstarch components of
native granules were determined44 and found to comprise (w/w):
water, 12.4%; nonstarch polysaccharides, 1.3%; lipid, 0.2%; ash (total
minerals), 0.3%; and protein, 0.09%. The total starch content of the
samples was 85.7%. The relative amounts of amylopectin and amylose
determined by a commercial assay kit (K-Amyl; Megazyme Interna-
tional Ireland, County Wicklow, Ireland) were found to be 94% and
6%, respectively. The native starch sample was examined by scanning
electron microscopy (SEM) by mounting the sample on aluminum
microscopy stubs using sticky tabs. The stubs were then sputter coated
with gold before being examined and photographed using a high
vacuum mode, high resolution electron microscope (FEI Quanta 200F
SEM). Particle size analysis was performed using both Coulter counter
and microscopy methods. The former method employed the use of a
Beckman Multisizer 3 Coulter Counter,34 and for the microscopy
technique, an integrated system was used, comprising an optical
microscope (Nikon model Eclipse E600), JVC color video camera,
video digitizer, and computer with in-house image analysis software to
measure particle size and shape.

Assay of α-Amylase Activity. Porcine pancreatic α-amylase
(PPA) (type 1A, DFP-treated) was obtained from Sigma-Aldrich
Chemical Co., Poole, Dorset, U.K. The manufacturers quote an
activity of 1333 units/mg protein for the preparation. Its protein
content was checked using the bicinchoninic acid method,33 and the
purity of the preparation and the relative molecular weight (56 kDa)
were confirmed by SDS-PAGE. For assays, a stock solution of 32 μg of
enzyme per ml was prepared in phosphate buffered saline (PBS; Oxoid
Ltd., Basingstoke, Hampshire, U.K.) containing 1 mg/mL of bovine
serum albumin. Starch solutions ranging from 1.25 to 10 mg/mL were
produced by adding PBS to starch samples that had been pretreated as
described below. Reaction mixtures containing 4 mL of each starch
mixture were transferred to plastic 15 mL Falcon tubes and placed on
a rotating table (33.3 rpm) to provide end-over-end mixing in an
incubator at 37 °C for 15 min. Sufficient enzyme stock solution was
added to the incubation mixtures to provide a final PPA concentration
of 1.54 nM. Aliquots of 300 μL were removed at 0, 4, 8, and 12 min
after the start of the incubation and added immediately to microfuge
tubes containing 300 μL of ice cold 0.3 M Na2CO3 stop solution. The
tubes were centrifuged at 16200g (Heraeus Pico 17, Thermo
Scientific) for 5 min to sediment residual starch and then the total
reducing sugar content of the supernatants was estimated by a Prussian
Blue method.33,45,46 After color development the absorbance at 690
nm was recorded on a Cecil CE 2041 spectrophotometer and
converted to maltose equivalents by reference to a maltose standard
curve. Initial reaction rates were calculated and computer fitted to the
Michaelis−Menten equation (Enzfitter software, Biosoft, Great
Shelford, Cambridgeshire, U.K.) to determine KM

exp and Vmax values.
NMR. Suspensions (10 mg/mL) of waxy rice starch samples (native

granules) were prepared in PBS, swirled gently for 1 min and
transferred into a 5 mm NMR tube. The samples were then allowed to
stand for 30 min where two well separated phases resulted from
sedimentation. Optical microscopy (Leitz Laborlux K) was used to
verify that the material in the pellet consisted of aggregated starch
granules, the size distribution of which did not vary over the time scale
of the NMR experiments (up to 16 h); the material in the pellet phase
of the NMR tube fell outside the portion of the tube detected during
experiments and therefore did not contribute to the signal. For enzyme
digests followed by NMR, the starch was initially subjected to
hydrothermal treatment at a number of temperatures ranging from 25
to 100 °C; samples at 25 °C are represented by native granules, before
amylolysis at 37 °C. For this processing, starch−water samples were
placed in sealed tubes and immersed in a water bath set at the required
temperature for 10 min during which time the contents of the tubes
were mixed continuously. The tubes were then removed and allowed
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to stand for 10 min at room temperature (20 °C) before examination
by NMR. When the concentration of flexible chains was to be
quantified, the heating process was conducted within the NMR
spectrometer. Optical microscopy was used to determine that the
abundance of starch granules in the aqueous phase was not obviously
affected by heating up to 80 °C.
NMR data were acquired at 500 MHz on Bruker Avance

