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As part of a broader plan designed to characterize Solanum glycoalkaloids and their hydrolysis products
and biosynthetic intermediates, to identify plant enzymes in the biosynthetic pathways, and to develop
arelative toxicity scale for glycoalkaloids, we examined conditions that favor the hydrolysis of carbohydrate
portions of a-chaconine and a-solanine. These two triglycosides can each form two diglycosides, one
monoglycoside, the so-called 38;-, 85-, and y-chaconines and -solanines, and a common aglycon, solanidine.
An incomplete hydrolysis mixture should therefore contain nine compounds. Hydrolyses were carried
out in 0.1, 0.2, and 0.5 N HCl-methanol at 38, 55, and 65 °C for various time periods. The individual
carbohydrate residues in tri-, di-, and monosaccharides differed significantly in their susceptibilities
to acid hydrolysis. Hydrolysis rates increased with HCI concentration and temperature. Hydrolytic
stabilities of the carbohydrate groups attached to a-chaconine and a-solanine situated in a potato
matrix appear to be similar to those of the pure compounds. By varying the hydrolysis conditions, it
was possible to optimize the formation of specific compounds. Eight compounds were isolated and
characterized with the aid of preparative chromatography on aluminum oxide columns, thin-layer
chromatography, high-performance liquid chromatography, and mass spectrometry. Efforts to isolate
B1-solanine were unsuccessful. Our findings should facilitate characterization of biosynthetic inter-
mediates in plants and of metabolites in animal tissues, as well as assessment of relative safety.
Mechanistic aspects of the acid hydrolysis and the significance of the findings to food safety and plant

molecular biology are discussed.

INTRODUCTION

According to Schreiber (1979), steroidal alkaloids have
been isolated from nearly 300 species of Solanaceae,
Illiaceae, and Lycopersicon plant families. There are
approximately 60 steroidal alkaloids of pharmacological
and toxicological interest. They generally occur as gly-
cosides, in which the carbohydrate residues form a
glycosidic linkage with one or more carbohydrate side
chains at the 3-hydroxy position of either a solanidane,
spirosolane, or spirostane which possess the C-27 steroidal
skeleton of cholestane. The two major glycoalkaloids of
commercial potatoes (Solanum tuberosum L.) and in
several other Solanum and Veratrum species are a-sola-
nine, with a branched a-1.-rhamnopyranosyl-8-p-glucopy-
ranosyl-3-galactopyranose (solatriose) side chain, and
a-chaconine, with a bis(a-L-rhamnopyranosyl)-g-D-glu-
copyranose (chacotriose) side chain attached to a solani-
dine skeleton at the 3-hydroxy group (Figure 1).

Previous studies showed that the induction of liver
enzymes (Caldwell et al., 1991; Friedman, 1992), the
disruption of cell membranes (Blankemeyer et al., 1992,
1993), and the embryotoxicity and teratogenicity (Morris
and Lee, 1984; Renwick et al., 1984; Keeler et al., 1991;
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Friedman et al., 1991, 1992) of the glycosides are strongly
dependent on the carbohydrate residues attached to the
steroidal secondary 3-OH group. Both the nature and
order of attachment of the carbohydrate residues appear
to influence biological activity. We suggested that the
carbohydrate residues affect biological and toxicological
activity by interacting with receptor sites of cell mem-
branes. Damage to DNA does not appear to be the cause
of the cited biological effects (Friedman and Henika, 1992).

Potato plants are known to contain enzymes that
catalyze the hydrolysis of a-chaconine and a-solanine
(Kuhn and Low, 1955; Guseva and Paseschichenkko, 1957;
Swain et al., 1978; Filadelfi and Zitnak, 1982; Zitnak and
Filadelfi, 1988; Bushway et al., 1988, 1990; Stapleton et
al., 1991, 1992). Small amounts of the partial hydrolysis
products are found in potato roots (Friedman and Dao,
1992; Friedman and Levin, 1992). The hydrolysis products
could also be formed during normal digestion and me-
tabolism of the parent compounds following ingestion.
We therefore examined conditions that affect the acid-
catalyzed hydrolysis of the carbohydrate residues of the
glycosides. Our major objective was to maximize the
partial hydrolysis of a-chaconine and a-solanine to permit
isolation of all possible hydrolysis products for biological
evaluation. To accomplish our objective, this study (a)
defines the kinetic course of the hydrolysis of alkaloidal
trisaccharides as a function of HC] concentration, time,
and temperature; (b) compares susceptibilities to hydrol-
ysis of tri-, di-, and monosaccharides; (c) describes the
isolation of hydrolysis products by preparative chroma-
tography; and (d) assigns structures to the isolated
compounds with the aid of thin-layer chromatography
(TLC), high-performance liquid chromatography (HPLC),
and mass spectrometry.

This article not subject to U.S. Copyright. Published 1993 by the American Chemical Soclety
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Figure 1. Structures of a-chaconine, a-solanine, and hydrolysis products.

