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ABSTRACT

The most abundant S-amylase (EC 3.2.1.2) in pea (Pisum sati-
vum L.) was purified greater than 880-fold from epicotyls of
etiolated germinating seedlings by anion exchange and gel filtra-
tion chromatography, glycogen precipitation, and preparative
electrophoresis. The electrophoretic mobility and relative abun-
dance of this 8-amylase are the same as that of an exoamylase
previously reported to be primarily vacuolar. The enzyme was
determined to be a S-amylase by end product analysis and by its
inability to hydrolyze S-limit dextrin and to release dye from starch
azure. Pea (-amylase is an approximate 55 to 57 kilodalton
monomer with a pl of 4.35, a pH optimum of 6.0 (soluble starch
substrate), an Arrhenius energy of activation of 6.28 kilocalories
per mole, and a K., of 1.67 milligrams per milliliter (soluble starch).
The enzyme is strongly inhibited by heavy metals, p-chloromer-
curiphenylsulfonic acid and N-ethylmaleimide, but much less
strongly by iodoacetamide and iodoacetic acid, indicating cystei-
nyl sulfhydryls are not directly involved in catalysis. Pea 3-amy-
lase is competitively inhibited by its end product, maltose, with a
K; of 11.5 millimolar. The enzyme is partially inhibited by Schar-
dinger maltodextrins, with a-cyclohexaamylose being a stronger
inhibitor than 8-cycloheptaamylose. Moderately branched glu-
cans (e.g. amylopectin) were better substrates for pea g-amylase
than less branched or non-branched (amyloses) or highly
branched (glycogens) glucans. The enzyme failed to hydrolyze
native starch grains from pea and glucans smaller than maltote-
traose. The mechanism of pea 3-amylase is the multichain type.
Possible roles of pea g-amylase in cellular glucan metabolism
are discussed.

The physiological roles of g-amylase (a-1,4-glucan malto-
hydrolase, EC 3.2.1.2) in plant cells are not well understood.
Traditionally, 8-amylase has been associated with starch deg-
radation. Although the entire pathway of starch degradation
has not been conclusively established in any plant tissue (28),
it has long been attributed to various combinations of activi-
ties of w-amylase, B-amylase, starch debranching enzyme,
starch phosphorylase, and a-glucosidase (1). Not all of these
enzymes are active in all starch-containing tissues, and not all
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of these enzymes are located in the same cellular compartment
as is particulate starch. Several studies with pea indicate that
most of the cell’s B-amylase activity is extrachloroplastic and
that chloroplasts contain very low or no $-amylase activity
(12, 13, and refs. contained therein). In contrast, one study
with pea (34) indicates relatively high 8-amylase activity in
chloroplasts; however, even in this study most of the 8-
amylase was found to be extrachloroplastic with 50 to 60%
localized in vacuoles. As higher plant particulate starch is
contained within plastids, the role of vacuolar g-amylase in
starch degradation is uncertain. Furthermore, the role of
nonvacuolar -amylase has not been established, and in some
storage tissues B-amylase appears to be inessential for starch
degradation (29).

To understand the possible roles S-amylase may have in
cellular glucan metabolism, it is necessary to elucidate the
physical and kinetic properties of the enzyme. While the
characteristics of 8-amylase from storage tissues such as barley
(15) and wheat (30) grains, soybean seeds (17, 19), and sweet
potato tubers (29) have been well documented, much less
information is known about 8-amylases from tissues contain-
ing transitory starch, such as leaves. We present here the
purification and characterization of (-amylase from pea
epicotyls.

MATERIALS AND METHODS
Plant Tissue

Pea (Pisum sativum L. cv Laxton’s Progress No. 9) seeds
were surface-sterilized, sown, and watered as previously de-
scribed (2). Plants used for enzyme extraction were grown in
a growth chamber in continuous darkness at 20°C and were
harvested after 2 weeks. Plants used for starch grain extraction
were grown for 9 d in a greenhouse at 20 to 22°C, with natural

lighting.