instruments with a cryogenic TCI probe and ATM-TXI probe for
use above 37 °C. A pulsed field gradient stimulated echo (PFGSE)
sequence with a 3−9−19 watergate solvent suppression (Bruker pulse
sequence stbpgp 1s19) was used for the diffusion experiments at 27 °C
with δ = 5.4 ms.28 Diffusion coefficients (Deff) were obtained for
diffusion delays, Δ, between 50 ms and 1 s, as described in the Results
and Discussion. Sample viscosity was monitored by measuring the self-
diffusion of water and was found not to vary substantially between the
starch preparations. Processing and fitting of such data have been
described in greater detail elsewhere.28 Experimental uncertainties
were estimated by comparing the variation of measured decay
constants between individually recorded frequencies in the region of
the peak of interest. In a PFGSE NMR diffusion experiment, the
observed integrated signal Si is attenuated due to translational diffusion
from a reference intensity S0 by a factor given by the Stejskal−Tanner
relation26 Si = S0 exp(−Deffα

2βG†2), where α = γδGmax, γ is the
gyromagnetic ratio of the observed nucleus, δ is the duration of the
applied gradient, Gmax is the maximum strength of the applied
gradients, β = Δ − δ/3, Δ is the diffusion delay, G† = G/Gmax, where
G is the experimentally applied gradient. Thus, a plot of ln Si/S0
(α2β)−1 versus G†2 has a gradient of −Deff. For solutions of small
molecules such as maltose or even of globular proteins, only
translational diffusion, DT, contributions will be significant, and so
Deff = DT. DT can be interpreted using hydrodynamic models such as
the Einstein−Stokes relation for a continuum solvent.47 DT = kBT/
6πηRH, where kB is Boltzmann’s constant, T is the thermodynamic
temperature, and η is the sample viscosity. A more general expression
for the decay of signal, including the effects of rotational diffusion,27

shows that in the case of a sphere

β= +D D R /3eff T H
2 (1)

Through studying the variation of Deff with Δ and by using a model
for DT, the effective hydrodynamic radius of the underlying particle RH
can be determined.27,28

■ RESULTS AND DISCUSSION

Samples of waxy rice starch granules were examined by both
optical microscopy and SEM (Figure 1a) revealing roughly
spherical particles of diameter about 6 μm, that exhibit the
Maltese cross pattern under crossed-polarized light (see
below). The 1H NMR spectrum of a starch sample was
obtained (Figure 1b(i), blue), and compared to that acquired
from a pure sample of maltose (Figure 1b(ii), red), an α-1,4
linked disaccharide and main product of amylolysis.
The spectra of starch and maltose were found to be very

similar in the region of 3−6 ppm. The resonances from starch
were significantly broader than those of maltose, by a factor of
approximately 10, suggesting they originate from a chemical
species that is much larger than maltose. When the maltose
spectrum is broadened after convolution with a 16 Hz
exponential function, it closely resembles the starch spectrum
convoluted with a 2 Hz exponential function (Figure 1b(ii),
inset). In maltose, two resonances are observed in the region
5−6 ppm (Figure 1b(ii), yellow and blue bands), correspond-
ing to the C1 protons (SI, Figure S1). The absence of reducing
ends in the starch spectrum indicates the presence of an
extended maltose polymer joined through C1 linkages, which in
the case of waxy rice is predominantly amylopectin. After
amylase addition and incubation for 2 h, the signal intensity of

