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A complex which synthesizes glycogen oe nove has been purified from
Ascarls suum. This complex (GS-2) consists of a 66 KDa protein, a 140 KDa
protein, and a >330 KDa glycoprotein. The 66 KDa subunit can be dissocia-
ted from GS-2 and has a glucose 6-phosphate-dependent glycogen synthase
activity, but no priming activity. The glycoprotein subunit is the primer for
glycogen synthesis and is composed primarily of glycogen-like polysacchar-
ide, but a portion of the polysaccharide is amylase-resistant and contains
complex carbohydrate. The carbohydrate to protein linkage 1s likely a serine
/threonine bond to N-acetylglucosamine. Collectively, the data establish

that GS-2 is a multiprotein complex which is a unique glycogen synthase

isozyme.
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CHAPTER |

INTRODUCTION

Members of the Nematode genus Ascar/s are predominantly parasitic
(1); moreover, many species pose severe problems to agriculture and public
health worldwide. Ascaris Jumbricoiges , a species parasitic on humans, is
an especially severe problem in Asia (2), and Ascaris suum infects the
majority of swine in the United States, at significant expense to the
agricultural industry (3). Investigations of the comparative biochemistry of
Ascaris sp. and its hosts will provide insight into design of an effective
and specific chemotherapeutic agent active against Ascaris sp. infection.
Although similarities exist between the biochemistry of vertebrates and
ascarids, the two groups are highly divergent. In addition to gross and
cellular morphological distinctions (1,4), important differences exist in the
cellular energy utilization in the two groups. Many parasitic helminths,
including Ascaris suum , have adapted to an anaerobic environment by
alteration of the glycolytic pathway. Phosphoenolpyruvate from glycolysis
is converted to oxaloacetate, rather than pyruvate, followed by synthesis of
malate from oxaloacetate, regenerating the NAD* consumed by the glycer-
aldehyde phosphate dehydrogenase enzyme during glycolysis (5). Malate is

transported into the mitochondrion, where a portion of the pool is oxidized




by the malic enzyme to form pyruvate. Pyruvate is then converted into
acetate which is excreted as short chain fatty acids. The fatty acid
synthesis generates a reducing equivalent of NADH which is consumed in
succinate synthesis from malate via fumarate (6). The reaction generating
succinate from fumarate also yields ATP (5), and succinate is excreted (7).
The TCA cycle of adult Ascaris suum appears to be nonfunctioning (5,7).
Although some enzyme activities typically used in the Kreb's cycle are
present, others are present in low concentration or perhaps missing
altogether in adult ascarids (7). Adult Ascar/s suum has also lost the
ability to use fatty acids as fuel, even under aerobic starvation conditions
(7). These adaptations force the adult worms to rely on glycogen as their
sole source of energy during nonfeeding periods of the host (5).

Glycogen synthase (UDP-glucose:glycogen a-4-glucosyltransferase, EC
2.4.1.11) catalyzes the rate-limiting reaction in glycogen synthesis, the
addition of glucose monomers onto a glucose polymer primer (8). This

reaction can be written as follows:

glucose(p) + UDP-glucose ---> glucose(n«1) * UDP (9).

Glycogen synthase occurs as two forms, GS | (independent) and GS D
(dependent), depending on the phosphorylation state of the enzyme. GS | is
phosphorylated by the cyclic AMP-dependent protein kinase to give GS D, a

less active form of the enzyme (10). GS D has a strong dependence on the
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presence of G6-P, an allosteric effector of the enzyme, for activity (10) and
has no measurable activity under physiologic conditions (11,12). Activity is
also regulated i vitre through multisite phosphorylation by several other
kinases, including phosphorylase kinase, glycogen synthase kinase 3, glyco-
gen synthase kinase 4, and glycogen synthase kinase 5 (Casein Kinase 2,
PCp.7) (9,10,13,14); in addition, phosphorylation has been shown to take
place through cyclic AMP-independent pathways 7 vivo (15,16).
Cooperativity between subunits also seems to play an important role in
regulation of glycogen synthase i vitro (9).

The principal stored metabolic fuel in Ascar/s suum is glycogen. In
mammals, glycogen phosphorylase (a-1,4-glucan:orthophosphate glucosyl-
transferase, EC 2.4.1.1), catalyzes the rate limiting step of glucose
mobilization from glycogen (8). Glycogen phosphorylase is activated
through phosphorylation by phosphorylase kinase, which is activated by the
active cyclic AMP-dependent protein kinase in the presence of calcium (10),
The synthetic and degradative pathways for glycogen are therefore
coordinately regulated, preventing futile cycling of glucose.

Glycogen synthase has a requirement for the presence of a glucose
acceptor for activity. Glycogen can be used by rat liver glycogen synthase
as the acceptor for glucose from UDP-glucose (Ky=1 mM) (17), but small
oligomers of glucose prove to be very poor substrates for glycogen synthase
(Kmmaltoheptalose=7° mM) (17). Glucose itself can be used as a substrate
for rat skeletal muscle glycogen synthase, but the Ky, for this substrate

approaches 1 M(18). Since glucose and small oligomers of glucose are very




poor substrates at physiologic conditions, the origin of glycogen particles
in vive has, until recently, been unknown. In 1969, workers in Luis LeLoir's
laboratory (19) found that the supernatant from a high speed centrifugation
of rat liver homogenate catalyzed glycogen synthesis in the absence of
added glycogen. The weight of the primer used by the synthase in this
fraction had to be less than 5x108 Da, since glycogen of this size or greater
sedimented under the conditions used. Likewise, glycogen could only have
been present in very small quantities, since a colorimetric test for glycogen
did not indicate its presence (19). Subsequent studies showed that the
endogenous primer was proteinaceous (20,21) and that it could be isolated
as a complex with a glycogen synthase activity (designated G5-2) distinct
from the classical enzyme which required an exogenous primer for activity
(GS-1)(22).