MATERIALS AND METHODS

Materials. Anisaldehyde was obtained from Eastman Kodak,
Rochester, NY. Silica-coated TLC plates were obtained from
Merck, Darmstadt, Germany. The a-chaconine, a-solanine,
solanidine, and aluminum oxide (activity grade 1) were obtained
from Sigma Chemical Co., St. Louis, MO. Larger amounts of
a-chaconine and a-solanine were isolated from sprouts of Russet
potatoes purchased from a local store: fresh sprouts (1-3 cm)
were washed and then macerated in a Waring blender with 1%
acetic acid (300 mL/100 g) for 10 min. The slurry was filtered,
and the solid cake was reextracted similarly. The combined
filtrate was made basic with NH(OH, heated to 70 °C, and cooled
in a refrigerator overnight. The solution was then centrifuged
(3500g) for 20 min and the supernatant discarded. The solid
pellet was washed with cold 2% NH,OH and recentrifuged. Next,
the crude glycoalkaloid solid was transferred to a flask and heated
toboiling with 250 mL of ethyl acetate—absolute ethanol (EtOH)-

5% NH,OH, 80:16:4 (Filadelfi and Zitnak, 1982). The solution
was cooled and filtered. The solid residue was treated similarly
twicemore. The combined filtrate was evaporated, leaving crude
a-chaconine (approximately 80%). Thesolid residue washeated
with 250 mL of 95% EtOH and filtered. When evaporated, this
gave crude a-solanine (approximately 85%). Pure compounds
were obtained by chromatography, using an alumina column (20
X 2,7 cm) with water-saturated n-BuOH as the eluent (Kuhn
and Low, 1955), and collecting 5-mL fractions. Pure compound
fractions, as determined by TLC, were combined and recrys-
tallized from 80% ethanol.

Melting Points. Uncorrected melting points were determined
by placing the sample between two circular-slide cover glasses
which were then placed on an electric heating block (Fisher-
Johns apparatus). The rate of increase of heating was regulated
to 1 °C/min, beginning at about 20 °C below the temperature at
which browning first started, as noted in a preliminary run.
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Acid Hydrolyses for Kinetic Studies. Hydrolyses were
carried out in a flask fitted with a condenser in a circulating
water bath heated to the appropriate temperature. Hydrolyses
were all done at a concentration of 1 mg of substrate/mL of 0.1,
0.2, or 0.5 N HCl-methanol, typically 100 mg in 100 mL
(exceptions are noted in the individual tables). The solvent was
heated in the water bath and the test compound added. Aliquots
(usually /5 or 1/¢ of the total volume) were withdrawn at timed
intervals. The aliquots were immediately neutralized with
NH,OH, evaporated to dryness, redissolved in 25 mL of H;0,
made basic with NH,OH, and partitioned twice with 20 mL of
1-butanol (n-BuOH). The n-BuOH fractions were combined and
washed with another 25 mL of 1% NHOH. The n-BuOH layer
was separated and evaporated to dryness. The solid was
redissolved in MeOH to give an approximate concentration of 1
mg/mL. One milliliter of this sample was then diluted with 9
mL of MeOH-acetonitrile-Hz0, 10:55:35. The diluent (20 uL)
was then injected into the HPLC chromatograph for quantitation.
Duplicate hydrolyses under the same conditions were £2% for
the first 30 min and then diverged to £5%.

Preparative Acid Hydrolyses. Large-scale hydrolyses for
preparation of the § and ¥ compounds were carried out similarly.
Specifically, a-solanine (1 g) in 200 mL of 0.5 N HCl-methanol
or a-chaconine (1g) in 200 mL of 0.2 N HCl-methanol was heated
at 65 °C for 60 min. The cooled solution was made basic with
NHOH and then partitioned twice with 25-mL portions of
n-BuOH. The combined n-BuOH layers were passed directly
through an aluminum oxide column (25 X 3.7 cm). The collected
fractions (10 mL) were examined by TLC for content of hydrolysis
products. Fractions containing the same compound were com-
bined and evaporated to dryness; the residue was then recrys-
tallized from 80% EtOH.

Hydrolysis of Freeze-Dried Potato Powders. Washed
potatoes (NDA 1725 high-glycoalkaloid-containing cultivar) were
cut into small cubes, placed in a freeze-drying jar, and frozen by
adding liquid nitrogen. The frozen product was quickly lyo-
philized. The dried sample was then ground in a Wiley mill to
pass a 1-mm screen and stored at 0 °C. Hydrolyses were carried
out by adding the powder (10g) to 500 mL of 0.5 N HCl-methanol
previously preheated to 65 °C. The flask was then placed into
a 65 °C water bath. Samples (100 mL) were removed after 30,
60, and 90 min. These were treated as described earlier for the
pure alkaloids, and the alkaloid composition was then determined
by HPLC.

Thin-Layer Chromatography (TLC). TLC was performed
on Merck precoated silica gel G plates, 0.25 mm thick. Devel-
opment was in saturated chambers with chloroform-methanol-
2% NH,OH, 70:30:5. Spots were visualized either by placing the
plates in a tank saturated with iodine vapor for 5 min or by
spraying with anisaldehyde reagent (0.5 mL of anisaldehyde, 10
mL of MeOH, 0.5 mL of H;SO,, and 0.1 mL of acetic acid) and
heating at 120 °C for 5 min (see Results and Discussion).