the saccharide protons increased by a factor of 10 (Figure
1b(iii), green). The gray box in Figure 1b indicates
incompletely suppressed resonances from H2O.
To determine whether the observed NMR signals in the

starch spectrum originate from the granules themselves,
samples were spun down on a benchtop centrifuge at 5200g
for 10 min. Under such conditions, the overwhelming majority
of the granules were sedimented into a pellet (Figure 2a).
After centrifugation, an NMR spectrum was acquired on the

separated supernatant and no signals in the region 3−6 ppm
were observed. The spectrum of the resuspended pellet was
essentially identical to the spectrum of the original sample. As
slowly tumbling residues in the core of a starch granule would
be invisible to solution-state NMR, such a finding allows us to
conclude firmly that the observed saccharide resonances
originate from flexible chains that are tethered on exposed
surfaces of the starch granules; that is, the NMR resonances did
not originate from free polysaccharide that had leached from
the granules.
To characterize further the nature of the species to which the

flexible chains are attached, NMR diffusion experiments were
performed. Such experiments enable the determination of the
extent of motion that individual chemical species undergo
during a defined delay (i.e., Δ) in the experiment. The motion
is conventionally related to the translational diffusion
coefficient and corresponding hydrodynamic radii RH of the
species giving rise to the resonances.26 In this case, the
measured NMR diffusion coefficient will be independent of Δ.
Such a situation was found for the NMR signals in the region
3−4.5 ppm originating from free maltose (Figure 2b, red),
corresponding to a molecule with an RH of 0.28 nm (Figure 2c,
red). The measured diffusion coefficients of the starch granule

Figure 1. Microscopic and spectroscopic properties of starch granules.
(a) Typical waxy rice starch granules as viewed using (i) Scanning
Electron Microscopy (SEM) and (ii) optical microscopy. (b) The 1H
solution state NMR spectra of starch granules (i, blue), maltose (ii,
red) and starch granules before and after digestion by α-amylase (iii,
blue and green, respectively). The inset in ii shows superimposed
convoluted spectra of starch (blue) and maltose (red).
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were found to be smaller by about 2 orders of magnitude than
those obtained for maltose (Figure 2b, blue), consistent with
the signals originating from a species with a much larger
hydrodynamic radius (Figure 2c). The observed diffusion
coefficient was observed to vary strongly with Δ, however,
indicating that the underlying species is undergoing significant
additional motion during the measurement,27 and so, we could
not interpret the data in terms of the simple theory. The
conclusion that the signals reflect a much larger particle accords
well with the estimate of approximately 6 μm for the diameter
of waxy rice granules derived from electron micrographs
(Figure 1a).
An alternative model to explain the variance in observed

diffusion coefficient Deff with Δ considers the effects of other
forms of local motion that occur in addition to that arising from
translational diffusion27 including, for example, rotational
diffusion. In this case, the rotational diffusion coefficient of
the 6 μm diameter starch particles is expected to be relatively
slow. If we attribute the additional motion to a combination of
intrinsic, rapid motions of the flexible chains themselves
tethered to the surface of the granule, we can model the
variation of Deff with Δ to estimate the overall size of the
underlying granule. Under this assumption, a weighted least-
squares fitting of the observed data to eq 1 (see Materials and
Methods) yields a radial granule size of 3 ± 0.5 μm (Figure 2b,
solid blue line; Figure 2c, blue), although the curve fits less well
to the data points obtained with the longest diffusion times. By
leaving the model for translational diffusion unspecified and
allowing only the rotational diffusion term to have an explicit
dependence on RH, however, the fitted curve matches the later
data points significantly more closely, yielding a radius of 2.6 ±
0.3 μm (Figure 2b, dotted blue line), a value within the
uncertainty of the estimate obtained using combined transla-
tional and rotational diffusion. Remarkably, the estimate of
granule size from the NMR diffusion measurements is in
excellent agreement with the overall particle size that was
measured by SEM and optical microscopy (Figure 2c, yellow
histogram).
In addition to the saccharide resonances, NMR signals were