Rabbit muscle glycogen appears to be bound to a protein, which can be
isolated by amylase digestion of the glycogen (23). This protein, which has
aMpof 37 KDa, is very similar to a rabbit skeletal muscle protein which has
been shown to be associated with glycogen synthase in rabbit skeletal
muscle. The amino acid composition and immunoreactivity of these two
proteins are identical (24,25). Interestingly, the smallest My protein
serving as an acceptor for glucose in Krisman's GS-2 preparation also has an
approximate molecular weight of 40 KDa (26). There is evidence indicating
that the protein is bound to carbohydrate through a tyrosine residue (27,28)
and that it has an autoglucosidation activity (25,29) which is presumed to

create the carbohydrate primer used by glycogen synthase.




Nematodes are highly divergent from vertebrates morphologically and
embryogenetically (1); however, Ascaris suum muscle has humerous
biochemical similarities with vertebrate muscle. Tropomyosin, troponin,
and myosin, myofibril proteins found in mammalian skeletal muscle, are
present in A suum muscle, and a myosin light chain kinase activity, found
in mammalian muscle, has been detected in preparations of the worm (30).
Cyclic AMP, an important second messenger in vertebrates (9) is present in
Ascaris suum muscle (31). Production of cyclic AMP can be induced by
introduction of serotonin into a muscle perfusion system (31), and a cyclic
AMP-dependent protein kinase found in A swum muscle is very similar to
the mammalian enzyme by virtue of its chromatographic properties and
substrate specificities (32). Inhibition of both the ascarid and mammalian
cyclic AMP-dependent protein kinases by the mammalian heat-stable
inhibitor indicates a particularly high amount of conservation in the active
sites of the ascarid and mammalian kinases (32).

Enzymes of glycogen synthesis in Ascaris suum exhibit much similarity
to their mammalian counterparts. Phosphorylase has been purified from
Ascaris suum muscle and has been shown to be very similar to the
mammalian enzyme (33). Glycogen synthase, as purified from A4 swum by
Hannigan ef @/ (34), is indistinguishable from the vertebrate 6S-1 with
respect to several kinetic parameters, including pH and temperature
dependence. Glycogen synthesis in A suum is requlated by cyclic AMP-

dependent (32) and independent (35) pathways 7 v/ve, much like the
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vertebrate system, and the nematode enzyme can be inhibited by phosphory-
lation by both the mammalian cyclic AMP-dependent protein kinase and the
glycogen synthase kinase 3 (34,36).

Glycogen is found in much larger quantities in Ascar/s suum muscle
than in mammalian tissues. A swm muscle contains up to 15% glycogen by
weight, while rat Tiver has only 5% and rabbit muscle only 1% (37).
Glycogen synthase activity in crude homogenates of A swum is 7.84 U/g
(34), while rabbit skeletal muscle only has 0.42 U/g (10); however, the
yields of GS-1 after purification from the two tissues are about equal. Most
of the activity in the A swum glycogen synthase preparation does not bind
to the anion exchange resin used in the purification scheme and is lost in
the column flow-through fractions. Investigation of the flow-through
fraction of the anion exchange column showed that it contained glycogen
synthesis activity in the absence of added glycogen. This activity appears
to be analogous to the GS-2 activity discovered by Krisman and coworkers
(22) and will be referred to as GS-2 throughout this work. Further purifi-
cation showed the GS-2 activity to be associated with a complex of three
subunits detected by SDS-PAGE (38). One of the subunits of this complex is
a glycoprotein and serves as an acceptor of glucose from the substrate,
UDP-glucose (39). The GS-2 complex differs from the known glycogen
synthase in several ways. Assay of the purified GS-2 shows it to be
completely dependent on the presence of G6-P for activity, and none of the
proteins in the complex are phosphorylated by the catalytic subunit of

cyclic AMP-dependent protein kinase (39).




Studies presented in this thesis were performed in an attempt to
characterize the glycogen primer complex of Ascaris suum , as well as to
compare this complex to what is known about mammalian giycogen polymer

inttiation and synthesis.




CHAPTER 1

METHODS

The presence of Ascari/s suum infection in swine was investigated by
palpation of the duodenum of dissected pigs at a local slaughterhouse. When
A suum organisms were found, a transverse incision was made through the
intestine on both sides of the parasite, and the intestinal section was
immersed into water and transported to the laboratory where the nematodes
were transferred to a salt solution (40) continuously sparged with nitrogen
and stored for less than 24 hrs. Adult female A4 swuum that were 10-30 cm
in length were dissected longitudinally and the reproductive and gastro-
intestinal tracts were discarded. The muscle layer was scraped from the
underlying cuticle and used immediately or frozen immediately in liquid
nitrogen. Frozen specimens were maintained at -80° C until needed.
Glycogen Synthase Assay

