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Abstract

Granular potato starch and amylopectin potato starch were methylated in aqueous suspension with dimethyl
sulfate to molar substitution (MS) up to 0.29. The percentage of amorphous starch compared with crystalline
domains increased with increasing MS. Prolonged treatment of these methylated starches with hydrochloric acid
below the swelling temperature resulted in the release of D-glucose and small D-glucose-oligomers from the
amorphous domains. The granular structure was maintained during the acidic treatment, indicating that the
crystalline lamellae were less affected by acid. The amorphous domains contained on average about twice as many
substituents per glucose unit as the remaining crystalline network. The distributions of methyl substituents in trimers
and tetramers, released from amorphous domains and prepared from crystalline fractions, were determined by
FABMS and compared to the outcome of a statistically random distribution. Quantification of the degree of
heterogeneity of the thus-obtained trimers and tetramers showed a much larger deviation from random substitution
in the crystalline fractions compared with the amorphous ones. These results are in agreement with our previous
study that describes substitution patterns in branched and linear regions of methylated starch granules. © 1999
Elsevier Science Ltd. All rights reserved.
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pm) and shape of these granules vary for each

L. Introduction plant species. Granules consist of alternating

] ) shells of amorphous and crystalline material
' Starchils an important renewable raw mate- [2], the latter made up of double-helically ar-
rial that is used in food, pharmaceuticals, and ranged short side chains of amylopectin, ori-

technical and paper products. In higher plants  ¢pieq perpendicular to the shell (Fig. 1) [3].
starch is depo_s1tqd as a mlxtu_re of amylose Recently, evidence for the presence of alter-
and amylopectin in cold-water insoluble, par- nating shells in individual starch granules was
tially crystalline granules [1]. The size (1-100 obtained by scanning different areas with 2
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ally yield B-type patterns [8], resulting from
differences in packing of amylopectin side
chains [9]. The degree of crystallinity is depen-
dent on factors such as plant origin, amylose/
amylopectin ratio and moisture content
[10,11]. Amylose is considered to be an essen-
tially linear (1 —»4)-a-D-glucan, located mainly
in the amorphous domains of the starch gran-
ules [12]. Amylopectin is a (1 —»6) branched
(1 - 4)-a-D-glucan with a molecular mass ap-
proximately 10?°—10* times higher than that of
amylose. Enzymatic and X-ray studies have
shown that branching points, linking short-,
long-, and average-length (1 —4)-chains, are
not distributed at random [13,14], but are
located in the disordered amorphous domains
between the crystallites [15,16]. The
supramolecular model of amylopectin [17], in
which parts of the double-helical side chains
participate in a continuous, crystalline net-
work that functions as a skeleton for all other
starch chains, still needs more experimental
evidence.

Modifications of starches are carried out in
order to provide starch products with proper-
ties needed for specific uses. In most chemical
derivatisations of starch hydroxyl groups are
partially substituted [18]. The number, loca-
tion and distribution of the substituents —
not expected to be random in view of the
different levels of organisation within the
starch granule [19] — determine the proper-
ties of these starch derivatives. In order to
acquire knowledge about the relationship be-
tween structure and function, it is important
to determine these parameters after derivatisa-
tion. Recently, we have reported that in
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Fig. 1. Schematic model of a starch granule.

methylated starches branched regions of amy-
lopectin contain two to three times more sub-
stituents than linear regions of amylopectin
[20]. This observation can be explained on the
basis of the crystalline framework as shown in
Fig. 1, wherein linear side chains of amylo-
pectin appear as double helices in crystalline
domains, therefore probably being less acces-
sible for chemical substitution.