observed in the starch sample between 0 and 3 ppm (Figure
1b(i)). The diffusion coefficients were found to be independent
of Δ, corresponding to a species with an RH of 0.47 ± 0.06 nm.
This size is commensurate with a relatively small molecule that

is not too dissimilar in size to that measured for free maltose.
The range of chemical shifts suggests that these species are free
lipids arising from endogenous lipids released from granules
during the purification process. Neither NOE nor scalar
coupling cross peaks were observed between these resonances
and the saccharide resonances indicating that the lipids are
neither bound nor associated with the starch granules. These
signals were invariant during both amylolysis and gelatinization
(see below) and were employed as internal standards when
considering the relative intensities of the saccharide reso-
nances.48

Digestion of the starch granules with α-amylase for 1 h
resulted in a spectrum with the saccharide resonances both
increased in intensity and decreased in line width by a factor of
about 10 compared with the initial spectrum (Figure 1b(iii),
green and blue, respectively). An NMR diffusion analysis
(Figure 2c, green) shows that these resonances correspond to a
species with a size some 3 orders of magnitude smaller than
that before digestion (RH = 1.2 ± 0.3 nm, that is, noticeably
larger than that of maltose). If resonances originating from
flexible regions on the surfaces of the starch granule had
remained after digestion, they would have been readily apparent
from the NMR diffusion data and so these findings suggest that
α-amylase removes the flexible chains from the surfaces of the
starch granule. The relationship between the flexible chains on
exposed surfaces of the granule and the action of α-amylase was
compared (Figure 3).
When heated in water above 60 °C, the granules swell and

undergo gelatinization (Figure 3a); a video clip of this process
can be found online (SI, Figure S2). Slight variations in the
critical temperature between 60 and 70 °C probably emanate
from small compositional and structural differences between
individual granules. When investigated by NMR, an increase in
the signal intensity of the saccharide resonances was observed
with increasing temperature (Figure 3b), showing that
resonances from the saccharides increased significantly with
temperature, whereas no change was observed in the intensity
of the assumed lipid resonances between 0 and 3 ppm. The
NMR diffusion coefficients measured for a sample heated to 70
°C (Figure 2b, purple) prior to a return to 27 °C for spectra
acquisition, varied with Δ, corresponding to a species of
hydrodynamic radius, within experimental uncertainty, of the
value obtained from native starch. The NMR diffusion data

Figure 2. Size of the granules. (a) Coulter counter particle size histograms for a 10 mg/mL waxy rice starch suspension (red) of the supernatant after
centrifugation at 5200g for 10 min (blue) and following resuspension (green). (b) The effective diffusion coefficients, Deff, of the species giving rise
to the saccharide resonances (3−4 ppm), as a function of the diffusion delay, Δ, as measured by solution-state NMR diffusion experiments, free
maltose (red), starch granules digested by α-amylase (green), and native starch granules (blue) and granules hydrothermally treated at 70 °C
(purple) before recording NMR spectra at 27 °C. A weighted least-squares line fitted to eq 1 yields the best fit, as shown by the blue solid line. The
dotted blue line shows a fit to a more complex model (see main text). (c) Histogram showing calculated particle sizes estimated by optical
microscopy (yellow) and NMR diffusion experiments (blue). The color identification of the red and green peaks is as seen in b.
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therefore show no evidence for significant populations of
amylopectin or amylose free in solution that could have
dissociated from the granule during the thermal treatment, a
finding further confirmed by examination of supernatants after
sedimentation of the gelatinized granules. The signal intensity
gained during hydrothermal treatment can therefore be
attributed to an increase in the number of flexible segments
on exposed surfaces of the granules.
Granule samples were incubated at prespecified temperature