Glycogen synthase activity was assayed by a modification of the method
of Thomas e¢ 2/ (41) which measures the incorporation of [14C]glucose

from UDP[4C]glucose into glycogen. The assay mixture consisted of 50 mM




Tris-Cl, pH 7.6, containing 6.7 mM UDP[U-'4Clglucose (Sp.Act.=
19.6 wCi/mmol), and 10 mM glucose 6-phosphate in a total volume of 0.1 ml.
when glycogen was used in this assay, the final concentration of A swm or
oyster glycogen was 1%. The reaction mixture was incubated for 10 min at
30°C. The reaction was stopped by pipetting 50 ul aliquots onto 1 cm
squares of Whatman ET-31 paper and washing the papers twice for 10 min
each in 7 to 8 m1 per paper of 66% ethanol. The papers were washed in
acetone for S min, dried and [14Clglucose incorporation into polysaccharide
was quantitated by liquid scintiliation counting. One unit of enzyme
activity was defined as the amount of enzyme which catalyzed the
incorporation of 1 pumol [14C]glucose per min at 30°C,
TCA Precipitation of Glycogen Synthase 2

GS-2 complex (2.5 ug protein) was incubated as described under
Glycogen Synthase Assay at 300C for variable time intervals from 10 to
40 min. The reaction was stopped by transferring an aliquot of the reaction
mixture to ET31 paper which was immediately immersed in ice cold 10%
trichloroacetic acid (m:v; 10 mi/paper). Papers were washed in 5% tri-
chloroacetic acid as described by Reimann e 4/ (42) in order to remove
unreacted UDP[U-14C]glucose, and protein-bound radioactivity was
determined by liquid scintillation counting of the dried papers.
Purification of Glycogen Synthase 1

Glycogen Synthase 1 (GS-1) was purified according to Hannigan et &/
(34), with the following changes. The addition of KoHPO4 and 5'-AMP, and

the corresponding incubation at 309 C were omitted. Addition of 2-mercap-

8
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toethanol (40 mM) and phenyimethylsulfonyl fluoride (100 pM) was made to
all buffers used. Chromatography using glucosamine 6-phosphate Sepharose
was omitted.
Purification of Glycogen Synthase 2

G5-2 purification was accomplished by a modification of Ghosh e &/
(39). A suum muscle (50-100 g) was homogenized (3:1, m:v) in 20 mM

Tris-Cl, pH 7.0, 5 mM EDTA, 0.1 mM phenyimethylisulfonyl fluoride and 15 mM

2-mercaptoethanol (Buffer A). All procedures were carried out at 40 C
unless otherwise stated. The homogenate was centrifuged at 10,000 x ¢
for 30 min and the pellet was discarded. This fraction was designated
Crude Extract. The Crude Extract was centrifuged at 105,000 x ¢ for

60 min to remove the bulk of the glycogen. The supernatant fraction,
designated Soluble Fraction, was dialyzed against 20 volumes of Buffer B
(50 mM Tris-Cl, pH 7.5, 40 mM 2-mercaptoethanol, 1 mMEDTA, 10 mM MgCl,,
0.1 mM phenylmethylsulfonyl fluoride and S% sucrose).

The dialyzed Soluble Fraction was mixed with 150-200 m1 of DEAE
cellulose equilibrated with Buffer B. After 1 hr, the fraction which did not
bind to DEAE cellulose, designated the DEAE Fraction, was collected either
by filtration or by pouring the resin into a column if GS-1 was also to be
purified. The DEAE Fraction, i.e. that protein which did not bind to the resin,
was concentrated by precipitation with 0.56 g/m1 ammonium sulfate. The
precipitated protein was dissolved in 2-4 m1 50 mM B-glycerol phosphate,

pH 7.0, 2 mM EDTA, 40 mM 2-mercaptoethanol, 0.1 mM phenylimethylsulfonyl
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fluoride, and 10% sucrose (Buffer C). The ammonium sulfate precipitate
was dialyzed 2 hr against 500 volumes of Buffer C and then applied to a
column (100 x 2.5 cm) of Sepharose 4B equilibrated with Buffer C. If the
sample volume to be loaded onto the Sepharose column exceeded 10 mi, the
sample was divided into two equal aliquots, and two Sepharose columns
were used. Fractions were collected and the glycogen synthase activity of
the fractions was determined. Fractions containing GS-2 activity were
pooled and concentrated by precipitation with 0.56 g/ml ammonium sulfate,
The precipitate was collected and dissolved in 10-15 mi Buffer D and
dialyzed for 2 hrs against Buffer D (50 mM Tris-Cl, pH 7.4, 40 mM 2-mer-
captoethanol, 1 mM NaCl, 1 mMMnClp, 1 mM CaCly, 1 mMMgClp, and 0.1 mM
phenylmethylsulfonyl fluoride). The sample was applied to a column (20
0.9 c¢m) of Con A Sepharose equilibrated with Buffer D. The column was
washed with 3 bed volumes of Buffer D and eluted with Buffer D containing
100 mM a-methyimannoside. Fractions were assayed in the presence and
absence of glycogen and the active fractions were pooled and dialyzed
against Buffer D containing 10% sucrose. The enzyme was stored in small
aliquots at -800 C. The loss of enzyme activity in the stored enzyme pre-
paration was less than 10% in six months.
Antibody Sensitivity

Antibodies were generated against the GS-2 complex according to Ghosh
(38). Antibody reactivity of individual components of the GS-2 complex was
determined by Western Blot analysis of samples from 10% polyacrylamide

gels which were electrophoretically transferred to nitrocellulose in 25 mM
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ethanolamine/glycine buffer, pH 9.5, with 20% (v:v) methanol. The Western
blots were probed with the rabbit anti-GS-2 antibody (1:1,000) and horse-
radish peroxidase-linked goat anti-rabbit igG.

Gel Electrophoresis

Protein analysis by gel electrophoresis was carried out according to
(43) using 10% polyacrylamide gels (1.5 mm thick x 52.5 mm long) as
resolving gels and 3.9% polyacrylamide stacking gels.