The aim of this study is to obtain structural
information on the substitution differences in
crystalline and amorphous domains of methy-
lated potato starch and methylated amylo-
pectin potato starch. Crystalline and amor-
phous domains both affect the gelatinisation
behaviour of starch: the former shows melting
behaviour in heating processes, whereas the
latter undergoes glass—rubber transitions.
After separation of these domains, the level of
substitution and the distribution of sub-
stituents along the polymer have been deter-
mined. These results, in combination with
our earlier study of branched and linear re-
gions [20], provide more detailed information
with respect to the distribution profile of

methyl substituents in methylated starch
granules.

2. Results and discussion

Preparation  of methylated  starches.—

Methylated potato starch and methylated
amylopectin potato starch were prepared by
methylation of starch granules in an aqueous
suspension using dimethyl sulfate. The molar
substitution (MS) values of the studied starch
derivatives P10, P30, A10 and A30 with vary-
ing degrees of methylation are listed in Table
1. The determination of these MS values and
the monomer compositions of P10, P30, A10
and A30 have been reported previously [20].

Isolation of amorphous and crystalline frac-
tions.— Methylated starch granules (P10, P30,
A10, A30) were treated below the swelling
temperature (30 °C) with 2.2 M HCI, resulting
in the release of small (partially methylated)
D-glucose-oligomers (degree of polymerisation
(DP), mainly 2—4); HPLC analysis (data not
shown)) and D-glucose from the amorphous
domains [21-23]. The remaining insoluble
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Table 1
Molar substitution (MS) values of amorphous and crystalline fractions from methylated potato starch and amylopectin potato
starch
Samples Code MS ? (granule) MS? MS*? Mass % released MS ¢
amorphous crystalline amorphous material ® (‘granule’)
fractions fractions
Methylated potato P10 0.103 0.133 0.073 75 (after 197 days) 0.118
starch
Methylated potato P30  0.296 0.338 0.153 86 (after 106 days) 0.312
starch
Methylated amylopectin  A10  0.097 0.114 0.058 75 (after 197 days) 0.100
potato starch
Methylated amylopectin  A30  0.293 0.335 0.161 80 (after 106 days) 0.300

potato starch

2 MS is defined as mol of substituents/mol of Glc monomer. The MS varies from 0 (native starch) to 3 (permethylated linear
starch) and is measured via monosaccharide analysis (GLC) in triplo (¢ <0.01) [20].

b Steady-state level of dissolved carbohydrate, as determined by the anthrone method (Fig. 2).

¢MS values of virtual granules, reconstructed from amorphous and crystalline fractions, calculated according to

MS(‘granule’) = (percentage Ms)amorphous fx‘aclions+(percentage MS)

residues are usually referred to as lintnerised
starches that consist of acid-resistant crys-
talline parts of amylopectin. Recently, the
preferential destruction of amorphous do-
mains (i.e., etching away non-crystalline glu-
cans) during hydrolysis was confirmed by
X-ray scattering studies and differential scan-
ning calorimetry [24]. This feature can be ra-
tionalised in view of the narrower and more
constrained crystalline lamellae that are less
susceptible to acid hydrolysis. All samples
were incubated for 197 days, but for prepara-
tive purposes lintnerisation of P30 and A30
was stopped after 106 days (Fig. 2). The mix-
tures of glucose and glucose-oligomers in solu-
tion were separated from the granules in
suspension by centrifugation, then neutralised
and desalted. The solubilised carbohydrate
mixtures will be referred to as the ‘amorphous
fractions’ and the remaining lintnerised gran-
ules as the ‘crystalline fractions’. Inspection of
the lintner residues of P10, P30, A10 and A30
under polarised light still showed a Maltese
cross after 108 days of acidic treatment, sug-
gesting that the crystallinity of the granules
was maintained despite the fact that 60—85%
of all glucans was dissolved from the granules
(Fig. 3) [2].

