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Abstract

Channels of maize starch granules are lined with proteins and phospholipids. Therefore, when they are treated with reagents that react
at or near the surfaces of channels, three types of crosslinks could be produced: protein—protein, protein—starch, starch—starch. To deter-
mine which of these may be occurring and the effect(s) of channel proteins (and their removal) on crosslinking, normal and waxy maize
starches were treated with a proteinase (thermolysin, which is known to remove protein from channels) before and after crosslinking, and
the properties of the products were compared to those of a control (crosslinking without proteinase treatment). After establishing that
treatment of starch with thermolysin alone had no effect on the RVA trace, three reaction sequences were used: crosslinking alone (CL),
proteinase treatment before crosslinking (Enz-CL), proteinase treatment after crosslinking (CL-Enz). Two crosslinking reagents were
used: phosphoryl chloride (POCl;), which is known to react at or near channel surfaces; STMP, which is believed to react throughout
the granule matrix. Three concentrations of POCI; (based on the weight of starch) were used. For both normal maize starch (NMS) and
waxy maize starch (WMS) reacted with POCl;, the trends were generally the same, with apparent relative degrees of crosslinking indi-
cated to be CL-Enz = CL > Enz-CL, but the effects were greater with NMS and there were differences when different concentrations of
reagent were used. The basic trends were the same when potato starch was used in the same experiments. Crosslinking with STMP was
done both in the presence and the absence of sodium sulfate (SS). Both with and without SS and with both NMS and WMS, the order of
indicated crosslinking was generally the same as found after reaction with POCI;, with the indicated swelling inhibition being greater
when SS was present in the reaction mixture. Examination of the maize starches with a protein stain indicated that channel protein
was removed by treatment with thermolysin when the proteinase treatment occurred before crosslinking with either POCl; or STMP,
but only incompletely or not at all if the treatment with the proteinase occurred after crosslinking. Because the crosslinking reactions
were less effective when the protein was removed, the results are tentatively interpreted as indicating that they involved protein molecules,
although there may not be a direct relationship.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction (Han, Benmoussa, Gray, BeMiller, & Hamaker, 2005; Tes-

ter, Yousuf, Kettlitz, & Roper, 2007). Among granule-

Previously, starch protein was categorized as surface
and granule-bound (Gillian, Sargeant, & Schofield, 1981).
In isolated maize starch, the external surface protein is zein,
which can be removed by treatment with thermolysin)
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bound proteins are the waxy protein (granule-bound starch
synthase, GBSS) (Nakamura, Yamamori, Hirano, &
Hidaka, 1993), starch synthase (SSI), and starch branching
enzyme IIb (SBEIIb) (Mu-Forster et al., 1996). They are
extracted only when the starch granules are considerably
swollen (Sano, 1984). Like the external surface protein,
the protein components of the lining of granule channels
of normal and waxy maize starch (Fannon, Gray, Guna-
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wan, Huber, & BeMiller, 2003, 2004; Han, Gray, Huber, &
BeMiller, 2006) can be removed by treatment with therm-
olysin (Han et al., 2005).

A widely used type of chemical derivatization used to
make modified food starches is that which introduces dis-
tarch phosphate crosslinking. Phosphoryl chloride
(POC15) is the most widely used reagent for crosslinking.
Its reaction with starch is very rapid, resulting in reactions
at or near the external and channel surfaces of corn starch
granules (Gray & BeMiller, 2004; Huber & BeMiller,
2001). Because it reacts at or near the surfaces of channels,
it could produce three possible types of crosslinks: protein—
protein, protein—starch, or starch-starch. Reactions with
sodium trimetaphosphate (STMP) and epichlorohydrin
(EPI), two additional crosslinking reagents, are much
slower and are, therefore, believed to occur more evenly
throughout granules. Hirsch and Kokini (2002) compared
reactions of waxy maize starch with POC1;, STMP, and
EPI and reported that POCI;-generated crosslinks
appeared to be much more effective in preventing granule
swelling than were those resulting from reaction with
STMP or EPI.

