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CASTANOSPERMINE: AN APPARENT TIGHT-BINDING
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Abstract—Castanospermine is a potent inhibitor of rat hepatic lysosomal a-glucosidase in vitro. The
alkaloid showed time-dependent inhibition with an I1Cs of 5 10"*M without preincubation and
1x 1077M with 1hr of preincubation. Inhibition appeared competitive without preincubation but
noncompetitive after preincubation. The time-dependent inactivation of the enzyme followed pseudo-
first-order kinetics with an inactivation constant of 1.2 X 10° M~! sec™!. The apparent irreversibility of
enzyme inhibition by castanospermine is postulated to be by tight-binding inhibition.

Lysosomal a~glucosidase (a-D-glucoside glucohydro-
lase, EC 3.2.1.20) is an exoglucosidase that has both
a-1,4- and a-1,6-glucosidase activities. This enzyme
plays an important role in glycogen disposal by cata-
lyzing the hydrolysis of lysosomal glycogen [1].
Absence of this enzyme, as occurs in Pompe’s
disease, results in lysosomal glycogen accumulation
in most cell types [2].

Castanospermine {CSt; 1,6,7,8-tetrahydroxyocta-
hydroindolizine, Fig. 1) is an alkaloid found in the
seeds of the Australian tree Castanospermum
australe [3,4]. This alkaloid inhibits glucosidases
from a variety of plant and animal sources [5-8].
However, limited information is available on the
kinetics of enzyme inactivation. CS has been
reported to demonstrate a reversible, competitive
inhibition with amyloglucosidase and with almond
B-glucosidase [5] and a noncompetitive inhibition
with Caco-2 cell sucrase [6].

Administration of CS to rats markedly reduces
liver lysosomal a-glucosidase activity, causing
excessive deposition of glycogen in hepatocyte lyso-
somes [7]. Recovery of lysosomal a-glucosidase
activity requires several days, suggesting that either
enzyme synthesis is inhibited or enzyme inhibition is
not readily reversible. In the present study, we have
investigated CS inhibition of liver lysosomal a-glu-
cosidase in vitro in an effort to explain the effects on
liver lysosomal a-glucosidase activity observed in
vivo.

METHODS

CS was isolated from seeds of Castanospermum
australe by extraction with 2-propanol and was puri-

* All correspondence should be sent to: Keith M. Robin-
son, Ph.D., Merrell Dow Pharmaceuticals Inc., 2110 E.
Galbraith, Cincinnati, OH 45215.

+ Abbreviations: CS, castanospermine; ICs,, inhibitor
concentration that reduces enzyme activity 50%; and Kj,
dissociation constant of enzyme~inhibitor complex.
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Structure of castanospermine (1,6,7,8-tetra-
hydroxyoctahydroindolizine).

Fig. 1.

fied to homogeneity by chromatography on Dowex
50-X8 and Dowex 1-X8 jon-exchange resins [8]. p-
Nitrophenyl-a-D-glucopyranoside was purchased
from the Sigma Chemical Co., St. Louis, MO. All
other chemicals were from commercial sources.
Lysosomal a-glucosidase was isolated from livers of
male Sprague-Dawley rats (Harlan Industries Ltd.,
Indianapolis, IN) by the procedure of Dissous et al.
through the ammonium sulfate precipitation step [9],
and then stored at —20°. The enzyme was char-
acterized by its ability to hydrolyze maltose to glu-
cose and by its pH optimum. Free glucose was deter-
mined by a glucose dehydrogenase method (Seragen
Diagnostics, Indianapolis, IN). The specific activity
of the lysosomal a-glucosidase preparations used in
this study ranged from 20 to 40 mUnits/mg protein
with p-nitrophenylglucoside as substrate. One unit
of enzyme is the amount necessary to hydrolyze
1 pmol substrate per min. Protein was determined
by the method of Lowry et al. [10].