Acidic treatment of potato starch (P0) and
amylopectin potato starch (A0) for 197 days
resulted in the release of carbohydrate that
levelled off at values between 50 and 60%

crystalline fractions*

(Fig. 2). The level of dissolved carbohydrate
was higher for methylated starches. Appar-
ently, methylation of starch decreases the de-
gree of crystallinity. These results indicate that
the number of amylopectin side chains,
present in ordered crystalline domains (Fig.
1), decreases with increasing MS. The cold-
water swellability and solubility that is ob-
served at MS values above 0.5 may be
attributed to a total loss of crystallinity. It is
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Fig. 2. Amount of released carbohydrate material from amor-
phous domains of P10 (A), A10 (O), P30 (¢) and A30 (@)
at specific times as determined by the anthrone method [25].
Native potato starch and amylopectin potato starch (PO (CJ)
and A0 (M), MS =0) were used as references. The arrows
indicate the time at which preparative lintnerisation was
stopped to isolate amorphous and crystalline fractions.
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Fig. 3. Partially methylated starch granules (P30), after lint-
nerisation (108 days of incubation, 2.2 M HCI).

clear from Fig. 2 that the rate of release
increases with increasing MS, suggesting rela-
tively easier hydrolysis of partially methylated
carbohydrate.

Molar substitutions of amorphous and crys-
talline fractions from methylated starches.—
The MS values of the amorphous and the
crystalline fractions of P10, P30, A10 and A30
were measured by monosaccharide analysis
[20,26]. The monomer compositions and
derived MS values are given in Tables 2 and 1,
respectively.

It is clear from Table 1 that in each sample
amorphous fractions roughly contain twice as
many methyl substituents as the crystalline
ones. In this respect no differences are ob-
served between methylated potato starch (P10
and P30) and methylated amylopectin potato
starch (A10 and A30). This preference for
substitution of amorphous domains during
chemical derivatisation is in agreement with

Table 2

103

our earlier observation of higher substitution
at branched regions [20], which are, according
to the current model of the starch granule
(Fig. 1), located in amorphous domains. The
calculated MS value of the ‘granule’ (virtual
granule reconstructed from amorphous and
crystalline fractions) deviates only slightly
from the measured MS of the intact granule,
indicating that no material was lost during
lintnerisation. From Table 2 it is clear that in
all methylated starches the HO-2 group has by
far the highest positional degree of substitu-
tion and that ratios between substituted
monomers for each sample are constant.
Therefore, no topochemical effects can be
demonstrated on the level of monosaccha-
rides, which is in agreement with earlier re-
ports [12,20].

Distribution of substituents in methylated
amorphous domains and methylated crystalline
domains.—The distribution of substituents in
oligomer fragments represents the substitution
pattern in the corresponding polymer back-
bone [27,28]. In order to prepare suitable
derivatives for FAB mass spectrometric analy-
sis, the amorphous fractions derived from
P10, P30, A10 and A30, containing glucose
and glucose-oligomers (DP mainly 2—4), were
permethylated with CD,I [29]. It can be antic-
ipated that the thus-obtained per(deu-
terio)methylated oligomers with the same DP,
only varying in number of CH;- and CD,-sub-
stituents, show the same behaviour in terms of
ionisation because of their chemical equiva-
lency (Fig. 4). Therefore, quantification of all
FAB intensities in a pseudo-molecular-ion re-
gion ([M + Na™]) of oligomers with the same
DP is valid. In this respect trimers and te-

Monomer compositions of amorphous (a) and crystalline (c) fractions from methylated potato starch (P10, P30) and methylated

amylopectin potato starch (A10, A30)

Samples Glc # Glc2Me Glc3Me Glc6Me Glc2,3Me, Glc2,6Me, Glc3,6Me,
P10 (a) 87.5 8.3 1.9 1.5 0.4 0.3 0.1

P10 (c) 93.1 4.4 1.3 0.8 0.1 0.2 0.1

P30 (a) 70.2 18.9 4.3 2.6 2.0 1.6 0.4

P30 (c) 85.7 9.6 2.3 1.4 0.4 0.5 0.1

A10 (a) 89.4 6.2 2.2 14 0.4 0.3 0.1

A10 (c) 94.4 3.6 1.0 0.8 0.1 0.1 0

A30 (a) 70.5 18.7 4.2 2.6 2.1 1.5 0.4

A30 (c) 85.1 10.0 2.3 1.4 0.6 0.5 0.1

2 All monomers are characterised as trimethylsilylated methyl glucopyranosides (o.+ ) and are given in molar percentages.
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Fig. 4. Synthesised perdeuteriomethylated oligomers.

tramers are of specific interest for FAB mass

spectrometric analysis, because resolution de-

creases using larger oligomers.

