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ABSTRACT

Sugar analogs were used to study the inhibition of cell wall-
associated glycosidases in vitro and in vivo. For in vitro charac-
terization, cell walls were highly purified from corn (Zea mays L.)
root cortical cells and methods were developed to assay enzyme
activity in situ. Inhibitor dependence curves, mode of inhibition,
and specificity were determined for three sugar analogs. At low
concentrations of castanospermine (CAS), 2-acetamido-1,5-im-
ino-1,2,5-trideoxy-p-glucitol, and swainsonine, these inhibitors
showed competitive inhibition kinetics with g-glucosidase, 8-
GlcNAcase, and o-mannosidase, respectively. Swainsonine spe-
cifically inhibited a-mannosidase activity, and 2-acetamido-1,5-
imino-1,2,5-trideoxy-p-glucitol specifically inhibited 3-N-acetyl-
hexosamindase activity. However, CAS inhibited a broad spec-
trum of cell wall-associated enzymes. When the sugar analogs
were applied to 2 day old corn seedlings, only CAS caused
considerable changes in root growth and development. To ensure
that the concentration of inhibitors used in vitro also inhibited
enzyme activity in vivo, an in vivo method for measuring cell wall-
associated activity was devised.

Glycosyl derivatives, glycals, and glyconolactones have
been useful for studying the active site and mechanism of
catalysis of glycosidases and for investigating the physiological
roles of glycosidases (9). Recently, the interest in sugar analogs
has been rekindled because of their potential use in pest
management (4) and their anti-acquired immune deficiency
syndrome activity (19). Two naturally occurring compounds
(indolizidine alkaloids) have been shown to inhibit soluble
and membrane-bound glycosidases from plant (7, 16-18) and
animal cells (16, 18). CAS', an inhibitor of «- and 8-glucosid-
ases, and SWA, an inhibitor of a-mannosidase, have been
used to study glycoprotein processing (3). A third inhibitor,
NAG, was recently synthesized (5) and has not been tested
on plant 3-N-acetylhexosaminidase activity.

These inhibitors have potential use in studies involving cell
wall-associated glycosidases. Three roles for these glycosidases
have been postulated. In storage tissue such as seeds, the
enzymes may function in the mobilization of cell wall poly-
saccharides as carbohydrate reserves during seedling growth
(1). Cell wall glycosidases may also be involved in cell wall
loosening during elongation (6), or they may be a part of the

! Abbreviations: CAS, castanospermine; SWA, swainsonine; NAG,
2-acetamido-1,5-imino-1,2,5-trideoxy-D-glucitol; PNP, p-nitrophenol.

host defense system to prevent pathogen invasion (15). If it
can be demonstrated that specific cell wall enzymes can be
inhibited in vitro and in vivo, it will then be possible for future
studies to elucidate their physiological roles.

MATERIALS AND METHODS
Plant Material

Corn (Zea mays L.) seeds (WF9 x MO17) were surface-
sterilized by stirring in diluted Clorox for 15 min at room
temperature. The commercial bleach Clorox was diluted 1:10
just before use. Seeds were then washed in cold tap water for
30 min before planting in glass trays as previously described
(10). Glass trays and filter paper were autoclaved before using.
Under these conditions, no microbial growth was observed in
the trays during seed germination. After 3 d, the root tips
were excised, and the cortex was physically separated from
the stele (10) to eliminate the vascular tissue. Preliminary
experiments were performed with Z. mays FRB-73, but re-
moval of the cortex from the stele was very difficult in this
variety (11).

Cell Wall Isolation Procedures

The isolated cortices were frozen in liquid nitrogen, pulver-
ized with a mortar and pestle, suspended in 300 mL of
homogenization medium (0.3 M sucrose + 5 mM 2-mercap-
toethanol + 2 mM Na,S,0s + 5 mMm EDTA in 0.1 M Hepes
buffer at pH 7.8), and placed in a Parr Nitrogen Bomb. This
homogenization medium minimized the binding of cyto-
plasmic protein to cell walls during cell disruption (12). Con-
tents of the bomb were allowed to equilibrate at 1500 p.s.i.
for 10 min at 4°C (13). During the extrusion process, the
pressure of the bomb was not allowed to drop below 1000
p.s.i. Crude cell walls were trapped on four layers of cheese-
cloth (40 X 38 threads/inch?), washed twice with cold distilled
water, suspended‘in fresh homogenization medium, and son-
icated for 5 min at 4°C with a sonicator (Cell Disruptor Model-
225R, Heat Systems-Ultrasonics, Inc.). Sonicator settings
were at output control 7 with a 50% pulsed cycle. After
sonication, the cell walls were washed six times with cold
distilled water, and between washings the walls were trap-
ped on the cheesecloth sieve. Aliquots of cell walls were
prepared for electron microscope examination as previously
described (13).
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Assays