Enzyme Extraction

All extraction and purification steps were done at 4°C and
all buffers contained 0.04% (w/v) NaNs. Frozen (—20°C) pea
epicotyls were homogenized (1 g/2 mL buffer) with a
Polytron® in buffer A (20 mm Hepes [pH 6.8], 3 mm DTT, 3

3 Mention of a proprietary product does not constitute a guarantee
or warranty of the product by the U.S. Department of Agriculture
and does not imply its approval to the exclusion of other suitable
products.
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mM CaCl,, 20 uM leupeptin). The homogenate was filtered
through four layers of cheesecloth and centrifuged at 10,000g
for 40 min. This crude extract supernatant was dialyzed
overnight against buffer B (10 mMm Mes [pH 5.0], 3 mMm
thiodiglycol, 0.5 mm CaCl). Protein was estimated by the
Bradford method (3), using BSA as a standard, at all steps of
purification.

Chromatography

The dialyzed, crude enzyme extract was centrifuged at
10,000g for 40 min and the supernatant was applied to a
DEAE-cellulose column (2.5 X 20 cm) that was equilibrated
with buffer B. The column was washed with 250 mL of buffer
B and bound proteins were eluted with a linear 0 to 500 mm
NaCl gradient in 300 mL buffer B. Fractions with 8-amylase
activity were pooled and dialyzed overnight against buffer C
(20 mm Hepes [pH 7.0], 150 mm NaCl, 3 mM thiodiglycol, 1
mum CaCl,).

The dialyzed enzyme preparation resulting from anion
exchange chromatography, concentrated by ultrafiltration
with a YM10 membrane (Amicon Macrosolute Concentra-
tor), was then applied to a Sephadex G-75 column (1.5 X 95
cm) and eluted with buffer C. Fractions containing 8-amylase
activity were glycogen-precipitated by the method of Silva-
novich and Hill (26). Precipitates were resuspended in buffer
C and centrifuged at 20,000g for 15 min. Pellets were washed
in buffer C by resuspension and centrifugation several times.
Pooled fractions were then stored at —20°C for further
purification.

The native M, of B-amylase was determined by column
chromatography on a Sephacryl S-200 (Pharmacia) gel filtra-
tion column (1.5 X 90 cm) previously equilibrated with buffer
C. Mol wt protein standards used to calibrate the column
were the same as previously used (12).

Electrophoresis

Preparative (3 mm) native gel electrophoresis of glycogen-
precipitated 8-amylase was by a modification of the procedure
previously described (11). The separation gel was a 7 to 15%
(w/v) polyacrylamide linear gradient. Electrophoresis was at
46 mA through the stacking gel and at 60 mA thereafter. -
Amylase activity was located by incubating a small strip of
gel in 2% (w/v) starch, in assay buffer, for 30 to 45 min. The
gel was rinsed twice with H,O and then stained with 100 mm
KI/1 mM I, solution. 3-Amylase activity appeared as a light
band on a dark background. The area containing S-amylase
activity was excised from the remainder of the gel and dialyzed
against buffer C.

Analytical (1.5 mm) native gel electrophoresis and electro-
phoretic transfer of proteins through starch containing gels
were performed as described by Kakefuda and Duke (11),
with modifications described by Beers and Duke (2).

SDS-PAGE was modified from that described by Laemmli
(14). Acrylamide stock solution consisted of 30% (w/v) acryl-
amide and 0.8% (w/v) N,N’-bis-methylene acrylamide. Final
concentrations in the 1 cm stacking gels were 4% acrylamide,
100 mM Tris-HCI (pH 6.8), 0.08% SDS, and 2.6 mg/mL
ammonium persulfate. Final concentrations in the 6 cm
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separating gels were 13.8% acrylamide, 750 mm Tris-HCI (pH
8.8),0.2% SDS, and 0.75 mg/mL ammonium persulfate. Gels
were polymerized by the addition of 0.075% (stacking gel) or
0.025% (separating gel) final concentration of N,N,N’,N’-
tetramethylethylenediamine. Sample buffer consisted of 0.2
mg/mL bromphenol blue, 20% (v/v) glycerol, 10% (v/v) 8-
mercaptoethanol, 4% (w/v) SDS, and 125 mM Tris-HCI (pH
6.8). Samples were made to 33% (v/v) sample buffer and
placed in a boiling water bath for 10 min. Electrode buffer
was 25 mm Tris-HCI (pH 8.3), 192 mM glycine, and 1 mg/
mL SDS. Electrophoresis was at constant current (20 mA)
until the dye front reached the gel bottom.