Substituent distributions in crystalline do-
mains of P10, P30, A10 and A30 were
analysed after preparing suitable derivatives in
two different ways:

1. Partial methanolysis of crystalline fractions
followed by perdeuteriomethylation (m-p
procedure).

2. Deuteriomethylation of crystalline frac-
tions followed by partial methanolysis, fol-
lowed by perdeuteriomethylation (d-m-p
procedure).

In Table 3 the MS values of all trimers and
tetramers obtained from amorphous and crys-
talline fractions are listed, as determined by
FABMS.

It is clear from Table 3 that the MS values
of the trimers and tetramers in the amorphous
fractions of P10, P30, A10 and A30, as deter-
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mined from FAB mass spectrometric intensi-
ties, differ by less than 10% from the overall
MS values of the amorphous fractions (mea-
sured via monosaccharide analysis). There-
fore, these trimers and tetramers represent
substituent distributions in amorphous do-
mains. The situation is more complex for
oligomers derived from crystalline fractions,
obtained via the m-p or the d-m-p procedure.
Here, differences between the MS values of
the oligomers and the overall substitution lev-
els of crystalline domains result from hetero-
geneous CH;-group distributions. MS values
of trimers and tetramers, obtained via the m-p
procedure, all show relatively large differ-
ences. Both negative and positive deviations
are found, which can be interpreted as a ran-
dom release of oligomers from the crystalline
domains. The d-m-p procedure results in
oligomers that all have lower MS values than
the overall substitution levels of crystalline
domains. Apparently, areas with high CH,-
substitution are perdeuteriomethylated during
the first methylation, whereas areas with low
CH,-substitution (with difficult accessibility)
remain  under-deuteriomethylated.  Partial
methanolysis of the per(deuterio)methylated
areas results in a quick release of glucose with
a relative excess of CH,-substitution (here,
methanolysis is more efficient), whereas the
under-deuteriomethylated areas with relatively
low CH;-substitution slowly release oligomers.
Therefore, trimers and tetramers thus ob-

Table 3

MS values of trimers and tetramers derived from amorphous and crystalline domains of P10, P30, A10 and A30

Samples P10 P30 Al0 A30

Overall MS # amorphous fractions 0.133 0.338 0.114 0.335

MS ® amorphous fractions (trimers) 0.137(+3.0)¢ 0.324(—4.1) 0.125(+9.6) 0.327(—2.4)
MS ® amorphous fractions (tetramers) 0.125(—6.0) 0.340(+0.6) 0.119(+4.4) 0.345(+3.0)
Overall MS® crystalline fractions 0.073 0.153 0.058 0.161

MS ® (trimers, m-p) ¢ 0.067(—38.2) 0.228(+49) 0.062(+6.9) 0.221(+37)
MS ? (trimers, d-m-p) ® 0.052(—29) 0.144(—5.9) 0.046(—21) 0.143(—11)
MS ® (tetramers, m-p) ¢ 0.058(—21) 0.182(+19) 0.052(—10) 0.171(+6.2)
MS? (tetramers, d-m-p) © 0.047(—36) 0.133(—13) 0.043(—26) 0.133(—17)

@ Measured via monosaccharide analysis (GLC).

® Determined from FABMS intensities, e.g., for trimers: [mole fraction DS(0)-0+mole fraction DS(1)-1 +...+mole fraction

DS(9)91/3.