Reagents contact granule surfaces, including channel
surfaces, before penetrating into the matrix; so it was
hypothesized that removing the protein lining granule
channels of maize starch could affect chemical modifica-
tion. The objective of this research was to determine the
effect of channel and surface proteins on modification of
normal and waxy maize starches. For crosslinking, phos-
phoryl chloride (POCIl3) and STMP were used. Pasting
characteristics were used to determine the degree of reac-
tion. Potato starch, which is devoid of surface pores (Fan-
non, Hauber, & BeMiller, 1992) and channels, was reacted
in the same ways for comparison.

2. Materials and methods
2.1. Materials

Commercial normal and waxy maize (Tate & Lyle North
America, Decatur, IL) and potato starches (Penford Food
Ingredients, Englewood, CO) were used. A CBQA protein
quantitation kit containing 3-(4-carboxybenzoyl)quino-
line-2-carboxyaldehyde was purchased from Molecular
Probes (Eugene, OR). Thermolysin was obtained from
Sigma—Aldrich Chemical Co. (St. Louis, MO).

2.2. Crosslinking of starch with phosphoryl chloride
(POCl3)

Starch (20 g, db) was reacted with three levels of POCIl;
(0.05%, 0.075%, and 0.1% [0.53, 0.79, and 1.06 mmol/glu-
cosyl unit] based on the dry weight of starch) at pH 11.2
for 1 h at 25 °C. Total slurry volume was 40 mL. Reaction
pH (11.2) was maintained by addition of 1 M NaOH using
a pH-stat autotitrator (Copenhagen, Denmark). After
reaction, the starch slurry was neutralized and recovered

by vacuum filtration, washed with water and absolute eth-
anol, and air-dried.

2.3. Crosslinking of starch with sodium trimetaphosphate
(STMP)

The method described by Lim and Seib (1993) was used.
2.4. Incubation of starch with thermolysin

Treatment of starch granules with thermolysin (Sigma
Chemical Co., St. Louis, MO) was conducted as described
by Mu-Forster and Wasserman (1998).

2.5. Confocal laser scanning microscopy (CLSM)

The procedures described by Han et al. (2005) were
used.

2.6. RVA analysis

The pasting characteristics of the starches were deter-
mined with a Rapid Visco-Analyser (Model 4, Newport Sci-
entific, Warriewood, Australia) using standard profile 1. A
13-min analysis was used: equilibration to 50 °C for 1 min,
heating to 95 °C in 222 s, holding at 95 °C for 150 s, cooling
to 50 °C in 228 s, and holding at 50 °C for 120 s. Unmodi-
fied and treated starches (2.1 g, db) and 27.9 g of distilled
water were combined and stirred in the aluminum sample
container for 20-30s before inserting the container into
the instrument. Analyses were done in triplicate.

3. Results and discussion

Starch samples treated with thermolysin (2 mg/g starch)
and without treatment (1 g starch only) were analyzed by
the Somogyi—Nelson method (Wood, 1994) to check the
extent of starch hydrolysis due to contamination of the
thermolysin preparation with amylase. The amount of
reducing sugar (determined using D-glucose as a reference)
was 111 pg/g starch and 22 pg/g starch, respectively, for
the starches with and without thermolysin treatment.
Although this degree of hydrolysis was thought to be insig-
nificant, to minimize any effect of depolymerization, we
determined the approximate minimal concentration of
enzyme required (using CLSM); 1 mg/g starch was the
amount determined and used thereafter.

3.1. Confocal laser scanning microscopy (CLSM)

Thermolysin is a metaloproteinase that catalyzes hydro-
lysis of proteins at both protein-membrane and protein—
carbohydrate interfaces (Sigma—Aldrich Chemical Co.,
1999). Using this enzyme, the main surface protein of
starch granules, zein, and most of the channel protein
could be removed in a 30-min treatment (Han et al.,
2005). Fig. 1 contains CLSM pictures of (1) native and
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(2) thermolysin-treated waxy maize starch. As Han et al.
(2005) reported, channel and surface proteins were almost
completely removed from unmodified waxy maize starch
by treatment with thermolysin. CLSM pictures of granules
crosslinked with STMP (Fig. 1 — 3) or with POCI; (Fig. 1 —
5) were almost the same as those of native waxy maize
starch, indicating that protein was still present. Cross-
linked, then proteinase-treated starch (Fig. 1 — 4, 1 — 6)
was different from enzyme-treated, unmodified waxy maize
starch (Fig. 1 — 2), as some channel and surface proteins
remained (white arrows) in the crosslinked starches. It
appears that crosslinking reagents (STMP and POCI;)
form bridges between starch and protein or protein and
protein (inter- or intramolecularly) so that the proteins

are not completely removed by treatment with thermolysin.
Differences in the CSLM micrographs of granules cross-
linked with POCl; and STMP were not obvious.