before being digested with α-amylase at 37 °C and initial rates

of reaction were determined from the increase of reducing
sugars with time. The initial reaction rate increases hyperboli-
cally as a function of starch concentration S in the sample
(Figure 3c) and can be interpreted by Michaelis−Menten
kinetics to yield values for kcat and KM

exp for each temperature at
which the starch was pretreated (SI, Table S1).
The saccharide segments released from the starch granules

during amylolysis were also detectable from the increase in the
NMR signal. The initial rate of increase for a sample pretreated
at 70 °C (Figure 3d,f) was about 4.4× greater than that
measured for an untreated sample (Figure 3e,f), a result in
agreement with that found from the assay for reducing units
(Figure 3c). The time scale of the reaction was too rapid to
allow the size of the individual species to be followed over the
course of the reaction by NMR diffusion methods. After 10
min, however, it was possible to obtain a single PFGSE
spectrum (see Materials and Methods) with a long diffusion
delay (500 ms) and a high gradient strength (15 G cm−1) and
to compare this spectrum with one obtained before digestion.
Under such conditions, a species whose RH = 80 nm will have
its signal reduced by a factor of about 100, and so only very
large species will give rise to observable resonances. Although
reasonably well resolved, NMR spectra were initially observed
prior to digestion (Figure 3f, inset); after 10 min of digestion
no resonances were observed, despite the signal intensity in the
absence of the gradients having increased by a factor of 5−10
over the same period.
The correlation between α-amylase digestion data and the

increase in NMR signal intensity with hydrothermal treatment
was analyzed more quantitatively and the results are shown in
Figure 4. In principle, α-amylase is capable of attacking any α-
1−4 linkage in the granule but before hydrothermal treatment
it appears that relatively few linkages are susceptible, indicating
that structural constraints must be imposed by the semicrystal-
line nature of the granule. The fraction of accessible polyglucan
residues (x) after a given pretreatment at temperature T is
given by x(T) = A/S, where A is the concentration of accessible
α-amylase substrate in a sample and S is the total starch
concentration. This ratio is expected to be small for
unprocessed starch but will increase as the granule is disordered
by the gelatinization process. For each treatment temperature,
the observed Michaelis value, KM

exp (the concentration of starch
that supports an initial reaction rate of Vmax/2), will decrease if
structural changes within the granule result in an increase in A.
This quantity can be distinguished from KM

amy, which is an
“absolute” value that is the concentration of α-amylase substrate
that supports half the maximum catalytic rate, a value that will
be independent of structural changes that occur within the
granule. Thus, the ratio of the two Michaelis constants reflects
the fraction of the starch granule susceptible to hydrolysis at
each pretreatment temperature x(T) = KM

amy/KM
exp(T). We can

then express the proportion of exposed polysaccharide sites at a
given temperature, x(T), relative to the number of exposed
reaction sites in the untreated granule, x(T1), as the ratio γ1 =
x(T)/x(T1). Thus, the variation in γ1 with pretreatment
temperature indicates the change in exposed α-amylase reaction
sites. Therefore,

γ =
K T
K T

( )
( )1

M
amy

1

M
exp

(2)

Below 60 °C, very little change in γ1 is observed (Figure 4a,
black line). Above this temperature, however, γ1 is found to