High-Performance Liquid Chromatography (HPLC). A
Beckman Model 334 liquid chromatograph with a 427 integrator
and a 165 UV-visible variable-wavelength detector was used
(Friedman and Levin, 1992). Column was a Resolve C;5 3.9 X
300 mm HPLC column (Waters, Milford, MA). Flow rate was
1 mL/min, and detection was by UV at 200 nm. Eluent for
glycoside determination was 100 mM ammonium phosphate,
monobasicin 35% acetonitrile, adjusted to pH 3.5 with phosphoric
acid. Eluent for aglycon determination was 10 mM ammonium
phosphate in 60% acetonitrile, adjusted to pH 2.5.

Mass Spectrometry. Inthe absence of reference standards
for the mono- and diglycosides of solanidine, mass spectrometry
was used to characterize the material from TLC and HPLC peaks
obtained from chromatography of the partial acid hydrolysates
of a-chaconine and a-solanine. TLC spots were extracted with
hot methanol prior to mass spectrometry. Samples were analyzed
without derivatization by use of liquid secondary ion mass
spectrometry (LSIMS) on a VG 70/70-HS mass spectrometer
(Fisons, Inc., Manchester, U.K.) equipped with a cesium bom-
bardment source (Antek Instruments, Palo Alto, CA) operated
at 6-kV primary ion beam energy. Samples were applied as
solutionsto aglycerol matriz on a copper probe. Improved signals
were achieved for some samples by addition of about 1 uL of 1
M acetic acid.
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Table I. Melting Points of Alkaloids
compd mp, °C

a-solanine 248 (browns), 256258 (melts), 296-300 (decomposes)
Ba-solanine 250 (browns), 255-257 (melts), 295-298 (decomposes
v-solanine 228 (browns), 240-242 (melts), 298-300 (decomposes)

a-chaconine
B1-chaconine
B2-chaconine
v-chaconine
solanidine

234-235 (melts), 296-299 (decomposes)

199 (browns), 215217 (melts), 294~-298 (decomposes)
231 (browns), 238-240 (melts), 296-299 (decomposes)
220 (browns), 232-234 (melts), 300-302 (decomposes)
208 (browns), 215-217 (melts)

Table II. TLC Data for Alkaloids*
solvent A  solventB  solventC  solventD
compd Rf R,,.." Rf R.,.. Rf R.,.. Rf Ra..

a-solanine 011 1.00 018 1.00 0.16 1.00 024 100
Bs-solanine 0.23 209 037 206 027 169 056 233
y-solanine 046 4.18 059 328 048 300 0656 271
a-chaconine 020 1.82 032 1.78 023 1.44 054 225
Bi-chaconine 0.27 245 040 222 030 1.88 056 2.33
B2-chaconine 0.37 3.36 052 289 039 244 0.63 263
v-chaconine 0.50 4.55 0.63 3.50 0.52 3.25 0.66 3.33
solanidine 084 17.64 087 4.83 080 500 080 3.33

@ Solvent A: chloroform-methanol-2% NH,OH, 70:30:5 (Jellema
et al., 1981). Solvent B: chloroform-methanol-1% NH,OH, 65:35:
5. Solvent C: chloroform—methanol-1% NH,OH, 2:2:1, bottom layer
(Jellema et al., 1981; Filadelfi and Zitnak, 1983). Solvent D:
chloroform-methanol-water, 5:5:1 (Jellema et al., 1981). ¢ R,.: value
relative to that of a-solanine.

RESULTS AND DISCUSSION

Structures of Hydrolysis Products. «-Chaconine
can form two diglycosides (8,, and 82), one monoglycoside
(v-chaconine), and solanidine. «-Solanine can, in prin-
ciple, also form two diglycosides (81, and 82), one monogly-
coside (y-solanine), and solanidine (Figure 1).

Table I lists the melting points of all compounds.

Table II lists the Ry values from TLC of the partial
hydrolysis products of a-solanine and a-chaconine. When
analyzed by mass spectrometry, all samples yielded intense
(M + H)* ions, in agreement with previous measurements
on solanidine glycoalkaloids (Price et al., 1985). LSIMS
spectra, in glycerol matrix, for the aglycon solanidine and
its parent glycosides, a-solanine and a-chaconine, are
shownin Figure 2. Fragmentions at mass-to-chargeratios
(m/z) 380, 204, and 150 in these spectra, and in those of
the mono- and diglycosides of solanidine, arise from the
steroidal portion of the structure (Budzikiewicz, 1964).
Thus, the spectra characterize the compounds assolanidine
glycoalkaloids.

For a-solanine, additional fragment ions at m/z 722 and
706 originate from cleavage of the glycosidic bonds
accompanied by rearrangement of a single hydrogen. These
fragment peaks correspond in mass to the possible
protonated diglycoside acid hydrolysis products. In like
manner, the m/z 560 peak has the mass of the protonated
monoglycoside.