3.2. Pasting properties of POCI; -crosslinked starch before
and after enzyme treatment

The pasting profiles of unmodified normal and waxy
maize starches that had been treated with thermolysin
showed no significant changes in either pasting tempera-
ture or peak viscosity (Enz [Figs. 2, 3, 5, 6]) when com-
pared with those of native starch (Unmodified [Figs. 2, 3,
5, 6]), although CLSM revealed that most of the surface
and channel protein had been removed (Fig. 1). Derycke

Fig. . CLSM micrographs of CBQCA-treated starches showing the location of protein: (1) native waxy maize starch, (2) thermolysin-treated waxy maize
starch, (3) waxy maize starch crosslinked (with STMP, 0.05%), (4) crosslinked (STMP), then thermolysin-treated, waxy maize starch, (5) crosslinked waxy
maize starch (0.05% POCI;), and (6) crosslinked (POCI3), then thermolysin-treated, waxy maize starch.
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et al. (2005) reported that paste viscosity decreased after
treatment of rice and rice flour with tryspin and attributed
the decrease to the breaking of disulfide bonds. Lim, Lee,
Shin, and Lim (1999) reported that removal of protein
using 0.1% and 0.25% NaOH and 1.2% dodecylbenzene

(D

18001

1600 -

1400 -

1200

1000

800 -

Viscosity (cP)

600

400 -

200 -

——e—— Unmodified
o Enz
—-w-—— Enz-CL0.05

— A= CL0.05

— & —  CL0.05-Enz
%rv\ v)v"ﬂ,

e v

// \ vV'/'/

assss
0 +— 00000885 : : :

(2) 1600
1400

1200 -

o

o

o
L

800 -

Viscosity (cP)

600 -

400 -

200 -

(3) 14004
1200
1000 -

800 -

600 -

Viscosity (cP)

400 -

200 400 600 800
Time (sec)
/V’
/Y '\ e
/ W’ vyvvY
00°

Unmodified
Enz

Enz-CL0.075
- CL0.075
CL0.075-Enz
........... : ‘
200 400 600 800
Time (sec)
—=&—— Unmodified
o Enz
——-v—— Enz-CLO.1 o
—-—A-—-- CLO.1 00°

— . —

CLO.1-Enz

400
Time (sec)

600

Fig. 2. RVA profiles of crosslinked normal maize starch [(1) 0.05%, (2)
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0.1% POCI;] before and after treatment with thermolysin.
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Fig. 3. RVA profiles of crosslinked waxy maize starch [(1) 0.05%, (2)
0.075%, (3) 0.1% POCI3] before and after treatment with thermolysin.

sulfonate or 1.2% sodium lauryl sulfate containing 0.12%
sodium sulfite affected the pasting properties of rice starch,
an indication that the pasting and paste characteristics of
rice starch are affected by protein content. The peak viscos-
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Fig. 4. RVA profiles of crosslinked potato starch [(1) 0.05%, (2) 0.075%,
(3) 0.1% POCI;] before and after treatment with thermolysin.

ity increased and the pasting temperature decreased upon
removal of protein using these procedures. These differing
reports suggest that the different protein removing meth-
ods, especially those involving use of high pH solutions
or detergents, probably affect the natures of the starch
granules themselves, in addition to removing protein.
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Fig. 5. RVA profiles of crosslinked (STMP) normal maize starch [(1) with
SS, (2) without SS)] before and after treatment with thermolysin.