Isoelectric focusing was performed at 10°C on prefocused
(30 min) LKB PAGPlates (pH range 4.0-6.5) as directed by
the manufacturer. After focusing was completed, gels were
either fixed and silver stained (20), or stained for activity (11).
Gel pH gradients were determined by excising pieces from
gels, eluting ampholines for | h, and then determining the
pH of eluates.

Enzyme Assays

Production of reducing sugars from glucan substrates was
measured using dinitrosalicylic acid reagent (10). Assays of
column eluates were conducted in assay buffer (100 mm K-
succinate [pH 6.0], 1 mm CaCl,, 0.04% NaNj;) for 15 min
(starch and B-limit dextrin) or 2 h (pullulan) at 30°C. Assays
for total amylolytic activity contained 2% (w/v) Lintner sol-
uble potato starch (Sigma No. S-2630) as the substrate. De-
branching enzyme activity was measured with 2% (w/v) pul-
lulan as the substrate. The combined activities of a-amylase
and debranching enzyme were determined using 8-limit dex-
trin, prepared by the method of Perten (23), as the substrate.
When determining the rates of soluble starch hydrolysis in
the presence of varying concentrations of maltose, the starch
iodine method (7) was used.

Assays using maltodextrins as substrates were in buffer C,
and 100 pg substrate was used per 200 uL assay. The hydrol-
ysis products were quantitated after HPLC separation by the
method of Henson (9).

Hydrolysis of inulin was assayed according to Henson (9)
except the buffer was the same as that used for measuring 8-
amylase hydrolysis of soluble starch.

Starch Grain Extraction

Cotyledons from 9 d old seedlings were disinfected for 10
min with NaOCl and rinsed under running distilled water.
Starch grains were then extracted in toluene as described by
Chang (4) or in buffer as described below.

Cotyledons (100 g) were homogenized with a Polytron in
200 mL of buffer D (50 mM Hepes [pH 7.5], 3 mm DTT, 1
mM CaCl,), filtered through four layers of cheesecloth and
centrifuged at 3000g for 5 min. Pellets resuspended in 60 mL
grinding buffer were centrifuged again, resuspended in 25 mL
of buffer D, and layered onto a sucrose gradient (10 mL 60%
sucrose over 10 mL 80% sucrose). Gradients were centrifuged
at 150g for 5 min, 600g for 5 min, and then 1400g for 10
min. Pelleted starch was washed 3 times with storage buffer
(50 mm Hepes [pH 6.0]), 3 mm DTT, 1 mm CaCl,, 0.04%
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NaNj, 20 uM leupeptin) and stored at 4°C in 100 mL storage
buffer.

RESULTS AND DISCUSSION
Enzyme Purification

Etiolated tissues were used to avoid accumulation of ribu-
lose-1,5-bisphosphate carboxylase/oxygenase, the presence of
which makes $-amylase purification much more difficult. The
presence of starch hydrolyzing enzymes other than 8-amylase
required screening of column fractions with several substrates
until the contaminating glucanases were eliminated. Elimi-
nation of contaminating carbohydrases was usually achieved
by DEAE-cellulose chromatography (Fig. 1). Fractions con-
taining G-amylase activity eluting from the DEAE-cellulose
column were identified by their ability to hydrolyze soluble
starch and their failure to hydrolyze 8-limit dextrin and
pullulan (Fig. 1). No exoamylase other than S-amylase was
detected in pea tissues. Occasionally, some S-amylase frac-
tions pooled from anion exchange chromatography were con-
taminated with a small amount of a-amylase which was
removed by gel filtration through Sephadex G-75. Unless
otherwise stated, the S-amylase preparation obtained after
anion exchange and gel filtration chromatography (Table I)
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Figure 1. Elution profile of pea epicotyl proteins with amylolytic
activities from a DEAE-cellulose column (2.5 x 20 cm) equilibrated
with buffer B (see “Materials and Methods”). Unbound proteins were
washed from the column with 250 mL of buffer B (fractions 1-60),
and bound proteins were eluted with a 0 to 500 mm NaCl gradient
(300 mL, fractions 60-135) applied at the arrow. Amylolytic activities
were assayed by the hydrolysis of soluble starch (O), g-limit dextrin
(@), and pullulan (A). Protein (A) was monitored by Axgo.

with the highest specific activity (286 umol min~' mg™' pro-
tein) and free of contaminating amylases (Figs. | and 2) was
used in the characterization studies. 3-Amylase was further
purified, >800-fold, by glycogen precipitation and preparative
native gel electrophoresis. Although a-amylases have been
purified by glycogen precipitation (26), this is the first reported
use of the procedure in S-amylase purification.