LSIMS spectra of the isolated diglycosides shown in
Figure 3 correspond to 8;-chaconine and 8z-chaconine, both
with (M + H)* at m/z 706 and Bs-solanine with (M+H)+
at m/z 722. The underivatized 8; and §; isomers of
chaconine cannot be differentiated on the basis of mass
spectra alone; differences in the recorded LSIMS spectra
of these isomers, Figure 3A,B, apparently reflect differ-
ences in concentration in the LSIMS matrix rather than
structural differences. For these compounds, R; values
from TLC and retention times from HPLC (Friedman
and Levin, 1992) provide unequivocal identification when
combined with gas-liquid chromatography (GLC) reten-
tion times and mass spectra of permethylated derivatives,
which can differentiate between the 1—+2 glycosidiclinkage
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Figure 2. Positive ion LSIMS mass spectra of solanidine (A),
a-solanine (B), and a-chaconine (C) in glycerol. Peaks at m/z
185 and 277 are derived from matrix.
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Figure 3. Positive ion LSIMS mass spectra of 8;-chaconine (A),
Bs-chaconine (B), and S8z-solanine (C).

of B;-chaconine and the 1—4 linkage of Ss-chaconine
(Osman et al., 1976; Swain et al., 1978; Kitajima et al.,
1982).

The occurrence of the monoglycosides y-solanine and
v-chaconine was also confirmed from their LSIMSspectra,
which are shown in Figure 4. Their mass spectra have not
beenreported previously. Asexpected, theseisomersgive
indistinguishable spectra, but identification by mass
spectrometry is unequivocal because they originate from
different parent glycosides.

Melting Points. Table I lists the melting points of the
purified compounds. We noted that all compounds except
a-chaconine continued to darken after melting, resembling
the caramelization of sucrose. They also smelled of burnt
sugar. Frothing occurred until the melt turned black and
decomposed at around 300 °C for each compound. Some
of the melting and/or decomposition points agreed with
literature values and some did not. Wide ranges of values
are listed for these compounds. As Porter (1972) has

Friedman et al.
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Figure 4. Positive ion LSIMS mass spectra of y-solanine (A)
and y-chaconine (B).

pointed out, melting points of the various glycoalkaloids
inand of themselves are unreliable as indicators of identity
or purity. Different methods of heating may give widely
varying values, as may the method of purification.

Thin-Layer Chromatography. TLC was used to
monitor the column fractions after purification, to provide
semiquantitative screens of hydrolysis mixtures, and to
characterize the various compounds by Ry value. Table
IT lists the R; and R,., values (R; relative to that of
a-solanine) for the hydrolysis compounds in several related
solvent systems. For this study, the best results were
obtained with solvent A, which gave adequate separation
with very little spreading of the spots. Other solvent
systems were tried, but the neutral or acidic systems or
those with more than 10% water either gave poor
separation or caused streaking.

Iodine vapor was used for visualizing spots in the column
monitoring because it was fast and easy, involving no
spraying or heating. Iodine vapor was also used for
preparative TLC because the color is reversible, causing
no chemical change in the compounds to be collected. The
anisaldehyde spray was used to develop spots in the
semiquantitative work because it is more sensitive and
more specific than the iodine spray.

Factors Influencing Hydrolysis Rates. Tables III-
XII present data from hydrolyses of the glycoalkaloids
over time and under differing conditions. Tables III and
IV cover a-chaconine; Tables V-VII, 8- and y-chaconines;
Tables VIII and IX, a-solanine; Tables X and XI, 8- and
~-solanines; and Table XII, mixture of a-chaconine and
a-solanine. These data show that hydrolysis rates of
starting materials and formation of hydrolysis products
are accelerated by both HCI concentration in the range
0.1-0.5 N (Tables III and VIII) and temperature in the
range 38-65 °C (Tables IV and IX).

Figure 5 compares the rates of disappearance of the
different chaconines under the same hydrolytic conditions
(0.2 N HCl-methanol, 65 °C). «-Chaconine seems to
undergo stepwise hydrolysis, first to the 8-chaconines, then
to y-chaconine, and finally to the aglycon. The first step
can cleave either the 2-rhamnose or the 4-rhamnose, giving
B2 or B1-chaconine, respectively. The data show that 8;-
chaconine is produced twice as rapidly as the 8; isomer.
Once the diglycoside is formed, however, 8,-chaconine is
more easily hydrolyzed than 8z-chaconine. This would
seem to indicate that in the triglycoside the site of cleavage
is more a factor of steric effects than bond strength. The
~y-monoglycoside is relatively more difficult to hydrolyze
to the aglycon, solanidine.