Figure 3. Effects of gelatinization on starch granules. (a) Cross
polarized light microscopy images of single starch granule at intervals
of 2 °C, 50−60 °C (red), 60−70 °C (blue), and 70−80 °C (green),
showing loss of the Maltese cross pattern above 60 °C and swelling
above 70 °C. (b) Solution-state NMR spectra of granules in the three
temperature regimes. (c) The initial rate of maltose release measured
at 37 °C in the presence of a fixed concentration of α-amylase as a
function of the total concentration of starch (S) for native-like granules
with no hydrothermal pretreatment (red), for granules in an
intermediate structural state (pretreated at 65 °C, blue), and for
gelatinized granules, pretreated at 80 °C (green). (d, e) Solution-state
NMR spectra of starch granules in the presence of a fixed
concentration of α-amylase. In (d), the granules have been pretreated
at 70 °C, and in (e), the granules have experienced no hydrothermal
treatment. (f) The increase in saccharide signal intensity during α-
amylase hydrolysis as a function of time, for the preparations described
in (d) and (e). Inset: PFGSE NMR spectra with Δ = 500 ms and a
gradient strength of 15 G cm−1 taken before the addition of amylase
and after 5 min of hydrolysis.
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increase by a factor of 14.7 ± 0.8, with a midpoint at 66 ± 0.5
°C. It is in this temperature range that starch granules are
observed by optical microscopy to swell (Figure 3a) with
intrinsic structural heterogeneities between individual starch
granules leading to transition temperatures for individual
particles in the range 60−72 °C. The KM of bovine pancreatic
α-amylase for solutions of purified amylopectin45 is 0.73 mg
mL−1, enabling estimation of the average proportion of each
granule susceptible to hydrolysis, x(T) (Figure 4 and SI, Table
S1). The data indicate that before pretreatment, only ∼6% of
the granule is susceptible to amylolysis under these conditions,
but after heat treatment the granule is found to behave almost
like a solution of purified amylopectin with ∼95% of the
granule being susceptible to hydrolysis.
The increase in NMR signal intensity of the saccharide

resonances following hydrothermal treatment reflects an
increase in the concentration of flexible saccharide chains that
are surface exposed. This can be quantified through the
definition of γ2 = S(T)/S(T1), where S(T) is the saccharide
signal intensity at an arbitrary temperature, and S(T1) is the
signal intensity from an untreated granule (Figure 4a, red). The
increase of γ2 with temperature occurs in a sigmoidal fashion
and, remarkably, the two independent measurements of γ are in
excellent quantitative agreement, with both found to increase
by a factor of about 15 from below 60 °C to above 70 °C,
where all starch granules are swollen and largely gelatinized.
The kcat value varied little with the starch pretreatment

temperature until the latter exceeded 25 °C (Figure 4a, green
line; Table S1) and can be interpreted as a turnover number for
α-amylase at the assay temperature of 37 °C. On heating a
native starch granule, the granule visibly swells, the
concentration of hydrated, flexible saccharide chains accessible
to α-amylase (black) increases, and the semicrystalline core of
the granule (blue) decreases (Figure 4). The early stage of
amylolysis removes all accessible flexible saccharide units from
exposed surfaces of the starch granule.
These experiments reveal a number of flexible α-glucan

chains that project from the solvent-exposed starch granule
surfaces and then have sufficient local mobility to yield well-
defined NMR resonances, despite the slow underlying tumbling
of the granules themselves. This observation supports the
notion that waxy rice starch granules have certain features
commensurate with an earlier description that flexible chains
protrude from the underlying tightly packed core starch

particle.43 Gelatinization leads to an increase, by a factor of
about 15, in the number of flexible chains (Figure 4), a process
that occurs concurrently with disruption of the starch granules
as determined through the loss of birefringence. As
approximately 94% of the starch content of the granules is
amylopectin, the increase in flexible chains accompanying
gelatinization probably originates from an unravelling of
semicrystalline, double helical amylopectin chains.1,36,41 The
action of the digestive enzyme α-amylase removes these
protruding chains, and the gelatinization process leads to an
increase of about 15 in the concentration of exposed α-amylase
reaction sites (Figure 4a).
The close correlation between the NMR and enzyme kinetic

measurements indicates that the flexible chains on the solvent-
exposed surfaces of the starch granule are the primary substrate
of α-amylase. Studies on the hydrolysis of oligosaccharides,
together with X-ray crystallographic measurements, have
revealed that the active sites of human and porcine α-amylases
contain at least five subsites to which glucose residues of the
oligosaccharide become bound during catalysis.49,50 It is likely
that a series of flexible residues can be more readily
accommodated in the subsites of amylase, whereas more
tightly packed residues in the core of the granule are
significantly more restricted. We believe that our identification
of flexible chains as the primary substrate of α-amylase elegantly
reconciles much starch hydrolysis data with known mechanistic
properties of the enzyme.33