Several affinity chromatographic techniques were tried dur-
ing the purification process. Cyclodextrin affinity chromatog-
raphy of both a- and B-amylases (10, 26, 32) and starch
affinity chromatography of 8-amylase (28) have been used to
achieve high levels of purification and high yields with a single
step. Our attempts using a-cyclodextrin, starch, amylose, and
maltose-agarose did not give satisfactory results. Either the
enzyme failed to bind to the ligand (cyclodextrin, starch,
amylose) or selective elution from other proteins was not
achieved (maltose-agarose). A 1% solution of a-cyclodextrin
reduced activity of 3-amylase to 27% of the control, indicating
the enzyme can bind a-cyclodextrin, although the use of this
ligand in an affinity column was not efficacious.

Physical Properties of 3-Amylase

The failure of 8-amylase to bind to concanavalin A indi-
cated it was not a glycoprotein with a high content of a-
mannose. Additional evidence that 8-amylase was not a gly-
coprotein was that after isoelectrofocusing, 8-amylase did not
stain with periodic acid-Schiff reagent (24). Furthermore, its
SDS-PAGE M, wt did not change after overnight incubation
with endoglycosidase H from Streptomyces plicatus (31). -
Amylases from several plant species (5, 15, 19, 29) and
Clostridium thermosulphurogenes (25) have not been found
to be glycoproteins. In contrast, the S-amylase from Enta-
moeba histolytica trophozoites may be a glycoprotein as it
bound to concanavalin A (21).

The M, weight of pea epicotyl 8-amylase, determined from
the mean of four experiments with a Sephacryl S-200 gel
filtration column, was 55 kD. This is in good agreement with
the mol wt (57 kD) determined by SDS-PAGE of the enzyme
obtained after preparative, native gel electrophoresis (Fig. 3).
Hence, pea epicotyl 8-amylase is a monomer. The M, of pea
epicotyl 8-amylase is similar to that of 8-amylases from barley
(15) and soybean (19). Larger, multimeric 8-amylases have
been reported from sweet potato (native = 197 kD, subunit
= 64 kD) (29), Vicia faba leaves (native = 107 kD, subunit =
26 kD) (5), and C. thermosulphurogenes (native = 210 kD,
subunit = 51 kD) (25).

Table I. Purification Steps for Pea Epicotyl 3-Amylase

. Total Total Specific I .
Fraction Protein®  Activity® Activity® Purification  Yield
mg wmol min~'  umol min~' mg~" protein -fold %
Crude 824 966 117 1.00 100
DEAE 26.2 748 28.5 244 77.5
G-75 3.89 452 116 99.3 46.8
Glycogen precipitation 0.65 361 553 473 37.4
Preparative native PAGE 0.28 284 1030 878 29.5

2 Values are the means of four purifications.
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Figure 2. Native PAGE of purification steps of pea epicotyl 3-amy-
lase. Gels were either silver stained for protein (A) or stained for
amylolytic activity (B). The arrow indicates g-amylase. In both gels,
lane 1 contains crude extract and other lanes contain protein from
purification steps: lane 2, DEAE-cellulose anion exchange chroma-
tography; lane 3, Sephadex G-75 gel filtration; lane 4, glycogen
precipitation; lane 5, preparative native PAGE. Protein (in ng) loaded
on gels was as follows: lanes A1 (2.25); B1 (6.00); A2 (2.18); B2
(1.45); A3 (1.16); B3 (0.20); A4 (1.56); B4 (0.10); A5 (0.20); B5 (0.04).
The large clear area in lane 1 in gel b is due to the presence of the
primarily apoplastic «-amylase found in pea (cf. ref 2).
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Figure 3. Silver staining of SDS-PAGE separated pea epicotyl 8-
amylase at different purification steps. The left lane contains SDS
low mol wt standards (Sigma). Lane 1 contains crude extract and
other lanes contain protein from purification steps: lane 2, DEAE-
cellulose anion exchange chromatography; lane 3, Sephadex G-75
gel filtration; lane 4, glycogen precipitation; lane 5, preparative native
PAGE. Protein (in zg) loaded on the gel was as follows: lane 1 (0.30);
2(0.29); 3 (0.27); 4 (0.26), 5 (0.26).