Figure 6 similarly compares the disappearance rates of
thesolanines (0.2 N HCl-methanol, 65 °C). The first step
of hydrolysis is cleavage of the rhamnose residue from the
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Table II1. Effect of HC] Concentration on the Hydrolysis of a-Chaconine to 8-, 82-, and y-Chaconines and Solanidine

(Conditions: 0.1 and 0.2 N HCl-Methanol, 65 °C)

a-chaconine, uM % B1-chaconine, uM %

Bs-chaconine, uM %

v-chaconine, uM % solanidine, uM %

time,
min 01N 02N 01N 02N 01N 0.2N 01N 02N 01N 02N
0 1002 100® 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 84.0 83.8 5.8 8.2 94 7.2 0.8 0.6 0.0 0.0
20 74.5 68.2 11.1 14.7 11.8 14.0 2.6 3.0 0.0 0.0
30 65.5 55.4 14.7 20.9 14.5 16.8 5.2 6.9 0.0 0.0
40 514 45.9 21.3 24.2 17.7 18.0 9.5 11.9 0.0 0.0
50 46.8 40.2 20.6 25.8 17.2 18.2 14.9 15.5 04 0.2
60 45.8 31.5 22.7 27.5 15.9 18.2 14.9 22.0 0.7 0.8
70 39.3 27.5 24.1 27.5 18.3 17.1 17.2 26.7 1.1 1.3¢

e Initial concentration of a-chaconine = 11.9 uM. ® Initial concentration of a-chaconine = 10.3 uM. ¢ After 80 min, kM % of solanidine is

2.0; after 90 min, 3.4.

Table IV. Effect of Temperature on the Hydrolysis of a-Chaconine to 8;-, 82-, and v-Chaconines and Solanidine (Conditions:

0.2 N HCl-Methanol at 38, 55, and 65 °C)

a-chaconine, uM % B1-chaconine, uyM %

B2-chaconine, uM %

v-chaconine, uM % solanidine, uM %

time,
min 38°C 55°C 65°C 38°C 55°C 65°C 38°C 55°C 65°C 38°C 55°C 65°C 38°C 55°C 65°C
0 1002 100® 100¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
15 77.9 11.0 10.7 04 0.0
30 97.9 76.9 55.4 1.8 15.6 20.9 0.3 6.5 16.8 0.0 0.9 6.9 0.0 0.0 0.0
40 45.9 24.2 18.2 11.9 0.0
50 40.2 25.8 18.2 15.5 0.2
60 95.1 49.0 31.5 3.5 24.9 27.5 1.5 14.8 18.2 0.0 114 22.0 0.0 0.0 0.8
70 27.5 27.5 17.1 26.7 1.3
80 23.0 27.5 15.9 31.6 2.0
90 90.4 31.2 20.8 6.5 32.6 27.5 3.1 15.0 13.3 0.0 20.3 34.9 0.0 0.9 34

a Initial concentration of a-chaconine = 11.7 uM. ? Initial concentration of a-chaconine = 11.9 uM. © Initial concentration of a-chaconine

= 10.3 uM.

Table V. Hydrolysis of 8;-Chaconine to v-Chaconine and
Solanidine (Conditions: 0.2 N HCl-Methanol, 65 °C)

Table VII. Hydrolysis of v-Chaconine to Solanidine
(Conditions: 0.2 N HCl-Methanol, 65 °C)

time, B1-chaconine ~-chaconine, solanidine, time, 7-chaconine solanidine,
min uM % % % min M % %
0 7.80 100.0 0.0 0.0 0 1.43 100.0 0.0
10 5.84 73.8 25.5 0.6 10 141 98.6 14
20 4.07 50.5 47.0 2.5 20 1.34 97.1 3.6
30 3.24 40.3 54.6 5.1 30 1.43 93.5 6.5
40 2.59 31.7 59.8 8.6 40 1.35 88.2 11.8
50 1.42 17.3 68.8 13.9 50 1.42 85.0 15.0
60 0.69 8.3 72.1 19.6 60 1.27 779 22.1

Table VI. Hydrolysis of 5;-Chaconine to y-Chaconine and
Solanidine (Conditions: 0.2 N HCl-Methanol, 65 °C)

time, Bg-chaconine 4-chaconine, solanidine,
min M % % %
0 12.04 100.0 0.0 0.0
10 10.17 86.0 14.0 0.0
20 8.74 72.8 27.2 0.0
30 7.18 59.4 40.2 0.4
40 5.84 48.9 50.0 1.1
50 5.31 43.7 54.1 2.1
60 4,36 35.7 61.7 2.5
70 3.54 28.9 67.0 4.2

triglycoside, forming 8z-solanine exclusively. A verysmall
peak was detected that could be due to @;-solanine;
however, we have been unable to confirm this (Swain et
al., 1978; Filadelfi and Zitnak, 1982). In any case, it would
amount to no more than 0.1% of the total glycoalkaloid
content of the mixture. Sz-Solanine is readily hydrolyzed,
as measured by its disappearance, but an equivalent
amount of v-compound is not produced. Solanidine is
formed much faster than y-solanine. This could be caused
either by the rapid hydrolysis of the ¥ compound as it is
formed or by direct cleavage of the diglycoside. Since the
data show that the hydrolysis of v-solanine is slow, we
conclude that 8s-solanine preferentially hydrolyzes to the
aglycon.