Samples were prepared for electrophoresis by adding sample buffer (1
part sample buffer:4 parts experimental sample) and incubating in a boiling
water bath for 5 min. Samples were cooled to ambient temperature and
applied to the stacking gel. Subsequent electrophoresis was done at 165 V
until the dye front reached the bottom of the gel, about 40 min.

I the gel was to be stained, it was fixed in methanol:acetic acid:water
(45:10:45) for at least 20 min. Gels were stained for proteins using
Coomassie Brilliant Blue G-250 or Bio Rad silver stain or for carbohydrate
using periodic acid/Schiff base reagent (44).

Non-reducing SDS-PAGE was carried out as described above, except the
sample buffer contained no 2-mercaptoethanol. Before running non-reducing
gels, sample was dialyzed for 2 hr against 30 mi Buffer D without 2-mer-
captoethanol at 40 C.

Lectin Binding Experiments

The glycoprotein subunit of GS-2 complex was isolated by denaturation

and subsequent chromatography on Con A Sepharose. Purified glycogen

primer complex (30 ug protein, 6 mg carbohydrate) to which SDS was added
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to a final concentration of 2% in a final volume of 125 i, was heated in a
boiling water bath for 5 min, then dialyzed against 30 m1 Buffer D. A
column of Con A Sepharose (0.2 m1) was poured and washed thoroughly with
Buffer D. Small polypropylene chromatography columns (Bio Rad Econo-
Column #731-1550) were used for all chromatography using <3 m1 resin.
Sample was applied to the column and the effluent reapplied 3 times, or the
sample was applied at a very slow flow rate (<12 drops/min). The column
was washed with 10 bed volumes Buffer D, and bound protein was eluted
with 5 bed volumes of Buffer D containing 100 mM a-methyimannoside.

More glycogen primer complex was sometimes used, but the ratio of
primer complex to Con A affinity resin (0.15:1 w/v), and the final SDS
concentration were always kept constant. Addition of SDS was omitted
where noted.

For WGA Sepharose chromatography, a column of this resin was poured
(0.4 m1) and washed thoroughly with Buffer D. Glycoprotein subunit from
the 65-2 complex (<210 ug protein) was applied to the column and reapplied
3 times. The column was washed with 3 m1 Buffer D (Wash Fractions), and
bound material was eluted with 3 mi Buffer D containing 100 mM N-acetyl-
glucosamine (Sugar Elution), followed by a 3 m1 wash of Buffer D containing
1.0 MNaC1 (Salt Elution). Three pools, consisting of the Wash Fractions, the
Sugar Elution, and the Salt Elution, were collected. These were dialyzed
against 8 mM Tris-Cl, pH 7.6, and concentrated by lyophilization.

Con A Sepharose and WGA Sepharose affinity resins were regenerated by
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washing the column with 3-5 bed volumes regeneration buffer (50 mM Tris-
Cl, pH 7.6, 1.5 M NaCl; 1 mMMgClp, 1 mMMNCly, 1 mM CaCly). If the resing
were to be stored for more than a few days, they were washed with at least
3 volumes of storage buffer (20 mM Tris-Cl pH 7.6, 0.9% NaCl, 0.01%
Thimerosal) and stored in this buffer.

To investigate the free WGA binding capability of the GS-2 complex,
purified glycoprotein subunit (15 pg protein) of GS-2 treated with a 48 hr
a-amylase digestion as described in Enzymatic Digestion of Carbohydrate or
30 ug of untreated purified GS-2 was subjected to SDS-PAGE, electro-
blotted onto a nitrocellulose filter, and strips were cut out of the nitro-
cellulose corresponding to the lanes containing proteins to be incubated
with WGA. Each strip was incubated in 2 ml TBS (20 mM Tris-Cl, pH 7.6,

0.5 M NaCl) containing 0.1% periodate-treated BSA for 1 hr at ambient
temperature. Strips were then incubated 2.5 hr in 2 m1 each of TBS
containing 10 Ci ['251]WGA (3.7 ug). Strips were washed in 2 m1 each of
TBS for 3 changes of 10 min. Strips were dried and autoradiographed. Some
strips were stained with amido black for protein. Periodate-treated BSA
was made according to a procedure by Glass ef @/ (45). Periodic acid was
added to a final concentration of 10 mM to 4% BSA in 0.1 M sodium acetate
buffer, pH 5, and incubated 18 hr at ambient temperature. Glycerol was
added to a concentration of 10 mM, and the reaction mixture was dialyzed
for 6 hrs against two 20 volume changes of TBS. The BSA solution was

diluted to a final concentration of 3% before use.
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Enzymatic Digestion of Carbohydrate

To prepare a sample for glycosidic digestion, the glycoprotein subunit
(15 pg protein) was isolated from purified 6S-2 complex using Con A
Sepharose chromatography in the presence of SDS, dialyzed overnight
against 100 volumes 8 mM Tris-Cl, pH 7.6, and lyophilized. The sample was
dissolved in 50 pl1 glycosidase buffer (20 mM sodium citrate, pH 6.0, 2 mM
leupeptin, and 0.1% SDS). The solution was heated in a boiling water bath
for 5 min, and Triton X-100 was added to a concentration of 1.25%. This
sample will be referred to as the Glycosidase Sample.