When subjected to isoelectric focusing and subsequent
staining of the gels for either amylase activity or protein
content, pea epicotyl 8-amylase appeared as a single band at
pH 4.35 (Fig. 4). This was in sharp contrast to the multiple
charge isoforms of 8-amylase found in barley (four isoforms)
(15), soybean (seven isoforms) (17), and wheat (four isoforms)
(30). The pea B-amylase pl was near that of the most acidic
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Figure 4. Isoelectrofocusing gel of purified pea epicotyl g-amylase.
The left half of the gel was infiltrated with starch and stained for
amylolytic activity with K/l solution and the right half of the gel was
silver stained. The pH gradient of the gel was from 6.5 (top) to 4.0,
as determined with a pH electrode.

Table ll. Effects of Heavy Metals, Sulfhydryl Reagents, and
Cyclodextrins on Pea Epicotyl 3-Amylase Activity

All concentrations of potential activators or inhibitors were 1 mm
except where noted. Except for iodoacetamide and iodoacetic acid,
all potential inhibitors were preincubated for 5 min with g-amylase at
the assay pH before the addition of substrate. lodoacetamide and
iodoacetic acid were preincubated with 3-amylase at pH 8.8 for 5 min
(control also preincubated at pH 8.8 for these compounds), after
which an aliquot was added to the reaction mixture at pH 6.0
containing substrate.

Compound Activity
pmol min~' mg~" protein
(% starch control)

Control (boiled Lintner potato starch) 286 (100)
CuCl, 11.5 (4.0)
HgCl. 7.44 (2.6)
FeCls 296 (103)
NaCl 279 (97.7)
CaCl. 277 (96.7)
MgCl, 274 (95.6)
ZnCl, 269 (94.0)
lodoacetamide 263 (92.0)
lodoacetic acid 242 (84.5)
N-Ethylmaleimide 12.0(4.2)
p-Chloromercuriphenylsulfonic acid 0(0)
B-Cycloheptaamylose (10 mg/mL) 232 (81.2)
a-Cyclohexaamylose (10 mg/mL) 77.5(27.1)

wheat isoform and was more acidic than any isoform found
in barley or soybean.

Plant 8-amylases have been reported to require free sulfhy-
dryl groups for activity and are inhibited by heavy metals as
well as other thiol binding reagents (16, 29, 30). Pea 8-amylase
was inhibited by relatively high concentrations of Hg?* and
Cu?* ions whereas other metals had little or no affect on
activity (Table II). The sulfhydryl reagents N-ethylmaleimide
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and p-chloromercuriphenylsulfonic acid greatly reduced or
totally inhibited pea 8-amylase activity. In contrast, iodoacet-
amide and iodoacetic acid had only marginal inhibitory effects
on the activity of pea S-amylase. This pattern of sulthydryl
reagent selectivity is similar to that for Bacillus polymyxa B3-
amylase and not like that reported for other plant 8-amylases
which are largely inhibited by low concentrations of any
sulfhydryl reagent (16). These data indicate that pea 8-amylase
sulfhydryls are not directly involved in catalysis. All exposed
B-amylase cysteinyl sulfhydryls would be reactive to the con-
centrations of sulthydryl reagents used in this study and all
sulfhydryl reagents should have totally inhibited activity if
cysteinyl sulfhydryls were necessary for catalysis. Pea S-amy-
lase inhibition by sulfhydryl reagents could be due to binding
of noncatalytic cysteinyl sulfhydryls, causing changes in the
alignment of catalytic amino acids, as is proposed for sweet
potato S-amylase (29), or by causing steric hinderance.

Kinetic Properties of 3-Amylase

Pea epicotyl B-amylase hydrolysis of soluble starch was
maximal at pH 6.0. Most 3-amylases have an acidic pH
optimum, ranging from pH 4.5 to 6.2 (15, 17, 30).