For normal maize starch, treatment with the proteinase
before all three levels of crosslinking with POCl; (Enz-
CL0.05 [Fig. 2 — 1], Enz-CL0.075 [Fig. 2 — 2], and Enz-
CLO.1 [Fig. 2 — 3]) produced starches that were much less
inhibited than those produced by crosslinking alone (CL)
(CL0.05 [Fig. 2 — 1], CL0.075 [Fig. 2 — 2], and CLO0.1
[Fig. 2 — 3]), for their RVA profiles showed much higher
peak viscosities and greater breakdown as compared to
the starches that were crosslinked without prior treatment
with thermolysin. It is clear that protein removal affects
the apparent extent of crosslinking, i.e., the reaction
appears to be less efficient when the protein is removed.
Also, the pasting temperature was reduced when the pro-
tein was removed before crosslinking when the two lowest
amounts of crosslinking reagent were used (Enz-CL0.05
[Fig. 2 — 1] and Enz-CL0.075 [Fig. 2 — 2]), but this effect
was not found when the higher amount of POCI; (0.1%)
was used (Enz-CLO.1 [Fig. 2 — 3]). This effect of reducing
the pasting temperature was not found when the starch
was only treated with the proteinase (Enz [Fig. 2]). It might
be that the granules were more sensitive to the alkaline con-
ditions used in the crosslinking reaction (pH 11.2) after
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Fig. 6. RVA profiles of crosslinked (STMP) waxy maize starch [(1) with
SS, (2) without SS)] before and after treatment with thermolysin.

protein removal and that the granules were changed by
these conditions.

When treatment with thermolysin was done after cross-
linking, no differences were found in the apparent degrees
of crosslinking as compared to crosslinking without subse-
quent treatment with the proteinase when the higher
amounts of POCIl; (0.075% and 0.10%) were used
(CL0.075-Enz [Fig. 2 — 2] and CLO0.1-Enz [Fig. 2 — 3] vs.
CLO0.075 [Fig. 2 —-2]and CLO.1 [Fig. 2 - 3]), i.e., enzyme-cat-
alyzed cleavage, if any, of the protein in a POCl;-crosslinked
starch still resulted in an inhibited starch. A small difference
was found when the lowest amount of POCI; (0.05%) was
used (CLO0.05-Enz [Fig. 2 — 1] vs. CL0.05 [Fig. 2 — 1]).

Differences in the RVA profiles between Enz-CL, CL,
and CL-Enz were very small in the case of lightly cross-
linked waxy maize starch (Fig. 3). As the amount of POCIl;
used was increased from 0.05% to 0.075% and then to
0.1%, differences increased, and the peak and final viscosi-
ties were in the following order: Enz-CL > CL-Enz > CL.
With crosslinked normal and waxy maize starch products,
the paste and final viscosities of Enz-CL were always
greater than that of CL or CL-Enz. There were, however,

three differences between normal corn and waxy maize
starches: (1) there was basically no difference in pasting
temperature among the products from waxy maize starch
treated with thermolysin before crosslinking (in contrast
to normal corn starch); (2) with the exception of the use
of the least amount of crosslinking reagent, CL-Enz waxy
maize starch showed greater peak and final viscosities than
did CL, while for normal maize starch, CL-Enz was almost
the same as CL; and (3) while CL and CL-Enz produced
highly inhibited starches with normal maize starch, only
moderately inhibited starches were produced by the same
treatments on waxy maize starch.

Enzyme treatment alone of potato starch, used for com-
parison because it does not have pores (Fannon et al.,
1992) or channels, produced a change in the pasting curve,
viz., a slightly higher pasting temperature, a lower peak vis-
cosity, and reduced breakdown (Enz [Fig. 4]) as compared
to untreated potato starch (Unmodified [Fig. 4]). Except
when the lowest concentration of POCl; (0.05%) was used,
Enz-CL produced the same effects in potato starch (Enz-
CL0.075 [Fig. 4 — 2] and Enz-CLO0.1 [Fig. 4 — 3]) as in the
maize starches, i.e., crosslinking following proteinase treat-
ment (Enz-CL) gave products that produced pastes with
higher peak and final viscosities than did CL or CL-Enz.
Among the crosslinked potato starch products, CL-Enz
was the most inhibited, as was true for normal maize
starch. In general, removing protein before crosslinking
had much less of an effect on the crosslinking reaction in
potato starch as compared to the maize starches, especially
when 0.05% POCI; was used (Enz-CL0.05 [Fig. 4 — 1] and
CL0.05 [Fig. 4 — 1]).