Neuraminidase (5 mU) was added to the Glycosidase Sample or to 100 ul
2 mg/ml mucin in glycosidase buffer containing Triton X-100, 1.25%, and
incubated at ambient temperature for | hr. Enzyme activity was terminated
by immersion of the reaction tube into a boiling water bath for S min,
Neuraminic acid released from mucin was assayed by the thiobarbituric acid
assay (46). For determination of sialic acid content, a separate glycosidase
sample prepared as above was incubated 1 hr at 37° C with 20 mU neur-
aminidase. The reaction was heat-inactivated as above and dialyzed against
30 ml 1 mM sodium phosphate buffer, pH 6.0, for 3 hr. The dialysate was
lyophilized and tested for free sialic acid using the thiobarbituric acid
assay (46).

N-acetylglucosaminidase (7.8 mU) was added to the neuraminidase-
treated Glycosidase Sample and incubated 24 hr at ambient temperature.
This and all glycosidic digestions that were incubated longer than 5 hr were

layered with toluene to prevent contamination by airborne bacteria, and all
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liquid transfers into and out of the reaction once layered with toluene were
done using a Hamilton syringe outfitted with a Teflon needle. As a positive
control, the same amount of N-acetylglucosaminidase was added to 100 ui
1 mg/m1 p-nitrophenyl-N-acetyl-p-D-giucosaminide in glucosidase buffer
containing Triton X-100, 1.25%, and incubated 1 hr at ambient temperature.
Release of p-nitrophenol from p-nitrophenyl-N-acetyl-p-D-glucosaminide
was detected spectrophotometrically at 400 nm.

0-Glycanase (endo-a-N-acetylgalactosaminidase, 1mU) was added to
the exoglycosidase-treated glycosidase sample or to 100 pl 2 mg/m|
asialofetuin in glycosidase buffer containing Triton X-100, 1.25%, and
incubated 24 hr at 370 C. Release of acylamino sugars from asialofetuin
was detected by a modification of the Morgan-Elson assay (47).

An a-amylase digestion was performed on the glycoprotein subunit of
GS-2 complex as follows. Purified glycoprotein subunit of the GS-2
complex (15 pg protein) in 300 ul 20 mM phosphate buffer, pH 5.8,
containing 1 mM CaClo and 2 mM leupeptin, was incubated with 9 U a-
amylase from Bacillus subtilis and 140 mU amyloglucosidase at ambient
temperature for 5 hr. The reaction mixture was dialyzed for 2 hr against 30
m1 of the above phosphate buffer, after which 1.8 U 8 subt//is a-amylase
was added. The reaction was covered with toluene, and the reaction was
allowed to incubate at ambient temperature for 15 hr. At the end of this
incubation, the reaction mix was again dialyzed against 30 mi of the

phosphate buffer for 2 hr, and another 1.8 U of B subti/is a-amylase was
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added. The reaction was allowed to proceed for 24 hr, at which time the
reaction was stopped by immersion into a boiling water bath for S min,
Reaction products were subjected to SDS-PAGE and electroblotted onto a
nitrocellulose filter; proteins were probed either by antibodies against the
GS-2 complex in a Western Blot procedure or ['25/]WGA binding and
autoradiography.

A time course for the a-amylase reaction was performed on the
glycoprotein subunit of the GS-2 complex for the purpose of following the
loss of carbohydrate from the complex. Five 45 1 (13 Mg protein each)
aliquots of purified GS-2 complex were dialyzed 2 hr against 30 m] amylase
buffer (Buffer D lacking 2-mercaptoethanol), and diluted to 1.35 m1. Human
salivary a-amylase (3 U) was added at O min and 45 min to each aliquot and
reactions were incubated at 300 C for 0, 30, 60, 90, or 120 min. At the end
of each reaction, the enzymatic activities were stopped by immersion of the
reaction tube into a boiling water bath for 10 min, and the solutions were
dialyzed against three changes of 500 m1 of 8 mM Tris-Cl, pH 7.6. Residual
Carbohydrate was quantitated by the anthrone assay for carbohydrate using
glycogen for the standard curve, and protein was quantitated by the dye
binding method of Bradford (48).

Partial a-amylase digestion for the purpose of separation of GS-2
subunits with retention of activity was performed as follows. All steps
except for assay reactions were done at 4° C. Purified GS-2 complex

(400 ul1; 120 pg protein), was dialyzed against 30 mi amylase buffer
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containing 2 uM leupeptin for 2 hr. Human salivary a-amylase (9 U) was
added, and the mixture was incubated for 15 min. The reaction mixture was
dialyzed against 30 m1 amylase buffer for 1 hr. The reaction mixture was
loaded onto a 0.6 m1 column of Con-A Sepharose, the column was washed
with 10 bed volumes of amylase buffer, and material was eluted with
amylase buffer containing 100 mM a-methylmannoside. Fractions (8 drop)
were collected and assayed for activity with and without the presence of
glycogen. Wash and elution fractions were pooled, concentrated by lyophil-
ization, and analyzed by SDS-PAGE.
Hydrolysis of G5-2 Glycoprotein

Hydrochloric acid-catalyzed hydrolysis was completed as follows.
Glycoprotein subunit was isolated from purified glycogen primer complex by
Con A chromatography in the presence of SDS. The sample was then dialyzed
against approximately 100 volumes 8 mM Tris-Cl, pH 7.6, for 2 hr and
lyophilyzed to dryness. This residue was then dissolved in an amount of
water comparable to the volume before chromatography, and 6 N HC1 was
added to a final concentration of 1 N. The sample was incubated under
vacuum in a Schienk tube for 1 hr at 609, 709, 800, 900, or 1000 C. At the
end of the incubation, two volumes of 1 M ammonium bicarbonate (made
fresh daily) was added to neutralize the solution, and the mixture was
frozen and lyophilyzed. Products were analyzed by SDS-PAGE.