The Arrhenius energy of activation (E,), calculated from
20 to 30°C, was 6.28 kcal/mol maltose produced with soluble
starch as substrate. This is similar to the values reported for
barley malt and wheat g-amylases; 5.5 to 9.3 kcal/mol (8),
but about half the values reported for 8-amylases from alfalfa
tap roots (7). The data for pea B-amylase were linear from 5
to 40°C indicating that the same catalytic step was rate limiting
at all temperatures. Thermal denaturation was evident at
temperatures over 40°C (data not shown). Nonlinear Arrhen-
ius plots have been reported for several B-amylases (7, 8),
indicating that in some species the substrate binding and
product release steps of the reaction mechanism may be
separable by temperature, or that the enzyme goes through a
temperature induced phase transition.

As determined by the Lineweaver-Burk method, the appar-
ent Michaelis constant (K,,) for soluble starch was 1.67 mg/
mL. Starch hydrolysis by pea f-amylase was competitively
inhibited by the end product, maltose, with a K; of 11.5 mm
at pH 6.0. Nomura et al. (22) reported competitive inhibition
by maltose of soybean 8-amylase with K; values of 5.8 mM at
pH 5.4 and 4.1 mM at pH 8.0. Sweet potato S-amylase was
also competitively inhibited by maltose with a K; of 6 mm
(18). In contrast, Thoma e al. (29) reported that maltose is a
noncompetitive inhibitor of sweet potato S-amylase.

Pea 3-amylase is inhibited by Schardinger dextrins (cyclo-
dextrins), with a-cyclohexaamylose being a much stronger
inhibitor (about 73% inhibition) than g-cycloheptaamylose
(about 19% inhibition) (Table II). This is similar to sweet
potato and B. polymyxa (-amylases, which are also more
susceptible to cyclohexaamylose (16).

Substrate Specificity and Enzyme Mechanism

The amylase purified in this study was determined to be an
exoamylase by its inability to hydrolyze S-limit dextrin (Fig.
1; Table III) and to release Remazol brilliant blue dye from
starch azure (cf. ref. 6). It was determined to be a B-amylase

Table lll. Pea Epicoty! B-Amylase Substrate Specificity

All substrates were at an initial concentration of 2% (w/v). All a-
glucan substrates, except for maltodextrins, inulins, and panose, and
where noted, were boiled prior to use. Assay times were 5 to 10 min,
except for those with nonboiled starch grains, which were assayed
both for 30 min at 30°C and for 23 h at 37°C, and puliulan and
inulins, which were incubated for 2 h. Activity values are for produc-
tion of reducing sugars, except for inulin and maltodextrin hydrolysis,
which were quantitated by HPLC.

Substrate Activity

wmol min~' mg~" protein
(% starch control)

Control (Lintner potato starch) 286 (100)
Nonboiled Lintner potato starch 0 (0)
Amylopectin (potato) 304 (106)
Glycogen type il (rabbit) 146 (51.0)
Glycogen type VIl (mussel) 124 (43.2)
Glycogen type |l (oyster) 118 (41.3)
Glycogen type VI (limpet) 99 (34.5)
Amylose (potato) 143 (50.0)
Amylose (maize) 116 (40.7)
Maltoheptaose (G7) 292 (102)
Maltotriose (Gs) 0 (0)
Maltose (G2) 0(0)
B-Limit dextrin (potato starch)* 0(0)
Pullulan (Aureobasidium pullulans) 0(0)
Nigeran (a-p-Glc-{1—3]-a-0-Glc- 0(0)
[1—4]),
Panose (a-D-Glc-[1—6]-a-D-Glc- 0(0)
[1—4]-a-0-Glc)
Nonboiled starch grains (pea)® 0(0)
Starch grains (pea)® 426 (149)
Nonboiled starch grains (pea)® 0 (0)
Starch grains (pea)° 698 (244)
Inulin (chicory) 0 (0)
Inulin (dahlia) 0(0)
B-Glucan (barley) 0(0)

2 Prepared by the method of Perten (23).  ° Buffer extracted
(see “Materials and Methods”). ¢ Toluene extracted by the method
of Chang (4).

by its inability to hydrolyze glucose residues from maltodex-
trins (Table IV) or starch (data not shown), its apparent ability
to only hydrolyze maltose from a-1,4-linked dextrins (Table
IV), and its production of a limit dextrin that stains lavender
with KI/I, (Fig. 2B) (¢f- refs. 2 and 11).