3.3. Pasting properties of STMP-crosslinked starch before
and after enzyme treatment

Evidence that reaction with STMP produces crosslinks
somewhat evenly distributed throughout the granule
matrix rather than being concentrated near surfaces was
given by the fact that, while phosphate ester groups that
the result from reaction with POCIl; can be located at the
external and, especially, the channel surfaces of granules
using the technique of Gray and BeMiller (2004), presum-
ably due to the clustering of Ag atoms and thus phosphate
ester groups there, they could not be located in granules
modified with STMP, even though greater molar amounts
of reagent were used.

The starches were crosslinked with STMP (0.055%) both
in the absence and in the presence of sodium sulfate (SS)
(5g/115 g H,0). For normal maize starch, the product
from crosslinking with STMP in the presence of SS pro-
duced much lower peak and final viscosities (CL [Fig. 5 —
1]) than did that crosslinked with STMP without SS (CL
[Fig. 5 — 2]) or that crosslinked with 0.05% of POCI;
(CLO0.05 [Fig. 2 — 1)), indicating an apparent more efficient
crosslinking when SS was present. For normal maize starch
crosslinked with STMP in the absence of SS, the order of
peak and final viscosities was the same as for samples
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reacted with POCl;: Enz-CL > Enz = unmodified > CL >
CL-Enz. Normal maize starch crosslinked with STMP in
the presence of SS produced the same peak and final viscos-
ity order (Enz=unmodified > Enz-CL > CL = CL-Enz)
and slightly lower viscosities as compared with starch
crosslinked with 0.1% POClIs.

For waxy maize starch modified with STMP (0.055%) in
the presence of SS (Fig. 6 — 1), the peak viscosity produced by
Enz-CL was lower than that produced by unmodified or
enzyme-treated starch, and that produced by CL was the
same as CL-Enz. However, in the absence of SS (Fig. 6 —
2), the peak viscosity of Enz-CL was greater than that of
the unmodified or enzyme-treated samples. Waxy maize
starch crosslinked with STMP in the absence of SS gave an
RVA profile similar to that of waxy maize starch crosslinked
with 0.075% POCI; (CLO0.075 [Fig. 3 — 2]). However, waxy
maize starch crosslinked with STMP in the presence of SS
(Fig. 6 — 1) produced a RVA profile similar to that of waxy
corn starch crosslinked with 0.1% POCI; (CLO.1 [Fig. 3 —
3)). For both normal and waxy maize starch modified with
STMP in the presence of SS, the RVA profiles of CL and
CL-Enz were the same, indicating that proteinase treatment
did not produce any change in the crosslinked starch.

Whether POCl; or STMP was used as the crosslinking
reagent, the profiles of products made from normal and
waxy maize starch via crosslinking without and before
and after treatment with the proteinase were quite different
from one another (Fig. 2 vs. Fig. 5 and Fig. 3 vs. Fig. 6). In
every case, Enz-CL (both POCl; and STMP) maize starches
had a lower pasting temperature and produced higher peak
and final viscosities than CL alone or even unmodified
starches, i.e., Enz-CL starches appeared to be less cross-
linked. The effect of protein removal was more pronounced
in normal maize starch, as compared to waxy maize starch.

The starches used in this work were commercial starches
because we wanted to determine the effects of proteins on
commercial starches, even though in other studies, we have
found that much of the protein associated with channel and
external granule surfaces of corn starches is removed dur-
ing the commercial wet-milling process by proteolytic
enzymes in the steepwater (unreported). The total amount
of protein (surface plus matrix) in these starches was
reported to be in the order normal maize (0.83%) > waxy
maize (0.10%) > potato (0.05%) (Greenwood & Thomson,
1962). Yoshino, Hayashi, and Seguchi (2005) reported
amounts of surface proteins in commercial starch granules
as being 0.436% for normal maize starch, 0.284% for waxy
maize starch, and 0.121% for potato starch. Although the
reported protein contents from these two studies differ
quantitatively, they are in the same order, and it is clear
that the amounts of surface and total proteins differ from
starch to starch. For this reason, protein hydrolysis before
or after crosslinking could produce different results in dif-
ferent starches. Also, granule-bound protein—starch cross-
links may play a role. GBSS, the principal protein in the
matrix of granules of normal maize starches, is not present
in waxy starches (Preiss, 1991). Han and Hamaker (2002)