Hydrolysis using TFMS was completed by a modification of Bahl (49) as
follows. Glycoprotein subunit was isolated from 180 ug of purified GS-2

complex by Con A Sepharose chromatography in the presence of SDS and was




then dialyzed against 30 m1 water for at least 2 hr. The products were
lyophilized to dryness. To the residue, 600 ul anhydrous trifiuoromethane-
sulfonic acid was added at 0° C, and the mixture was incubated at 0° C for
2 hr. This reagent was transferred only with glass instruments, and all
reaction vessels, containers, and pipettes were purged with nitrogen gas
Immediately before use, as described in Shriver and Drezdzon (50). At the
end of this incubation, the reaction mix was brought to around -75° C in a
dry ice/acetone slush bath, and 800 pl pyridine:water (60:40 v/v) was added
in small amounts (10 W1 at a time initially). After addition of a portion of
the pyridine solution, the reaction mixture began to freeze, so the solution
was thawed slightly after each aliquot of base was added. After addition of
the aqueous pyridine, the solution was dialyzed against 2 changes of 41 of
0.1% ammonium bicarbonate for 4 hr.

Base-catalyzed hydrolysis was completed as follows. GS-2 glyco-
protein subunit (15 pg protein) was isolated from purified glycogen primer
complex by Con A chromatography in the presence of SDS. The protein, in
300 p1 Buffer D, was dialyzed against 30 m1 10 mM NaCl for 3 hr. The
sample was added to 0.2 M sodium hydroxide (1:1 vol:vol) and incubated
under vacuum at 459 C for 15 hr. At the end of this time, the solution was
neutralized with the addition of 1 N acetic acid, and dialyzed against 0.1 M
ammonium acetate buffer, pH 7.0. The sample was then lyophilized to

dryness, dissolved in sample buffer, and analyzed using SDS-PAGE.
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Smith Degradation

Periodate oxidation followed by NaBH4 reduction was done by a
modification of the method of Smith (51,52). Glycoprotein subunit was
isolated from purified 65-2 complex (210 ug protein) by Con A Sepharose
chromatography in the presence of SDS. This sample was dialyzed against
30 m18 mM Tris-Cl, pH 7.6, for 2 hr and lyophilized. The residue was
dissolved in 400 u1 60 mM sodium acetate buffer, pH 9.0, containing 30 mM
NalOy4, and incubated at 4° C for 28 hr. After this incubation, ethylene
glycol was added in ten-fold molar excess to the NalO4 in the form of a 1:1
aqueous solution,

The reaction mixture was then titrated to pH 8.0 with 1 N NaOH, and
NaBH4 was added in twenty-five-fold molar excess of the periodate as a
0.6 M solution in 0.6 M sodium borate buffer, pH 8.0. This mixture was
incubated at 40 C for 16 hr. The entire mixture was then titrated to pH 5.0
with glacial acetic acid, dialyzed against 30 m1 200 mM sodium acetate
buffer, pH 5.0, for 2 hr, and then dialyzed overnight against 30 m1 10 mM
NaCl. This product was hydrolyzed for 2 hr at 80° C under vacuum by the
addition of 1 NHCI to a final concentration of 0.1 N. The mixture was cooled
to ambient temperature at the end of the incubation and was neutralized by
the addition of 1 N NaOH.

High Performance Liguid Chromatography
HPLC was performed using a variation of the technique described by

Hardy efa/ (53). The column used for Sugar separation was a Dionex 10

HPIC AS-6 pellicular anion exchange column, and eluted sugars were
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detected by a Dionex PAD system with time interval settings of T1=300
msec, T2=120 msec, and T3=300 msec, and intensity settings of E1 =-0.05V,
E2=0.60V, and E3=-0.80V. Eluants were degassed, after which they were
sparged with ultrapure carrier grade helium for 21 hr. The column was
equilibrated with 20 mM NaOH for 1 hr after sample chromatography or
startup. Samples were eluted by an isocratic elution of 20 mM sodium
hydroxide at 0.5 m1/min with a postcolumn addition of 0.6 M NaOH added at
0.1 ml/min. The column was washed with 150 mM NaOH at 0.5 ml/min for
230 min after chromatography of sugar standards, or with 150 mM NaoH
containing 0.6 M sodium acetate at 0.4 m1/min for 30 min followed by

20 mM NaOH at 0.5 mi/min for at least | hr after chromatography of
samples containing protein or oligosaccharides. All NaOH solutions were
dilutions of commercially prepared 50% NaOH, which was used only until
30 days after opening because of the possible buildup of carbonates in the
concentrated solution.

To prepare sample for HPLC analysis, 200 p1 (60 g protein) purified
GS-2 complex was dialyzed 3 hr against 30 m1 amylase buffer (Buffer D
lacking 2-mercaptoethanol, containing 2 uM leupeptin). Human salivary a-
amylase (0.1 U, 0.1 ug) was added at 0, 45, and 90 min, and the reaction
mixture was incubated for a total time of 135 min. The reaction was
stopped by immersion of the reaction tube into a boiling water bath for
5 min, and the solution was dialyzed for 18 hr against 3 changes of 8 mM
Tris-Cl, pH 7.6. The sample was lyophilized, dissolved in 100 ulwarm 2N
HC, and incubated 2 hr at 1000 C. After cooling, the acid was neutralized
by the addition of 200 i1 2 N ammonium bicarbonate, and the sample was
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degassed for 10 min to remove excess CO9. This sample will be referred to
as HPLC Unknown,
Protease Digestion

Trypsin digestion was completed as follows. Purified glycogen primer
complex (12 g protein in 40 p1 Buffer D, 10% sucrose) was added to 20 i
trypsin solution (2.1 U) and incubated for 0, 20, 40, or 60 min. The trypsin
solution was made by combining 12 p10.24 mg/mi bovine pancreatic
trypsin, 108 pl 1 mMHCI, and 120 ul trypsin buffer (40 mM Tris-Cl pH 8.0,
45 mM 2-mercaptoethanol). Reactions were stopped by the addition of 10 pI
SD3-PAGE sample buffer and heating at 909 C for S min in a heat block.
Products were analyzed using SDS-PAGE.