Glycosidase activity was determined as previously described
(13) except the pH was varied as shown in the text. Aliquots
of purified cell wall were dried at 110°C for 15 hto determine
the dry weight of walls used in the enzyme assays. In vivo
enzyme assays were performed by placing intact roots into 30
mL of various PNP-sugar substrates at room temperature or
38°C. Aliquots were removed at specified time intervals to
determine the amount of product released. In vivo growth
studies were performed by placing 2 d old seedings in either
water or various inhibitors. Initial observations, such as root
length, were recorded and then made again after 24 h and 48
h. The inhibitors were either purchased from Sigma (CAS),
donated by Dr. Russell Molyneux (SWA), or synthesized in
Dr. Fleet’s laboratory.

RESULTS AND DISCUSSION
Purity of Isolated Cortical Cell Walls

Light microscopy indicated that no intact cells were present
after extrusion from the N, bomb followed by sonication. At
the ultrastructural level, no membrane fragments, vesicles, or
cytoplasmic fragments were observed in the purified cell wall
fraction (data not shown). The purity was confirmed by lack
of biochemical markers for the cytoplasm (malate dehydro-
genase activity and triose phosphate isomerase activity) and
membranes (Cyt ¢ oxidase and NADH Cyt ¢ reductase activ-
ity). Phospholipid analysis showed very little phosphatidyl-
choline associated with the purified cell walls (0.08% of the
total original cortical homogenate).

In Situ Assays with Enzymes Bound to Walls

To determine the in situ properties of cell wall enzymes, a
time course and cell wall dependence curve were first devel-
oped. The enzyme assays used in this study were linear up to
60 min with 10 to 30 min as the usual incubation time.
Enzyme assays were also linear with respect to cell wall
concentration between 0.1 to 0.7 mg dry weight when assayed
for 10 min (Fig. 1A). To standardize in situ assays, the packed
cell wall volume (determined by centrifugation at 1000g for
10 min in 5 mL graduated conical tubes) was compared to
the dry weight of cell walls. The linear relationship between
packed cell walls and oven dried weight (Fig. 1B) provided a
simple method for estimating the dry weight for a cell wall
suspension. Once the standard curve was constructed, any
cell wall sample could be rapidly adjusted to an approximate
dry weight by the addition or removal of H,0. This provided
a rapid, nondestructive method for adjusting the cell wall
concentration for a particular enzyme assay. It should be
noted that the slope of the standard curve will vary with the
type of cell disruption step employed (size of fragments) and
the type of plant tissue used (geometry of cells). For example,
the standard curve for carrot cell walls was different from
potato cell walls, and both of these (data not shown) were
different from corn root cortical cell walls (Fig. 1B).
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Figure 1. (A) Corn root cell wall dependence curves for in situ enzyme
assays. (B) Cell wall standard curve that correlates packed cell wall
volume (1000g for 10 min) with actual dry weight.
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Figure 2. Preincubation effect of SWA on corn root cortical cell wall-
associated a-mannosidase activity. Purified cell walls were preincu-
bated in the presence of the inhibitor without substrate at room
temperature. After the preincubation period, the enzyme was assayed
from 20 min with PNP-a-mannose as substrate. Inhibitor concentra-
tion was ng/mL.

Inhibition of Cell Wall-Associated Enzymes In Vitro

For preincubation experiments, cell walls were incubated
at room temperature in the presence of inhibitor and in the
absence of substrate. At low concentrations of SWA, the
degree of inhibition of the cell wall-associated a-mannosidase
became greater as the preincubation time was increased (Fig.
2). As the concentration of SWA was increased, the preincu-
bation time effect was considerably reduced (Fig. 2). A similar
preincubation result was reported earlier for soluble a-man-
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nosidase activity isolated from jack bean (7, 18), however; the
preincubation period was much shorter (15 min) and the
preincubation experiments were performed at a higher con-
centration (5-10 uM). In contrast, preincubation of cell walls
with CAS or NAG showed no increase in inhibition with time
for B-glucosidase and 3-GlcNAcase activity, respectively (data
not shown).

Inhibitor concentration curves for a broad range were then
performed for all three sugar analogs. CAS and NAG both
showed similar inhibited curves for their respective 8-gluco-
sidase (data not shown) and 8-GlcNAcase activity (Fig. 3). At
25 pg/mL of inhibitor, both enzymes were inhibited by over
90%. For SWA inhibition, a preincubation period was not
used because the time-lag effect diminished with increasing
concentration of SWA (Fig. 2). A 1000-fold less inhibitor (25
ng/mL) was necessary to achieve approximately 80% inhibi-
tion when compared to CAS and NAG (Fig. 3). In general,
the cell wall-associated a-mannosidase was considerably more
sensitive to SWA than was the soluble jack bean enzyme (18).