Unknown Compounds. Hydrolysis of the glycoalka-
loids formed small amounts of compounds of unknown

structure in addition to the compounds listed in the figures
and tables. Although these compounds were formed
consistently and reproducibly, they represented less than
1% of the total parent glycoalkaloid content. Figure 7 is
atypical HPLC chromatogram of the hydrolysis products
of a-chaconine. Unknown peaks 1, 3, and 6 were isolated
by TLC. Mass spectral data showed that peaks 1 and 3
have molecular weights of 851.5, the same as a-chaconine,
and that peak 6 has a molecular weight of 705.4, the same
as both the §-chaconines. This suggests that the peaks
may be rearrangement products; for example, the cleaved
rhamnose may reattach itself at a different site or by a
different linkage. However, hydrolysis carried out in a
5% rhamnose solution, which might be expected to
increase these peaks, had no effect on the results. Other
possibilities include the following: (a) the new compounds
are formed by acid-catalyzed isomerization of optically
active centers in the carbohydrate residues to diastere-
omeric (anomeric) isomers; and (b) the double bond of the
aglycon migrates to new positions, forming new isomers.

The chromatogram of an a-solanine hydrolysate (Figure
8) shows only one anomalous peak (peak 3). This seems
to be a mixture of two or more closely related compounds.
An attempt to characterize these compounds by mass
spectrometry gave inconclusive results.

Hydrolysis of Potatoes. Dehydrated potato powders
were hydrolyzed in 0.5 N HCl-methanol at 65 °C for 30,
60, and 90 min. Preliminary results indicate the suscep-
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Table VIII.
0.1, 0.2, and 0.5 N HCIl-Methanol, 65 °C)

Friedman et al.

Effect of HCI Concentration on the Hydrolysis of a-Solanine to 3;- and v-Solanines and Solanidine (Conditions:

a-solanine, uM %

Bo-so0lanine, uM %

v-solanine, uM % solanidine, uM %

time,
min 01N 02N 05N 01N 02N 05N 01N 02N 05N 0.1N 02N 05N
0 1007 100? 100¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 94.3 974 84.0 5.7 2.6 16.0 0.0 0.0 0.0 0.0 0.0 0.0
20 90.6 90.0 61.6 94 10.0 31.1 0.0 0.0 3.2 0.0 0.0 41
30 86.3 83.8 484 13.7 15.7 38.0 0.0 0.5 5.7 0.0 0.0 79
40 82.4 78.4 37.5 17.6 20.6 40.9 0.0 09 8.1 0.0 0.0 13.5
50 78.0 72.7 30.2 22.0 25.1 424 0.0 1.7 104 0.0 0.5 16.9
60 73.2 68.0 23.6 24.6 28.7 42.3 0.9 21 12.0 1.1 1.2 22.2
70 68.3 63.5 18.7 27.8 31.5 41.0 1.6 2.6 134 2.3 24 26.9
80 64.9 59.1 15.1 30.5 32.0 38.9 1.6 3.2 14.0 3.0 5.7 32.0
90 62.0 54,0 12.9 32.3 344 37.2 1.6 4.8 15.2 4.1 6.7 34.7

o Initial concentration of a-solanine = 4.35 uM. ® Initial concentration of a-solanine = 4.23 uM. ¢ Initial concentration of a-solanine = 4.34

uM.

Table IX. Effect of Temperature on the Hydrolysis of a-Solanine to 82- and v-Solanines and Solanidine (Conditions: 0.2 N

HC1-Methanol at 38, 55, and 65 °C)

a-solanine, uM %

Bo-solanine, uM %

v-solanine, uM % solanidine, uM %

time,
min 38°C 55°C 65°C 38°C 55°C 65°C 38°C 55°C 65°C 38°C 55°C 65°C
0 1000 1000 100¢ 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
10 974 2.6 0.0 0.0
20 90.0 10.0 0.0 0.0
30 100 91.9 83.8 0.0 8.1 15.7 0.0 0.0 0.5 0.0 0.0 0.0
40 78.4 20.6 0.9 0.0
50 727 25.1 1.7 0.5
60 98.8 80.4 68.0 0.0 18.4 28.7 0.0 1.2 2.1 0.0 1.2 1.2
70 63.5 31.5 2.6 2.4
80 59.1 32.0 3.2 5.7
90 97.8 69.4 54.0 2.2 26.7 34.4 0.0 3.4 4.8 0.0 3.4 6.7

a Initial concentration of a-solanine = 11.7 uM. ¢ Initial concentration of a-solanine = 12.0 uM. ¢ Initial concentration of a-solanine = 4.3

uM.

Table X. Hydrolysis of 82-Solanine to v-Solanine and
Solanidine (Conditions: 0.2 N HCl-Methanol, 65 °C)

time, Bs-solanine v-solanine, solanidine,
min uM % % %
0 12.29 100.0 0.0 0.0
10 11.07 91.0 3.0 3.0
20 9.89 79.8 5.2 14.9
30 8.19 66.3 10.4 23.2
40 6.61 53.0 15.7 31.3
50 5.39 42.7 149 42.3
60 4.45 35.1 13.5 51.4

Table XI. Hydrolysis of v-Solanine to Solanidine
(Conditions: 0.2 N HCl-Methanol, 65 °C)

time, v-solanine solanidine,
min uM % %
0 2.61 100.0 0.0
10 2.58 98.1 1.9
20 2.53 97.1 2.9
30 2.49 94.5 5.5
40 2.42 91.3 8.7
50 2.33 86.8 13.2
60 2.18 80.8 19.2

tibilities of a-chaconine and a-solanine to hydrolysis in a
potato matrix appear similar to those of the pure com-
pounds. The extent of hydrolysis of the major glycoal-
kaloids in potatoes, a-chaconine and a-solanine, generally
paralleled the hydrolysis of an artificial mixture of these
two glycoalkaloids made up in a 52:48 ratio, similar to that
found in potatoes (Table XII; Figure 9). Although the
formation of the hydrolysis products was about the same
for the two cases, the absolute amounts in potatoes were
lower than in the artificial mixture, presumably because
much of the acid in the potato experiment was used up
in hydrolyzing starch to glucose rather than acting on the
glycoalkaloids.