Pronase digestion was completed as follows. Purified GS-2 complex
(12 pg protein in 40 11 Buffer D, 10% sucrose) was dialyzed against 30 mi
pronase buffer (0.1 M potassium phosphate buffer, pH 7.5, 0.45 mM CaCly,
0.25 mMMgClo) for 2 hr. Pronase (Streptomyces griseys protease, 0.6 U),
as 10 pl of 2 0.7 mg/1 solution, was added, and the reaction mixture was
incubated for 60 min at 379 C. Protease activity was stopped by immersion
of the reaction vessel into boiling water for 5 min.
Alkaline Phosphatase

Purified GS-2 complex (30 ug protein) was dialyzed against 30 m1 0.1 M
Tris-Cl, pH 8.0, for 2 hr. Alkaline phosphatase (orthophosphoric monoester
phosphohydrolase, 28.5 U), as 100 1 of a5 mg/mi solution, was added, and
the mixture was incubated at 30° C for 30 min. Aliquots (50 1) were taken
out at 15 and 30 min. The reaction was stopped by adding 10 p of SDS-
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PAGE sample buffer and heating at 90° C for S min in a heat block. Products
were analyzed using SDS-PAGE.
Materi

Sepharose 4B, 2-mercaptoethanol, phenylmethylsulfony! fluoride, p-
glycerophosphate, Tris base, WGA Sepharose 6MB, type X| bovine pancreatic
trypsin, £schericia coli alkaline phosphatase, human salivary a-amylase,
Aspergilius niger amyloglucosidase, Aspergi/ius niger B-D-N-acetyl-
glucosaminidase, bovine pancreatic ribonuclease b, and BSA were purchased
from Sigma Chemical Company. DEAE cellulose (DES2) and ET31 paper was
from Whatman Biosystems, Ltd. Con A Sepharose was purchased from
Pharmacia. Trifluoromethanesulfonic acid and Teflon syringe needles were
from Aldrich Chemical Company, Inc. Ultrapure helium was obtained from a
local supplier of Air Products and Chemicals, Inc. of Tamagua, PA. Sodium
hydroxide solution, 50 %Z w:w, was from Fischer Scientific. Thiobarbituric
acid was purchased from Fluka. Schlenk tubes were from Pierce Chemical
Company. Schlenk flasks were made by a glassblower on the campus of the
University of North Texas; Schlenk fittings for those were obtained from
Chemglass, Inc., Vineland, NJ. Streptomyces griseus protease (Pronase)
was purchased from Calbiochem. Djplococcus pneumoniae endo-a-N-
acetylgalactosaminidase (O-glycanase) and Baci/lus subtilis a-amylase
were from Boehringer Mannheim Biochemicals. Neuraminidase from
nonpathogenic Séréotococcus sp. was from Genzyme Corporation. Dialysis
of samples of less than 1 ml were performed using a microdialyzer, the

Pierce Chemical MEGA System (*HPI1-6300). Uridine diphosphate glucose,
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[D-glucose-U-'4C] (Sp.Act.=200 mCi/mmol), D-glucose-6-phosphate [D-
glucose-U-14C] (Sp.Act.=200 mCi/mmol), and [125/]wheat germ agglutinin
(Sp.Act.=1.09 mCi/mmol) were purchased from ICN Radiochemicals. Where
SDS-PAGE gels were silver stained, a Bio Rad Silver Stain Kit #161-0443

was used.




CHAPTER 11l

RESULTS

Correlation of Structure with Function of Glycogen Synthase Activity in the
65-2 Complex of Ascar/s suum

GS-2 complex was subjected to a 15 or 30 min amylase digest and
chromatographed using Con A Sepharose in an attempt to isolate any
subunits peripherally bound to the carbohydrate, possibly including the
synthase catalytic subunit. If the catalytic subunit acts on and is asso-
ciated with peripheral portions of the glycogen-like carbohydrate, it is
predicted that the enzyme will be released from the complex as this portion
of the carbohydrate is digested. SDS-PAGE of the fractions obtained from
chromatography of the digest (Figure 1) showed that the 66 KDa subunit
appears in the fraction not bound by Con A, indicating its release upon
carbohydrate digestion. A second digestion followed by an assay for
activity was performed (Table 1). The wash fraction, which contains only
66 KDa subunit, contains GS activity which is dependent on the presence of
glycogen.

To investigate the susceptibility of the complex to proteolysis, and

therefore indicate the peripheral or central location of the subunits with
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relation to the carbohydrate, a tryptic digestion was performed and
analyzed using SDS-PAGE (Figure 2). Fragments were cleaved from the
subunits in the resolving gel after only 20 min, suggesting their peripheral
position on the complex. Protein retained at the stacking gel/resolving gel
interface did not undergo detectable digestion; however, after digestion
with pronase, this band disappeared, confirming its proteinaceous nature.