In the studies reported here, enzyme activity was
determined with p-nitrophenyl-a-D-glucoside in a
final volume of 0.6 ml of 0.1 M sodium acetate,
25 mM KCl, pH 4.2. All reactions were incubated at
37° for 30 min unless otherwise stated. Reactions
were terminated by heating at 90°. Insoluble protein
was removed by centrifugation. One milliliter of
0.1 M Na,COj; was added to the supernatant fraction,
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Fig. 2. Castanospermine inhibition of lysosomal a-glucosidase. Enzyme and inhibitor were preincubated
for 0 (x}), 30 (O), 60 (@), 90 (V), or 120 (¥) min at 37° before adding p-nitrophenyl-a-D-glucoside.
Values are presented as a percent of the enzyme activity assayed with no castanospermine and after the
appropriate period of preincubation. This activity was 55-66 nmol product/hr/assay tube. Substrate
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Fig. 3. Double-reciprocal plots of enzyme activity in the presence of castanospermine without (A) and
with (B) 60 min of preincubation at 37°. p-Nitrophenyl-a-D-glucoside concentrations were 1.0, 1.3, 2.0,
2.5, 3.3, 5.0, 6.7 and 10 mM. Castanospermine concentrations are shown in the figure. Velocity (V) is
expressed in nmol substrate hydrolyzed per min. Data were analyzed using the computer program of

Cleland [13].
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and liberated p-nitrophenol was determined by
absorption at 410nm. Enzyme activity was pro-
portional to protein concentration and time of
incubation.

In preincubation experiments, the enzyme was
mixed with inhibitor, incubated at 37°, and the reac-
tion started by substrate addition. Otherwise, the
reactions were started by enzyme addition.

RESULTS

Partially purified rat liver lysosomal a-1,4-glu-
cosidase showed a pH optimum of 4.2 and a KX, for
maltose of 3.8 mM, values that agree closely with
those of Jeffrey et al. [11, 12]. The K,, for p-nitro-
phenylglucoside was 1.9 mM. CS inhibited lysosomal
a-glucosidase with an ICs; of 5 X 107¢M (Fig. 2).
Preincubation of enzyme with inhibitor decreased
the ICsy to 1 X 10-7M. This time-dependent inhi-
bition required approximately 60 min at 37° to reach
a maximum.

The type of inhibition was examined by deter-
mining -enzyme activity at various substrate and
inhibitor concentrations. Without preincubation, CS
behaved as a competitive inhibitor of lysosomal a-
glucosidase with an apparent K of 0.9 x 107M
(Fig. 3A). Competitive inhibition suggests that CS
interacts at the active site of the enzyme. However,
when incubated with enzyme for 60 min before add-
ing substrate, CS behaved as an apparent non-
competitive inhibitor with a K;; 0f 1.2 X 10~7 M (Fig.
3B). Apparent noncompetitive inhibition under
these conditions suggests a very slow dissociation of
the enzyme-inhibitor complex [14].
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To further investigate the CS inhibition of lyso-
somal a-glucosidase, a reaction progress curve was
determined as described by Morrison [15]. In the
absence of CS, the reaction followed first-order kin-
etics. In the presence of CS but without prein-
cubation, the reaction rate for the first 30 min was
almost the same as without CS but slowed as the
reaction continued, again demonstrating a very slow
interaction between enzyme and inhibitor (Fig. 4A).

In an effort to examine reversal of enzyme inhi-
bition, the enzyme was preincubated for 60 min with
the same concentration of inhibitor, dialyzed over-
night to remove excess inhibitor, and incubated with
substrate (Fig. 4B). No recovery of enzyme activity
was observed as the reaction proceeded, demon-
strating as does Fig. 3B that substrate does not
readily displace the inhibitor. Tris, another inhibitor
of a~glucosidase, was used in an effort to displace
CS from the enzyme. The enzyme was incubated for
60 min with 107°*M CS, dialyzed 24 hr with 0.1M
Tris acetate, pH4.0, and then dialyzed overnight
against the sodium acetate buffer to displace the
Tris. No recovery of enzyme activity was observed
in the CS-treated preparation, whereas the control
preparation retained 65% of the original activity. In
the next experiment we attempted to reverse the
inhibition by treating the enzyme-inhibitor complex
to a more exhaustive dialysis. After incubation of
enzyme with 1076 M inhibitor for 1 hr, the mixture
was dialyzed for 6 days against four changes of 3
liters of the acetate buffer. Prior to dialysis, the
enzyme~CS preparation had 15% of the activity in a
similar preparation without inhibitor. After dialysis,
the activity of the enzyme-CS preparation remained
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Fig. 4. Reaction progress curves. (A) No inhibitor (x), 1 x 107°M castanospermine without pre-

incubation (@), or 1 X 10~®M castanospermine preincubated for 60 min at 4° (O). (B) No inhibitor and

dialyzed 24 hr against acetate buffer (x), 1 X 107° M castanospermine preincubated for 60 min at 4° and

then dialyzed for 24 hr against four changes of 1 liter of acetate buffer to remove unbound inhibitor