¢ The difference between the overall MS value of the amorphous fraction and the MS value of the trimers or tetramers is
indicated in percentages between parentheses. The same is done for crystalline fractions and derived oligomers.

4 Oligomers obtained after partial methanolysis of crystalline fractions followed by perdeuteriomethylation.

¢ Oligomers obtained after deuteriomethylation of crystalline fractions, followed by partial methanolysis and subsequent

perdeuteriomethylation.
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Fig. 5. Calculated and observed substituent distribution in trimers from amorphous domains (left) and crystalline domains (middle
and right) of P30. Note that the amorphous domains contain more substituents than the crystalline ones (m-p = trimers obtained
after partial methanolysis of crystalline fractions followed by perdeuteriomethylation; d-m-p = trimers obtained after deuteri-
omethylation of crystalline fractions, followed by partial methanolysis and subsequent perdeuteriomethylation).

tained represent relatively low substituted ar-
eas in crystalline domains.

The FAB mass spectrometric data of
oligomers derived from amorphous and crys-
talline domains (m-p and d-m-p procedure)
were compared with the expected distributions
according to binomial statistics. In the calcu-
lation CH;-substituents are presumed to be
distributed randomly over equal and indepen-
dent glucose monomers. A typical example for
trimers derived from P30 is shown Fig. 5.

For the amorphous domains the observed
contribution of di- and trisubstituted
oligomers is slightly higher than expected on
the basis of a random distribution, whereas
the amount of monosubstituted oligomers is
lower. These differences are more pronounced
in the crystalline domains. This is direct evi-
dence for a more heterogeneous substitution
of the crystalline domains during methylation
of granular starch. In order to visualise these
differences in a more quantitative way, the
degree of heterogeneity is expressed in the
parameter H, where n corresponds with the
DP of the per(deuterio)methylated oligomers
[27]. All heterogeneity values in Table 4 are

normalised by dividing by the MS value of the
corresponding trimers or tetramers. Only in
this way can heterogeneities of samples with
different degrees of substitution be compared.
If there are no differences between observed
and calculated mole fractions (Fig. 5), the
CH;-substituent distribution is homogeneous
(H,=0). With increasing differences between
observed and calculated mole fractions the
values of H, increase. It is evident from Table
4 that CH;-substituents in amorphous do-
mains are closer to a random-like distribution
(i.e., according to binomial statistics) than the
crystalline domains, where higher degrees of
heterogeneity are observed. Both trimer and
tetramer fractions show these results.

3. Conclusions

In this study it is shown that methylation of
starch in a granular suspension takes place
preferably at the amorphous domains,
whereas crystalline parts of amylopectin (lin-
ear side chains) contain less methyl sub-
stituents. However, substituents in crystalline
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Table 4
Heterogeneity of substituent distribution in methylated potato
starch and amylopectin potato starch

P10 P30 A10 A30

H;/MS(trimers) (a) *° 0.210 0.214 0.186 0.234

H;/MS(trimers, m-p) (¢) ¢ 1.209 0.501 1.290 0.482

H,;/MS(trimers, d-m-p) 1.083 0.319 1.203 0.315
©1

H,/MS(tetramers) (a) 0.446 0.285 0.390 0.296

H,/MS(tetramers, m-p) 3.787 1.047 3.849 1.021
(c)

H,/MS(tetramers, d-m-p) 1982 0.632 2.179 0.632

©

2 (a) amorphous domains; (c) crystalline domains.

® Calculation of H; and H, is described in Ref. [27].

¢ Trimers, m-p = trimers obtained after partial methanolysis
of crystalline fractions followed by perdeuteriomethylation.