The chromatograms of the potato hydrolysates (Figure

10) contained several unknown peaks, presumably derived
from the action of the acid on other potato constituents.
These interfere with the quantitation of the alkaloids at
low levels (less than 10 ug/mL). This means that actual
potato samples would need a more extensive cleanup
procedure than those used in this study if true quantitative
results are to be achieved.

Mechanisms of Hydrolysis. Tables III-X show that
the sum of micromoles of hydrolysis products is nearly
equivalent to the amount of starting materials used. The
quantitative recovery of hydrolysis products implies that
side reactions of the carbohydrate side chains such as
dehydration and/or cyclization to furan derivatives donot
take place under the hydrolysis conditions used. Such
side reactions are reported to occur during exposure of
mono- and polysaccharides to strong acids at high tem-
perature (BeMiller, 1967).

Acid and enzyme catalyses of carbohydrate hydrolysis
have been studied extensively (BeMiller, 1967; Capon,
1969; Legler,1990). The acid-catalyzed hydrolysis appears
to be an Sy1-type reaction in which fast protonation of
the glycosidic oxygen to form the conjugate acid is followed
by cleavage of the exocyclic oxygen atom to produce a
carbonium-oxonium ion intermediate. Thisintermediate
then reacts with water to form the hydrolysis products.
According to BeMiller (1967), both electronic and steric
factors influence hydrolysis rates. These factors include
ring size, configuration, conformation, and polarity of the
sugar and size and polarity of the aglycon. BeMiller also
notes that it is difficult to assign large differences in
hydrolysis rates of disaccharides, polysaccharides, and
related glycosides to a single factor.

Since both a-chaconine and a-solanine have the same
aglycon, the observed differences in hydrolysis rates should
be due only to differences in the composition of the
trisaccharide side chain attached to the 3—-OH group of
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Figure 5. Comparison of hydrolysis rates of a-, 8;-, 82-, and y-chaconines in 0.2 N HCl-methanol at 65 °C.

Table XII. Hydrolysis of an a-Chaconine and a-Solanine Mixture (in a 52:48 Ratio Approximating That Present in Potatoes)
to 8-, 81, and v-Chaconines, 8;- and v-Solanines, and Solanidine (Conditions: 0.2 N HCl-Methanol, 65 °C)

time a-chaconine B1-chaconine Bs-chaconine «-chaconine
?

a-solanine Be-solanine v-solanine solanidine

min uM % uM % uM % uM

% uM % uM % uM % uM %

0 10.7 51.9 0.0 0.0 0.0 0.0 0.0
10 8.7 43.4 0.7 3.7 0.9 4.6 0.0
20 7.0 36.2 14 7.2 14 7.2 0.1
30 6.2 31.0 1.9 9.5 1.5 7.6 0.4
40 49 23.8 2.6 12.8 1.8 9.0 0.9
50 4.4 20.0 3.1 14.0 15 7.0 2.6
60 3.3 15.6 3.0 14.0 13 6.2 3.0
70 2.6 114 3.3 14.8 2.0 8.8 3.2
80 2.3 8.4 3.8 13.9 21 7.8 5.4

solanidine. This study shows that these differences are
considerable when measured in terms of the observed
hydrolysis products. Detailed kinetic studies on the
hydrolysis of the carbohydrate side chain in glycoalkaloids
apparently have not been previously reported. As far as
we know, this is the first detailed kinetic study of the
acid-catalyzed hydrolysis of the carbohydrate groups in
glycoalkaloids. Our findings should stimulate interest in
mechanisticstudies to further define the parameters which
govern hydrolysis rates of bothacid- and enzyme-catalyzed
reactions. Specifically, since the mechanism of acid
hydrolysis postulates the formation of positively charged
transition states, expectations are that both hydrolysis
rates and distribution of hydrolysis products will be
strongly influenced by the polarity of the solvent (Fried-
man, 1967). Preliminary studies show that this is indeed
the case.

The situation is even more complicated because the
tertiary nitrogen of the aglycon exists as the protonated
(NH*) form in strong acid solution. This implies that the
transition state may have two positive charges. How
solvent polarity would affect such an intermediate is not
known.