(O). p-Nitrophenyl-a-D-glucoside concentration was 5 mM. For each experimental condition, reactions

were started by substrate addition. Aliquots were taken at 0, 15, 30, 45, 60 and 75 min, and the amount
of product was determined.
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Fig. 5. Time-dependent inactivation of lysosomal

a-glucosidase by castanospermine. Enzyme and

inhibitor were preincubated for 5, 10, 15, 20, 30, 45, or 60 min at 37° before the addition of 5 mM p-

nitrophenyl-a-D-glucoside. Values are presented as a percent of the enzyme activity assayed with no

castanospermine and after the appropriate period of preincubation. This activity was 28-30 nmol
product/hr/assay tube. Lines were visually fit to the data.

15% of the control preparation; the control retained
93% of its original activity. These results suggested
that CS acts as an irreversible inhibitor when allowed
sufficient time to interact with the enzyme.

To determine the kinetics of enzyme inactivation,
enzyme and CS were incubated at various inhibitor
concentrations, and enzyme was determined as a
function of time. Inactivation of the enzyme by CS
followed pseudo-first-order kinetics (Fig. 5). A plot
was constructed of T; (time required for 50% inac-
tivation) versus inhibitor concentration (Fig. 6).
From these data the first-order inactivation constant
(K = 0.693/slope) was calculated tobe 1.2 x 10° M1
sec”l.

DISCUSSION

The present results show that CS is a potent inhibi-
tor of rat hepatic lysosomal a~glucosidase in vitro.
The inhibition was time dependent (Figs. 2 and 4A),
indicating slow interaction between inhibitor and
enzyme. This slow interaction probably occurred at
the active site of the enzyme (Fig. 3A), and once it
occurred the inhibitor apparently bound very tightly.
Attempts to reverse the inhibition by dialysis and by
substrate displacement of inhibitor were unsuccessful
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(Figs. 3B and 4B). The inability to recover enzyme
activity after CS treatment implies a possible cova-
lent modification of the enzyme. However, with our
current understanding of the mechanism of action of
glucosidases [16], the structure of CS does not favor
a covalent interaction. Alternatively, both are con-
sistent with a strong noncovalent interaction. Strong
noncovalent interactions between enzymes and
inhibitors have been described by Williams and Mor-
rison [17] and by Cha [18]. These inhibitors are called
tight-binding inhibitors. The distinction between
tight-binding and irreversible inhibitors is generally
based upon reversibility of inhibition. Without direct
evidence demonstrating reversibility of inhibition,
we can only postulate that CS is a very tight-binding
inhibitor of lysosomal a-glucosidase.

Tight-binding inhibition of an enzyme could result
from the formation of a stable transition-state analog
at the active site of the enzyme [16]. The protonated
tertiary amine of CS could substitute for the car-
bonium ion generated in the transition-state of the
substrate and interact with the carboxylate residue
believed to be present at the active site of the enzyme
[19]. The interaction between the amine and the
carboxylate residue together with other binding
forces such as hydrogen-bonding, van der Waals
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Fig. 6. Plot of time required for 50% inactivation versus reciprocal of inhibitor concentration. Values
for T, were obtained from the curves in Fig. 5 by visually interpolating the 50% activity for each line.
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forces and, possibly, conformational changes could
stabilize the enzyme-inhibitor complex to the extent
that dissociation of the complex would be very slow
and inhibition would appear irreversible. Tight bind-
ing of CS to an a-glucosidase is consistent with the
observation that CS is a time-dependent inhibitor of
sucrase isolated from Caco-2 cells and shows an
apparent noncompetitive inhibition when prein-
cubated with the enzyme [6]. Tight binding of CS
can also explain its prolonged action on lysosomal
a-glucosidase observed in vivo [7].

In conclusion, our data indicate that castano-
spermine is a tight-binding inhibitor of lysosomal a-
glucosidase which behaves like an irreversible inhibi-
tor. We suggest that the loss of lysosomal a-glu-
cosidase activity in CS-treated rats is the result of
tight-binding inhibition of the enzyme by CS.

Note added in proof: J. P. Chambers and A. D. Elbein,
Enzyme 35, 53 (1986) have recently demonstrated a similar
potency of inhibition for CS with the human enzyme.
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