In general, pea epicotyl S-amylase preferred a branched
substrate (i.e. soluble starch or amylopectin) over a less
branched or nonbranched (amylose) substrate (Table III).
Glycogens, highly branched glucans, were not hydrolyzed as
rapidly as starch and amylopectin, presumably due to steric
hinderance. The glycogen hydrolysis rates were equivalent to
rates of amylose hydrolysis. Amylose hydrolysis rates were
probably limited by the availability of nonreducing ends,
which are the sites of 8-amylase attack. Pea 8-amylase failed
to cleave the a-1,6-, a-1,3-, and o-1,4-linkages found in
pullulan, panose, and nigeran, and was incapable of hydro-
lyzing B-linked carbohydrates such as barley g-glucan (8-1,3-
and g-1,4-linkages).

Products of hydrolysis of the oligosaccharide series malto-
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Table IV. Product Analysis of Maltodextrin Hydrolysis by Pea
Epicotyl 3-Amylase

Assays were for 5 min with 500 ug substrate/mL and 1.13 units
B-amylase (sufficient activity to completely hydrolyze G to G» and Gs
in 5 min, based on the initial rate of activity [1 min]) in a final assay
volume of 200 pL. Products were separated by HPLC.

Final Concentration of Product

Substrate
G, G2 Gs Gs =2Gs
uM

Gs 0 0 990 0 0
G, 0 865 0 280 0
Gs 0 660 620 0 0
Gs 0 980 0 220 0
Gy 0 840 320 0 =44

triose (Gs)* through G, were examined to determine if the
enzyme was a 3-amylase and if the enzyme mechanism was
a single catalysis or multiple catalysis per enzyme-substrate
encounter. 3-Amylase failed to cleave glucans smaller than
G, (Tables III and IV). It did cleave G4 through G,, and it
always produced G, but never G,. If the enzyme was an
endoamylase, even if G, was the product with the lowest
possible degree of polymerization, G, should have been one
of the products of G; hydrolysis. This was not the case,
indicating that this enzyme is indeed an exoamylase and a 8-
amylase.

After the addition of sufficient 8-amylase activity to com-
pletely hydrolyze maltodextrin substrates in about 2 min
(based on initial rates with G-), glucan chains of Gs were
totally hydrolyzed and G, were almost completely hydrolyzed.
In contrast, G, and G¢ were only partially hydrolyzed, pre-
sumably due to the more rapid accumulation of G,, the end-
product competitive inhibitor of 3-amylase, with the hydrol-
ysis of G4 and G (Table 1V). For every hydrolysis of G4, two
Gs are formed and with complete Gy hydrolysis, three Gs
per two cleavages. In contrast, only one G; is formed for each
possible hydrolysis reaction with Gs and G,. Maltodextrins
with degrees of polymerization greater than the initial sub-
strate were not formed, indicating that this 3-amylase had no
glucanotransferase activity. Pea tissues contain high levels of
D-enzyme (glucanotransferase) activity (12, 13).

The maltodextrin hydrolysis data (Table IV) indicate that
the active site had four subsites which must be filled for
catalysis to occur and that hydrolysis occurs between the
second and third subsites. More than four subsites capable of
binding glucose may be present but apparently are not re-
quired to be occupied for catalysis to occur.

Pea epicotyl B-amylase releases its substrate after a single
catalysis, and thus the mechanism is of the multichain type.
This was determined by identifying end products resulting
from G; hydrolysis (Table IV and data not shown). When
end products were examined after 1 to 5 min of hydrolysis,
G; was detected, although it could not be accurately quantified
due to some overlap with the G, peak. If the enzyme had
completely hydrolyzed a single molecule of G, without release

4 Abbreviation: G,, maltodextrins with » = number of glucose
residues.
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of the substrate (single chain mechanism), only G, and G;
would have been detected. If 8-amylase functions only by the
multiple attack mechanism (>1 hydrolysis occurs per enzyme-
substrate encounter), only G, and G; would result from
complete hydrolysis of G;. No Gs would be released. In time
courses of G; hydrolysis, Gs was detected; hence, pea (-
amylase must function via the multichain attack mechanism.
With this mechanism, 8-amylase releases substrate and prod-
uct after a single catalysis and the enzyme is then free to
attack any other substrate glucan. This accounts for the
production of Gs, G;, and G; from the hydrolysis of G-.