4 Trimers, d-m-p = trimers obtained after deuteriomethyla-
tion of crystalline fractions, followed by partial methanolysis
and subsequent perdeuteriomethylation.

domains are distributed more heterogeneously
than those in amorphous domains. In a previ-
ous paper we reported that a similar methyla-
tion of starch granules resulted in the
preferential substitution of branched regions if
compared with linear chains of amylopectin
[20]. It was found that branched regions were
substituted nearly at random. All these results
are in excellent agreement with the current
model of a starch granule, in which branched
regions are located in the amorphous
(sub)domains of starch [4,15,16].

4. Materials and methods

Preparation of methylated starches.—Potato
starch granules and amylopectin potato starch
granules were suspended in water and methy-
lated using dimethyl sulfate at constant tem-
perature (20 °C) and pH (11) for 4-6 h (Table
1) [30]. Samples with different MS values were
obtained by varying the amount of dimethyl
sulfate added to the granular suspension
(Table 1).

Partial acid hydrolysis of methylated starch
granules.—Methylated starches were sus-
pended in 2.2 M HCI and partially hydrolysed
at 30 °C. The mixture of glucose and oligoglu-
cans released from the acid-treated granules
was isolated after homogenisation and cen-
trifugation. The residual granules were sepa-

rated from HCI by repeated centrifugation
and washing the samples with demineralised
water (at least five times). Carbohydrate-con-
taining fractions were pooled and dried under
vacuo. The quantification of dissolved carbo-
hydrate in amorphous fractions obtained was
carried out using an anthrone assay with glu-
cose as a standard [25]. Before the determina-
tion of MS values and monomer analysis,
released carbohydrate fractions were neu-
tralised with NaOH, then desalted on an an-

ion-exchange column (OH~ form, IMAC
A24).
Analytical  procedures.—Monosaccharide

analysis was carried out by subjecting partially
methylated oligo- or polyglucan samples to
methanolysis (methanolic 1 M HCI, 18 h,
85 °C). The resulting mixtures of methyl glu-
coside derivatives were trimethylsilylated
(1:1:5 hexamethyldisilazane—trimethylchloro-
silane—pyridine), identified by GLC—-MS [26],
and quantified by GLC using empirical molar
response factors [20]. GLC analyses were per-
formed on a WCOT CP-SIL 5CB fused-silica
capillary column (25 m x 0.32 mm) using a
temperature program of 110-230 °C at 4 °C/
min. GLC-MS of (O-methylated) glucose
derivatives, measured as trimethylsilylated
methyl glucosides, was carried out on an
MDS800/8060 system (Fisons Instruments;
electron energy, 70 eV), equipped with a DB-1
fused-silica capillary column (30 m x 0.32
mm, J&W Scientific), using a temperature
program of 110-230 °C at 4 °C/min. Partially
methylated oligoglucans from amorphous do-
mains were permethylated with CD,l as de-
scribed previously (Me,SO/NaOH) [29], and
analysed by FABMS. The same permethyla-
tion procedure was followed for partially
methylated oligoglucans from crystalline do-
mains, obtained in two different ways after
partial methanolysis (3 h, 60 °C, methanolic
0.5 M HCI; see Section 2). FABMS was per-
formed on a Jeol JMS SX/SX 102A four-sec-
tor mass spectrometer, operated at 10 kV
accelerating voltage, equipped with a Jeol MS-
FAB 10 D FAB gun operated at a 10 mA
emission current, producing a beam of 6 keV
xenon atoms. The per(deuterio)methylated
oligosaccharide samples were measured over a
mass range of m/z 10-1200 in a matrix of
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m-nitrobenzyl alcohol saturated with Nal, us-
ing the standard resolution of 1500. The inten-
sities of the sodium-cationised oligosaccharide
ions were determined from their FAB spectra
and compared with the statistically expected
ones. The statistically expected ratios between
non-, di-, tri-, tetra- and penta-substituted
oligomers with specific DP were calculated
according to a random distribution of CH,
substituents at given overall MS value. The
heterogeneity parameter H, is then calculated
from the sum of all absolute differences be-
tween determined and expected intensities of
each oligomer.
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