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Phosphate esters of D-glucose, methyl c-D-glucopyranoside, and on potato starch were confirmed to be the 6- and 3-esters. The wheatmaltose, as well as the a,,y-limit phosphodextrins from native potato starch phosphate, prepared by heating starch with sodium tripoly-starch (degree of substitution [DS] 0.0033) and phosphorylated amylose phosphate under semidry conditions at an initial pH of 6, contained mainly(DS 0.016) served as model compounds in 3 1P-nuclear magnetic resonance 6-monophosphate esters along with lower levels of 3- and probablyexperiments to locate the phosphate groups on a phosphorylated wheat 2-monophosphates. The wheat starch phosphate contained orthophos-starch (DS 0.012). The a,,y-limit phosphodextrins were isolated by ion- phate groups at the nonreducing ends of starch molecules, whereasexchange chromatography after exhaustive digestion of amylose or starch endogenous phosphate esters in potato starch occur on inner anhydro-phosphates with Bacillus amyloliquifaciens a-amylase followed by glucose units.
Aspergillus niger glucoamylase. The endogenous orthophosphate groups

The phosphate ester groups on potato starch contribute to its
high clarity and viscosity when it is cooked to a paste. Phos-
phorylation of wheat and corn starches increased paste clarity
and consistency, but potato starch remained superior in those
properties in spite of the fourfold higher level of phosphate esters
on the modified wheat and corn starches and their low level of
cross-linking (Lim and Seib, 1993). The location of endogenous
phosphate esters on potato starch apparently differs from that
on chemically phosphorylated starches.

Gramera et al (1966) prepared corn starch phosphate with a
degree of substitution (DS) of 0.016 (0.3% phosphorus [P]) by
reacting corn starch at 150° C with sodium tripolyphosphate under
unspecified conditions. The starch phosphate was subjected to
Smith degradation followed by mild acid hydrolysis and anion-
exchange chromatography to give three main fractions. The
components in the main fractions were investigated using paper
chromatography, periodate analysis, and optical rotation. The
results indicated that 6-, 2-, and 3-phosphates made up 63, 28,
and 9% of the fractions, respectively.

The location of phosphate esters on native potato starch has
been examined extensively over the past 20 years by Hizukuri
and his colleagues. Of the total P on potato starch (0.036-0.092%,
or 1 atom of P per 209-532 anhydroglucose units [AGUs]), prac-
tically all was found on the amylopectin fraction (Abe et al 1982),
with two thirds occurring as 6-phosphate, one third as 3-phos-
phate, and a trace as 2-phosphate (Hizukuri et al 1970, Tabata
and Hizukuri 1971). The phosphate esters were not found on
the nonreducing terminus of the a-1,4-linked unit chains in potato
amylopectin (Tabata et al 1978), and 88% or more were on B-
chains (Takeda and Hizukuri 1982). The phosphate esters were
located a minimum of 9 AGUs inward from a branch point
(Takeda and Hizukuri 1982).

Glucoamylase that was free of both a-amylase and phosphatase
was unable to bypass phosphorylated AGUs in potato starch (Abe
et al 1982). Exhaustive digestion of a potato starch, which
contained 1 P per 209 AGU, with glucoamylase gave 17% y-limit
dextrin with 1 P per 36 AGU and an average unit-chain length
of 14. The 'y-limit dextrin was of high molecular weight, as
indicated by its high viscosity in water. Since the P in potato
starch was concentrated in the 17% -y-limit dextrin, Abe et al
(1982) concluded that either a few amylopectin molecules are
highly phosphorylated or that phosphate groups are concentrated
locally as a structural feature of the potato starch granule.
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Recently, Muhrbeck and Tellier (1991) measured the 3 1P-
nuclear magnetic resonance (NMR) spectra of eight samples of
potato starch dissolved in methyl sulfoxide. As the total-P level
increased from 0.0153 to 0.0221% of amylopectin, the level of
3-P remained relatively constant (from 0.0044 to 0.0063%),
whereas the 6-P level increased (from 0.0 104 to 0.0 165%). Further-
more, the crystallinity and enthalpy of gelatinization decreased
with the level of 6-phosphorylation, but not with the level of
3-phosphorylation (Muhrbeck et al 1991).

In this work, we used 31P-NMR spectroscopy on model P
compounds to explore the position of phosphorylation on a wheat
starch phosphate.

MATERIALS AND METHODS

Materials
All chemicals were reagent grade unless otherwise stated. Potato

starch (0.063% P), potato amylopectin, methyl a-D-gluco-
pyranoside (MG), D-glucose, and D-glucose 6-phosphate were
purchased from Sigma Chemical Co. (St. Louis, MO). Potato
amylose, diphenyl phosphorochloridate, and platinum oxide were
from Aldrich Chemical Company, Inc. (Milwaukee, WI). Wheat
starch was Midsol 50 provided by Midwest Grain Products Co.
(Atchison, KS).

Crystalline Bacillus amyloliquifaciens a-amylase (Type IIA),
a solution of Aspergillus niger glucoamylase with glucose and
preservative, and bovine intestinal alkaline phosphatase (Type
I-S) were from Sigma Chemical Co. The enzyme activity was
930 units [U]/mg for a-amylase, 6,100 U/ml for glucoamylase,
and 6.8 U/mg for phosphatase. One unit of a-amylase liberated
1 mg of maltose from starch in 3 min (1.0 ,umol/min) at pH
6.9 and 200C; 1 U of glucoamylase released 1 mg of glucose
from starch in 3 min (1.9 ,umol/min) at pH 4.5 and 55°C; and
1 U of phosphatase hydrolyzed 1 ,umol/min of p-nitrophenol
phosphate at pH 10.4 and 370C.

The a-amylase and glucoamylase were found to have no phos-
phatase activity according to the following methods. D-Glucose
6-phosphate (0.1 g) was mixed with 0.01M acetate buffer (pH
4.5, 6 ml) and glucoamylase (0.1 ml). After 1 hr at 400C, the
mixture was adjusted to pH 8, and its 31P-NMR spectrum was
examined. No increase was observed in the intensity of the signal
for orthophosphate. It was estimated that 5% hydrolysis of
D-glucose 6-phosphate would increase the orthophosphate
concentration by 3 mM so that the orthophosphate would be
readily detectable. a-Amylase (1 mg) was added to a solution
of D-glucose 6-phosphate in water at pH 6-7. After digestion
for 1 hr at 700C, the mixture was adjusted to pH 8.0, and its
3 1 P-NMR spectrum was examined. The spectrum showed no
increase in the intensity of the orthophosphate signal. The
commercial glucoamylase solution was found to contain a trace
of inorganic phosphate.
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