Both a- and B-amylases have been found, albeit only a
small percentage of the cell’s total amylase activity, in pea
chloroplasts (2, 13). However, it is not totally clear as to which
isoforms of pea B-amylase are chloroplastic. Ziegler and Beck
(34) have found that the only B-amylase associated with pea
chloroplasts is the same isoform as that found in the vacuole.
This primarily vacuolar and rapidly migrating 8-amylase is
the most active isoform of 8-amylase in pea and is the isoform
purified and characterized in the work presented here (¢f. Fig.
2 and with ref. 34). In contrast, Beers and Duke (2) and
Kakefuda ez al. (13) did not detect the vacuolar -amylase in
pea chloroplasts but did find a second apparent isoform of -
amylase in plastids. This least active isoform of 3-amylase has
not been characterized. Consequently, some of the 8-amylase
in pea epicotyl cells may function in hydrolysis of chloroplas-
tic, particulate starch. Incubation of pea 8-amylase with non-
boiled, buffer-extracted or with nonboiled, toluene-extracted
starch grains did not result in the production of any detectable
reducing sugars (Table III). No reducing sugars were detected
when nonboiled, soluble Lintner potato starch was incubated
with S-amylase. When either buffer-extracted starch grains,
toluene-extracted starch grains, or soluble starch were boiled
before incubation with $-amylase, reducing sugars were de-
tected. The pea epicotyl 8-amylase that was in etiolated tissues
used in this study apparently cannot initiate attack upon pea
starch grains. No g-amylase has been demonstrated to attack
starch grains that were not already degraded by other
carbohydrases.

What remains to be determined is the identity of the in
vivo substrate(s) of -amylase. Steup (27) has found low mol
wt glucans in pea and spinach leaf extracts that might be
available for hydrolysis by $-amylase, as could be the larger
a-glucans found by Yamada e al. (33) in other plant species.
Identification of the in vivo substrates of these amylases is a
prerequisite to assigning a physiological role in cellular glucan
metabolism.

Potential Vacuolar Substrates, Inhibitors, or Activators

Since the primary $-amylase in pea has been reported to be
located in the vacuole (34), and that is the 3-amylase that we
have purified in this study, pea 8-amylase activity with poten-
tial vacuolar substrates was determined and the effects of
vacuolar compounds on S-amylase activity were tested. Pea
B-amylase had no activity with chicory or dahlia inulins (linear
B-2, 1-polyfructosyl sucrose) (Table III), which are vacuolar
storage carbohydrates in many species. Malate and fumarate
additions (up to 50 mm) to assays had little or no effect on
starch hydrolysis rates (data not shown). Sucrose did not
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greatly influence starch hydrolysis rates, although concentra-
tions of 20 to 50 mM sucrose did result in about 15% inhibi-
tion of B-amylase activity (data not shown).

Possible Roles of Pea 5-Amylase

The =56 kD B-amylase characterized here is the major 3-
amylase in vegetative tissues of pea (Figs. 1 and 2; refs. 2, 34)
and is primarily vacuolar in location (34). Two studies have
failed to find this isoform of g-amylase in the chloroplast (2,
13), whereas another two studies have found this enzyme
associated with chloroplasts (34; EP Beers, SH Duke, unpub-
lished data). This 8-amylase is incapable of hydrolyzing large
glucans (e.g. soluble starch) or starch grains (Table III) unless
these substrates are gelatinized by boiling. However, the en-
zyme readily hydrolyzes maltodextrins with a relatively low
degree of polymerization (Table IV). These data indicate that
if this enzyme is involved in chloroplast starch grain degra-
dation, it must be secondary and would involve the hydrolysis
of relatively small maltodextrins produced directly from
starch grain degradation or from the disproportionating activ-
ity of chloroplast D-enzyme (11). In that the major a-amylase
in pea (Fig. 2B) is primarily apoplastic (2; M Saeed, SH Duke,
unpublished data), and only a very low level of its activity has
been reported to be associated with chloroplasts, the role of
any amylase in pea chloroplast starch grain attack is uncon-
firmed at this time.

The vacuolar location (34) of the 8-amylase characterized
here, and the substrate specificity of this enzyme, could lead
one to speculate that the role of this S-amylase is in the
hydrolysis of maltodextrins stored in the vacuole. Until a
rigorous report of the presence or absence of a-glucans in
vacuoles is published, such a role remains speculative.
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