Inhibition Kinetics of Cell Wall-Associated Enzymes in
Situ

If a 30 min preincubation of cell walls with SWA was used
before enzyme assay, the kinetic plots were curvilinear (data
not shown) as was the reported case for jack bean a-mannos-
idase (7). After a short preincubation, the jack bean «-man-
nosidase had curvilinear Lineweaver-Burk plots that could be
extrapolated back to the 1/v axis at high substrate concentra-
tion where they intersected with the control. The authors (7)
suggested SWA was a competitive type inhibitor. When ki-
netics of SWA inhibition were obtained for cell wall-bound
a-mannosidase without a preincubation (Fig. 4), the Line-
weaver-Burk analysis clearly showed SWA was a competitive
inhibitor. The difference in kinetic results observed with and
without preincubation was puzzling and could indicate that
the cell wall has two different a-mannosidases that react
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Figure 3. Inhibition dose dependence curves of various sugar analog
on their respective corn root cortical cell wall-associated enzyme
activity. NAG (ug/ml) was used to inhibit 8-N-acetylglucosaminidase;
CAS (ug/mL) was used to inhibit 8-glucosidase; SWA (ng/mL) was
used to inhibit a-mannosidase.

a—Mannosidase Activity 10ng
15¢
S
1 "
= 10}
v Control

Figure 4. Lineweaver-Burk analysis of corn root cortical cell wall-
associated a-mannosidase activity assayed in situ. Swainsonine was
used as the inhibitor (ng/mL). Lines were fit by linear regression
analysis with Sigma plot software.

differently to SWA, or there was only one a-mannosidase
with two different modes of inhibition as was suggested earlier
for liver Golgi mannosidase II and lysosomal «-D-mannosi-
dase (18).

The inhibition of cell wall-associated 3-glucosidase by CAS
was clearly competitive in nature (data not shown) and this
confirmed the earlier report with soluble almond emulsin -
glucosidase (17). The K., and K; values for the cell wall enzyme
were considerably smaller (Table I) than those determined for
the soluble enzyme. 3-GlcNAcase was also competitively in-
hibited by NAG and at higher inhibitor levels the kinetic plots
began to curve (Fig. 5). Curvilinear plots were also seen for
CAS inhibition of the 8-glucosidase (data not shown) under
the conditions of higher inhibitor and low substrate concen-
tration. Similar results have been reported previously for sugar
analog inhibition of glycosidase activity (7, 8, 18; ¢f. 16 and
17). The nonlinearity of inhibition may be due to the fact
that the K; for glycosidases were usually much smaller than
the K., (Table I). Alternatively, the inhibition at higher inhib-
itor concentration may be more complicated (2). The non-
competitive or mixed-type competitive kinetic plots may in-
dicate that sugar analogs have a binding site other than the
active site.

Specificity of the Various Inhibitors

SWA was very specific for the cell wall-associated a-man-
nosidase, and this result (Table II) confirmed the previous
reports on cytoplasmic a-mannosidases. NAG was specific
for B-N-acetylhexosaminidases with 92% inhibition for 8-
GlcNAcase and 80% inhibition of 8-GalNAcase (Table II).

Unlike previous reports (16, 17), we found that CAS inhib-
ited many different glycosidases with the greatest effect on 3-
glucosidase, a-arabinosidase, 8-cellobiase, and (-xylosidase.
The B-cellobiase activity may actually be the B-glucosidase
hydrolyzing one glucose residue at a time. The 3-galactosidase
and a-glucosidase were inhibited approximately 50%, while
the B-mannosidase was inhibited approximately 40%. The
inhibition of three soluble enzymes, 3-glucosidase, as well as
a-glucosidase and B-xylosidase, by CAS has been reported
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Table I. Biochemical Properties of Corn Root Cell Wall-Associated Enzymes
Cell walls were isolated and purified from cortical cells and pH optima and kinetic properties were
determined with enzymes bound to the wall.
Enzyme Activity pH Optimum Vinax Kem Inhibitor Ki
mglélr;’yo«/t.h mm i
B-Glucosidase 5.0-5.5 249 0.71 CAS 1.220
B-N-Acetylglucosaminidase 45-5.0 - 1.02 0.59 NAG 0.770
a-Mannosidase 4.5 0.76 0.25 SWA 0.016
In Vivo Measurements
B—-N-acelylglucosaminidase Activity 2.50ug
R Based on the results obtained from in vitro inhibition
1.25ug a studies, 25 pug/mL CAS, 25 pg/mL NAG, and 25 ng/mL
4+ SWA were applied to intact corn roots after 2 d growth.
1 Seedlings of similar size were selected, the length of the
\7 0.25ug primary root was determined, and batches of intact roots were
placed in solutions of various inhibitors or water as the
2r Control control. Root length and other observations were made after
24 h and 48 h and the results were summarized in Table III.
Only the roots grown in CAS showed visual differences com-
pared to the control. After 48 h, the net growth in root length
02 o4 05 o8 10 was inhibited by 50%, the zone of elongation was deformed