Another mechanistic aspect of steroidal and alkaloidal
solvolysis is relevant to hydrolyses of glycoalkaloids.
Kupchan et al. (1966a,b) showed that the methanolysis of

0.0 99 481 0.0 0.0 0.0 0.0 0.0 0.0
0.0 9.2 463 04 1.9 0.0 0.0 0.0 0.0
0.5 86 444 09 4.5 0.0 0.0 0.0 0.0
2.1 83 416 14 7.2 0.0 0.0 0.1 0.8
4.2 82 400 1.8 8.5 0.0 0.0 0.3 1.7
11.9 76 344 23 10.7 0.0 0.0 0.4 2.0
144 68 324 2.9 13.8 0.0 0.0 0.7 3.6
16.6 64 288 34 15.3 0.0 0.0 0.9 42
19.8 69 255 4.5 16.6 0.5 18 1.7 6.2

strophanthidin acetate and veratrum alkaloid acetates is
enhanced as much as 4000-fold by bifunctional intramo-
lecular general acid catalysis, as compared to steroid esters
without nitrogen. In the case of alkaloidal esters, the
authors postulate the involvement of the unshared electron
pair of the ring nitrogen atoms in the catalysis. Although
such facilitated solvolysis, the so-called Henbest—-Kupchan
effect (Kupchan et al., 1962), of glycosidic bonds of the
glycoalkaloids could not occur under the conditions of the
present study, where the nitrogens are protonated, it could
take place at higher pH values. Therefore, under basic
conditions, the extent of intramolecular catalysis of
hydrolysis of carbohydrate groups of the glycoalkaloids
should be directly related to the nucleophilicities of the
steroidal ring nitrogen atoms, as measured by basicities
or pK values.

FUTURE STUDIES

Although this study covers only acid—methanol systems,
preliminary studies show that about 1% of a-chaconine
and 1% a-solanine are hydrolyzed in aqueous systems in
1hunder the acid conditions present in the digestive tracts
of animals (1 N HC], 38 °C). This value increases to 5%
after 3 h. Hydrolysis could also occur under basic
conditions after the glycoalkaloids pass from the stomach
to the duodenum. Therefore, it is likely that the alkaloids
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Figure 6. Comparison of the hydrolysis rates of «-, 8-, and v-solanines in 0.2 N HCl-methanol at 65 °C.
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Figure 7. HPLC chromatogram of a partial acid hydrolysate of
a-chaconine. Conditions: 0.2 N HCl-methanol, 65 °C, 1 h. 0,
Solvent front; 1, unknown (MW 852); 2, a-chaconine; 3, unknown
(MW 852); 4, 81-chaconine; 5, 8;-chaconine; 6, unknown (MW
706); 7, y¥-chaconine.

are partly hydrolyzed following ingestion. However, these
possibilities need to be confirmed with animal feeding
studies.

The glycoalkaloids may also be susceptible to hydrolysis
by enzymes (Legler, 1990). We do not know whether such
glycosidases exist in the digestive tract or other organs
such as the liver and kidneys. If they do, then the real
target of metabolic, nutritional, and safety studies should
be the resulting hydrolysis products.

Since both the number and nature of the carbohydrate
residues attached to the 3-OH group of solanidine appear
to be paramount in influencing relative safety, the
described kinetic and synthetic studies should facilitate
preparation of structurally different glycosides for bio-
logical evaluation. Our studies should also make it easier
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Figure 8. HPLC chromatogram of a partial acid hydrolysate of
a-solanine. Conditions: 0.2 N HCl-methanol, 65 °C, 1 h, 0,
Solvent front; 1, «a-solanine; 2, Bs-solanine; 3, unknown; 4,
v-solanine.

Absorbance (200 nm)

to measure the formation of the carbohydrate-containing
intermediates during the biosynthesis of the glycoalkaloids
in plants (Stapleton et al., 1992) and to assess possible
biological functions of carbohydrate groups in tomato
alkaloids (Friedman et al., 1992), anticarcinogenic quer-
cetin glycosides (Leighton et al, 1993), and saponins
(Kitajima et al., 1982; Wolf and Thomas, 1971).

Since the hydrolysis products may be less toxic than
the parent compounds, exposure of potatoes to acid
conditions may enhance food safety.

A final aspect that may be relevant to food safety and
nutrition is possible heat-induced reactions of carbohy-
drate residues of glycoalkaloids with amino acids and
proteins to form Maillard browning products (Friedman,
1991; Friedman and Molnar-Per], 1990). Ifsuch browning
reactions occur during food processing, they may lead to
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Figure 10. HPLC chromatograms of a partial acid hydrolysis
of dried potato tubers. Conditions: 0.5 N HCl-methanol, 65 °C.
(A)Omin; 1, a-solanine; 2, a-chaconine. (B)60min; 1, a-solanine;
2, unknown hydrolysis product and a-chaconine (approximate
ratio 9:1); 3, Bs-solanine; 4, 8;-chaconine; 5, 8z-chaconine; 6,
v-solanine; 7, y-chaconine. Unlabeled peaks are solvent fronts
and unknowns.
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the removal of the carbohydrate groups of a-chaconine
and «-solanine, forming less toxic compounds. As noted
earlier in the discussion of melting point determination,
the glycosides behave like carbohydrates under the in-
fluence of heat. Possible beneficial effects of acid treat-
ment and browning reactions of glycoalkaloids in potatoes
on food safety merit further study.
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