The flexible chains are entirely removed by α-amylase within
the first 10 min of hydrolysis under these conditions. The
glucose concentration in the portal and peripheral blood
circulation increases rapidly after starch consumption9,51 on a
comparable time scale. It is likely, therefore, at least in the case
of waxy rice starch, that the relatively rapid increase in blood
glucose following ingestion is a consequence of the removal and
digestion of the flexible segments on the exposed surfaces of the
granule. This finding has particular significance where a rapid
and exaggerated increase in the postprandial blood glucose
concentration is undesirable, such as in the glycemic control of
people with diabetes.
Because the data were obtained using waxy rice starch only, it

is useful to consider whether granules from other botanical
sources and types would behave in similar ways. Our laboratory
has collected enzyme kinetic data from a wide range of
botanical starches that have included wheat, potato, maize,

Figure 4. Exposed flexible chains. (a) The relative increase in flexible chains after hydrothermal treatment as measured by the change in apparent
KM
exp using γ1 (black) and by the intensity of the solution state NMR signals of the saccharide protons as measured by γ2 (red experimental points).

The turnover number of α-amylase over the temperature range is shown by the green trace. The broad colored vertical bands reflect the three
temperature regimes defined in Figure 3a. (b) A schematic diagram depicting the changes that occur in a waxy rice starch granule with gelatinization
leading to an increase in exposed flexible chains and their hydrolysis by α-amylase.
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normal rice and wild type, lam and r pea mutants, and where
the amylopectin content has ranged from the 98% of waxy rice
down to 28% for the pea r mutant.33,34,42,52 In all cases,
measured KM values for hydrothermally treated starch are much
smaller than the value found for native granules suggesting that
the affinity for amylase is increased. It seems pertinent to the
argument that we have shown a direct linear relationship
between KM values for starch hydrolysis and the dissociation
constant (Kd) for starch binding to granules of various sizes and
amylopectin content.34 Kd is also related to the surface
properties of granules.33 It is not unreasonable therefore, to
suppose that the change in kinetic and NMR signals that we
observe for waxy rice starch are representative of a general
granule property.
Using conventional NMR diffusion methodology, it is

common to employ a single short delay, Δ, of about 50 ms
in experiments. Under such conditions, the apparent diffusion
coefficients for the hydrolyzed α-glucan chains in the digestion
reaction and those from the starch granules are comparable
(Figure 2b, green and blue, respectively). As the NMR
experiment is sensitive to physical displacements, this finding
is a consequence of the similarities in the relative motions on
this time scale; the displacement of a flexible chain is
comparable to the displacement of the hydrolysis products
undergoing translational diffusion. As found with previous
studies on amyloid fibrils,28 only by considering the change in
diffusion coefficient with diffusion delay can the true nature of
the underlying dynamics be elucidated.

■ CONCLUSIONS
Our studies provide direct experimental evidence for the
existence of flexible α-glucan chains protruding from solvent-
exposed surfaces of starch granules and that these chains, which
increase in number during hydrothermal processing, are the
primary substrates of pancreatic α-amylase. We have further
demonstrated the utility of recently developed solution state
NMR methodology for studying large molecular assemblies.28

Where large biomolecular assemblies have regions of sufficient
local flexibility to yield narrow solution state NMR signals, the
methodology of the type described in this work can be used to
investigate structural properties that are currently inaccessible
to other techniques. Our findings reveal that the flexible chains
on the surface of starch granules ultimately dictate how rapidly
their energy can be extracted by hominids.
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