Figure 5. Lineweaver-Burk analysis of corn root cortical wall-asso-
ciated 8-N-acetylglucosaminidase activity assayed in situ. NAG was
used as the inhibitor (ug/mL). Lines were fit by linear regression
analysis with Sigma plot software.

earlier (16, 17). The broad specificity of the inhibitor we
observed may not be restricted to cell wall-associated en-
zymes, but this has not yet been substantiated for soluble
enzymes. CAS may be acting as a broad spectrum inhibitor
because this compound has four hydroxyl groups and may be
able to enter many different active sites.

(curled), and secondary roots did not form. Secondary root
formation initiates from the pericycle and relies on the secre-
tion of extracellular hydrolases to aid penetration through the
cortical region. Apparently, CAS inhibited the extracellular
glycosidases necessary for secondary root growth.

The distinct inhibition of growth caused by CAS could be
due to the broad specificity of the inhibitor on cell wall-
associated enzymes. Although it is assumed that sugar ana-
logues only inhibit exoglycosidase activity (14), both exogly-
cosidase and endoglycosidase activity apparently are necessary
for cell wall elongation of corn tissue (6). Alternatively, the
large changes in growth caused by CAS could be due to the
inhibition of cytoplasmic enzymes. CAS has been reported to
inhibit glycoprotein processing in plant tissue (3), and at this

Table ll. Specificity of Sugar Analog Inhibitors on Corn Root Cortical Cell Wall-Associated

Glycosidase Activity

The data in the presence of inhibitor are expressed as a percentage of the activity in the absence of
inhibitor (control). Concentrations of inhibitors were 50 ug/mL CAS, 50 pg/mL NAG, and 100 ng/mL
SWA. All substrates were PNP-derivatives. Hydrolysis of PNP-8-galacturonide and PNP-3-glucuronide
was very low even after 1 h incubation (data not shown).

Plus Inhibitor
Enzyme Control
NAG CAS SWA
pmol/mg dry wt-h % activity
a-Arabinosidase 0.119 (%.008) 102 3.2 105
B-Cellobiase 0.154 (+.003) 100 33 106
B-Galactosidase 0.116 (£.003) 100 52.1 103
a-Glucosidase 0.023 (+.001) 100 48.0 96
B-Glucosidase 2.127 (+.010) 100 46 105
B-N-Acetylgalactosaminidase 0.215 (£.009) 20.6 100 100
a-N-Acetylglucosaminidase 0.026 (£.001) 100 100 100
B-N-Acetylglucosaminidase 0.656 (+.007) 8.0 100 100
a-Mannosidase 0.268 (+.002) 100 100 6.4
B-Mannosidase 0.033 (+.002) 103 59.5 100
B-Xylosidase 0.070 (+.006) 100 21.4 100
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Table lll. Effects of Various Sugar Analogs on Growth of Corn Seedlings

Seedlings were grown for 2 d and selected for uniformity in length (40 seedlings out of 10 trays were
selected). Root length was measured, and intact roots were placed in either water or inhibitor solution.
Data shown are averages of 10 roots per treatment + standard deviation from the mean. The experiment
was repeated twice with virtually identical results as those shown.