found that protein was concentrated in the envelopes
(ghosts) of gelatinized and swollen granules of potato, nor-
mal maize, and wheat starch granules. Only traces of pro-
tein were found in the ghosts of waxy maize and amylose-
free potato starch granules, which finding they attributed
to a lack of GBSS in these starches. They then confirmed
the presence of GBSS in granule ghosts of corn and potato
starches and attributed the greater fragility of gelatinized
waxy maize and amylose-free potato starch granules to
the lack of GBSS. Because GBSS is a matrix protein and
there is evidence that the matrix is not accessed by therm-
olysin (Han & Hamaker, 2002), GBSS is not likely
removed by treatment with thermolysin. In this work, pro-
teinase treatment of crosslinked normal maize starch pro-
duced a greater change than did proteinase treatment of
crosslinked waxy maize starch. Although waxy maize
starch has at least as many, if not more, channels than does
normal maize starch, removing protein did not affect the
pasting profile as much as it did with normal maize starch.

Fig. 7 shows pasting profiles of potato starch, which has
neither pores nor channels and less protein than the maize
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starches, that was crosslinked with STMP in the presence
and absence of SS. As with crosslinking with POCl;, potato
starch crosslinked with STMP behaved differently than did
normal maize starch crosslinked with STMP. CL produced
a higher final viscosity than did any other treatment in the
presence of SS. (Final viscosities of CL and Enz-CL were
about the same in the absence of SS.) A possible explana-
tion is that the matrix of potato starch granules is less
dense than that of maize starches, allowing more thorough
reagent penetration into the granule matrix in potato
starch as compared to the maize starches, but since potato
starch contains much less protein than do the maize
starches, protein—starch crosslinks are not indicated in this
case.

4. Conclusions

To determine the effect of protein on crosslinking and
whether protein—protein, protein-starch, and/or starch-—
starch crosslinking occurred when phosphoryl chloride
was used as the crosslinking reagent, starch was reacted
before and after treatment with a proteinase (thermolysin).
It was concluded that chemical reaction may involve pro-
tein molecules.

The effect of removing protein could be seen most
clearly with normal maize starch and crosslinking with
POCI; Without protein removal, the apparent degree of
crosslinking was much greater than it was when the protein
was removed enzymically and the starch was reacted with
the reagent in the same amounts and via the same proce-
dure. Differences were apparent, but less pronounced, with
waxy maize starch. After reaction with 0.10% POCI;,
native waxy corn starch was less inhibited than was either
native or enzyme-treated normal corn starch reacted with
0.05% and 0.075% POCIl;, However, with waxy maize
starch, as with normal maize starch, crosslinking following
the enzyme treatment resulted in a product that was less
inhibited than the same starch not treated with proteinase.

Results of crosslinking with STMP were basically the
same as found with crosslinking with POCls, viz., cross-
linking of normal maize starch appeared to be more effec-
tive than crosslinking of waxy maize starch, which contains
less matrix protein than does normal maize starch (but it is
not known if matrix protein plays a role), using the same
amount of reagent, and removal of surface protein
appeared to make the crosslinking reaction less effective.
In addition, reactions with STMP in the presence of
sodium sulfate appeared to be more effective than reactions
carried out without sodium sulfate, with the difference
being more pronounced with normal corn starch.

Potato starch crosslinked with POCIl; gave different
RVA profiles than did the two maize starches. However,
the basic effects were the same as those found with the maize
starches, i.e., reaction of potato starch with POCI; before
surface protein removal appeared to be more effective in
terms of crosslinking than was reaction of potato starch
with POCI; after removal of surface protein, with the differ-

ences being more evident at the highest level of reagent use.
Results from the crosslinking reaction of potato starch with
STMP were also similar to those of the maize starches, viz.,
the reaction appeared to be more effective when sodium sul-
fate was present in the reaction mixture and less effective
when surface protein was removed, the difference in the
RVA profiles of products made by crosslinking in the
absence of sodium sulfate with and without a prior treat-
ment with thermolysin being slight.
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