Net Growth after Secondary
Treatment Root For- Zone of Elongation
24h 48h mation
mm
Control (H.0) 332+25 62.8 +4.0 + Unaffected
+ CAS (25 pg/ml) 248 + 3.1 30.4"+ 3.6 - Curled like a corkscrew
+ NAG (25 ug/ml) 324 +32 61.0+42 + Unaffected
+ SWA (25 ng/ml) 351+ 34 68.8 +4.5 + Unaffected
time, it was not determined if cell wall enzyme inhibition,
cytoplasmic enzyme inhibition, or a combination of both was
necessary to inhibit growth in corn roots. A
SWA and NAG had no observable effects after 48 h (Table 2
II) and the possible changes in growth after a longer time Triton x—100
period were not determined. Although a-mannosidase and 8- sl
GlcNAcase could be inhibited in vitro, it was conceivable that §‘ ’ s
SWA and NAG were not inhibiting cell wall-associated activ- S s
ity in vivo. To resolve this question, an in vivo assay for cell 5 s / .
wall-associated enzymes was devised. g8 ° c
Intact roots were submerged in substrate, and aliquots were @ § o4r ] ontrol
removed at specific times to quantitate product released by g E’ / .
enzymatic hydrolysis. The assumption was that two major =317 /’ /
compartments exist: the cell wall and the cytoplasm which 3 R .
were separated by a membrane. During a time course, the 02r / / +Swoinsoni
initial linear rate observed was due to cell wall-associated (first /' . Owo
compartment) enzyme activity and the increase in rate with [ . n/"
time (increase in the slope) was assumed to be from the 5]#" e —
additional product generated by cytoplasmic enzyme activity '“"—;0 BT R e—
(second compartment). If the biphasic response was actually
caused by two physically separated compartments, then intact B8 .
roots pretreated with Triton X-100 should generate a single > 16 /
linear phase. s - Control .
The in vivo assay for a-mannosidase (Fig. 6) was performed <3 "
at 25°C and 38°C because in vitro activity was determined at 28 "
38°C. At 25°C, the phase change after 20 min was eliminated k] E I "
by pretreating intact roots with 0.5% Triton X-100 for 30 § o 0.8} P
min. The generation of leaky membranes eliminated the 5 § r o .
compartmental effect, and this was substantiated by the fact = i ./'f/ +Swainsonine ‘
that the cytoplasmic enzymes did not come out but the 3 i .,'/"/ R
substrate readily entered the cells. Neither cytoplasmic en- ! ,g::r,,_?_o—.u-—?” f"' e
zymes nor the cell wall enzymes were activated by detergent 10 20 30 40 50

in vitro. It should be noted that whenever Triton X-100 was
used in in vivo enzyme assays, the reactions were terminated
with 1 M NaOH instead of 1 M Na,CO; because Na,CO; plus
detergent formed an insoluble precipitate that interfered with
colorimetric analysis.

The B-GlcNAcase activity in vivo was also determined at
25°C and 38°C (Fig. 7). Both the 8-GIlcNAcase and «-man-
nosidase activities were higher at 38°C compared to 25°C
(Figs. 6 and 7). The phase change was not as pronounced at
the higher temperature, and the cell wall-associated enzymes
of intact roots could be assayed for less than 10 min at 38°C
to guarantee only measurement of cell wall activity (Figs. 6
and 7). The phase response was eliminated with 0.5% Triton

TIME(MIN)

Figure 6. /n vivo measurement of cell-associated a-mannosidase
activity in intact corn roots. Assays were performed at 25°C (A) and
38°C (B). Forty roots were placed in 30 mL of substrate, and 0.3 mL
aliquots were removed at specified times. Inhibitor concentration was
25 ng/mL (SWA). Assays were performed with ((J) or without inhibitor
(). The biphasic response with increasing incubation time was due
to the presence of two major compartments containing the a-man-
nosidase activity. The cell wall (first compartment) and the cytoplasm
(second compartment) were separated by a membrane which could
be made leaky by pretreating intact corn roots with 0.5% Triton X-
100 for 30 min at room temperature (@)
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Figure 7. In vivo measurement of cell wall-associated 8-N-acetylglu-
cosaminidase activity in intact corn roots. Forty intact roots were
placed in 30 mL of substrate and 0.3 mL aliquots were removed at
the specified times. Assays were performed at 25°C plus (A) and
minus (A) 25 pg/mL NAG or at 38°C plus (@) and minus (O) NAG.
For further details, see Figure 6.

X-100 at both temperatures. The cell wall enzymes were
clearly inhibited in vivo at both temperatures (Figs. 6 and 7).

Both NAG and SWA clearly inhibited their respective cell
wall-associated B-GlcNAcase and o-mannosidase activities
(Figs. 6 and 7) in vivo and yet showed no observable changes
in growth after 48 h (Table III). Because growing corn roots
are not considered as a storage tissue, it is unlikely that root
cell wall-associated glycosidases are involved in mobilization
of carbohydrate reserves. It is also unlikely that the 6-Glc-
NAcase and a-mannosidase are involved in cell wall elonga-
tion or cell wall turnover. Therefore, future studies on the

physiological role of these two enzymes should probably be

focused on the host-defense system. These enzymes may
either hydrolyze fungal wall polysaccharides or hydrolyze the
sugar residues of fungal secreted glycoproteins.
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