To investigate possible homologies between the GS-2 complex and GS-1,
GS-1 purified from Ascaris suum muscle was subjected to SDS-PAGE,
followed by a Western Blot using antibodies generated against the GS-2
complex as described in Methods. Glycogen synthase, the major band in the
GS-1 preparation, did not react with the antibodies (Figure 3). These data
suggest that the proteins seen in the GS-2 preparation can not be proteo-
lytic fragments of GS-1, since they share no epitopes recognized by the
polyclonal antibodies generated against the 6S-2 complex. The only
immunoreactive band in the GS-1 preparation migrated closely with the 66
KDa subunit and was possibly a contamination of G5-2 in the GS-1 prepar-
ation.

The activity of the A suum GS-2 complex is completely dependent on
the presence of G6-P for activity (38). This differs from the activities of
both GS-I and GS-D, which are reduced but measurable in the absence of G6-
P. Trehalose synthase, an enzyme present in Ascar/s suum (54), uses both
G6-P and UDP-glucose as substrates for the reaction it catalyzes. To
investigate the use of G6-P as a substrate, G5-2 was incubated with

[*4Clglucose 6-phosphate and nonradiolabelled UDP-glucose, as described in
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Methods. [4CIGlucose was not incorporated into ethanol-precipitatable
material (Figure 4), indicating that G6-P is used as an effector of the
enzyme and that trehalose synthase activity is not responsible for the
glucosyl transferase activity detected.

The 66 KDa subunit appears in some preparations as a doublet, and in
some preparations even as a triplet of bands in SDS-PAGE. Phosphorylated
GS-1 displays similar electrophoretic patterns due to differing phosphory-
lation states of the enzyme (9). To determine the phosphorylation state of
the A suum complex, a sample of the complex was incubated with alkaline
phosphatase, and the reaction product was compared to untreated GS-2 by
SDS-PAGE. The 66 KDa subunit, which occurs in many preparations as well
as this one as a triplet of bands, collapses almost completely into a single
band after the alkaline phosphatase incubation (Figure 3), suggesting that
the G5-2 66 KDa subunit is purified as a phosphorylated enzyme.
Correlation of Structure with Function of the Glycoprotein Subunit of the
G5-2 Complex of Ascaris suum

To confirm that the glucose was transferred to a glycoprotein primer
molecule, the glycogen synthase reaction was stopped by immersion of the
papers in a TCA solution rather than the ethanol solution normally used.
Recovery of radiolabel as a TCA precipitate (Figure 6) indicates a
proteinaceous primer is used for synthesis of the polysaccharide. This
confirms the result of Ghosh (38) who demonstrated that radiolabel was

incorporated into the protein retained at the stacking gel/resolving gel
interface during SDS-PAGE.
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To determine the amount of carbohydrate present in the complex that
was glycogen-like in nature, purified GS-2 complex was digested with
human salivary a-amylase and analyzed using SDS-PAGE. A time course for
the amylase digestion was performed as described in Methods, and the
weight ratio of bound carbohydrate to protein was calculated (Table 2). The
ratio ranged from 120:1 to 206:1 (w:w) carbohydrate:protein in G5-2
preparations before digestion (n=3). In the presence of amylase, the G5-2
carbohydrate was initially degraded at a rate of 26 pmol/min (Table 2).
After 30 min, the rate began to decrease until a plateau was observed at 60
min. This plateau does not represent the generation of a deglycosyiated
moiety, since carbohydrate can be detected in the sample after thorough
dialysis.

To further characterize the amylase digestion product, a reaction
performed as above and incubated for 90 min was subsequently
chromatographed on Con A Sepharose in order to demonstrate that
glycoprotein was still present. The fraction which bound to Con A
Sepharose and was eluted by a-methyimannoside was analyzed by SDS-PAGE.
Material staining for both carbohydrate and protein in the stacking gel
collapsed into a tight band at the stacking gel/resolving gel interface after
amylase treatment (Figure 7). The amylase digestion apparently reduced the
mass of the glycoprotein in the stacking gel although the retention of the
glycoprotein subunit at the stacking gel/resolving gel interface and the
intense staining of the product with PAS confirmed that substantial

quantities of carbohydrate remained bound to the protein.
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More extensive digestion of the carbohydrate in the glycoprotein subunit
was performed using Sac//ius subtilis a-amylase, three-fold more units
than was used before, and amyloglucosidase from Asperg//ius niger. The
reaction was incubated for 48 hr and was dialyzed to remove reaction
products at 5 and 24 hr. The non-dialyzable reaction product was analyzed
by SDS-PAGE followed by a Western Blot using polyclonal antibodies gener-
ated against the GS-2 complex. Material contained solely in the stacking gel
before enzymatic treatment enters the resolving gel upon extensive amylase
digestion (Figure 8). Multiple immunoreactive bands were detected in the
resolving gel; the lowest M. observed was 39 KDa, possibly representing the
minimum My for this reaction product.

To investigate the glycoprotein linkage type as well as to confirm the
molecular weight derived from the amylase experiment, the glycoprotein
subunit of the GS-2 complex was treated with neuraminidase, followed by
an N-acetylglucosaminidase digestion, and finally incubation with O-
glycanase. Products were analyzed by SDS-PAGE followed by a Western Blot
using antibodies generated against the GS-2 complex as described in
Methods. After enzymatic digestion, a strong band appeared at 40 KDa,
similar to the result obtained after amylase digestion (Figure 8). These
results indicate the presence of an O-type linkage in the glycoprotein;
however, the identification of this protein as the apoglycoprotein is not
conclusive. A series of bands also occur at a higher My, the strongest of
which migrates at 75 KDa and comigrates with a distinct band seen in the

amylase digestion, but not in the starting material. Positive controls using
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mucin for neuraminidase substrate and asialofetuin for O-glycanase
substrate showed both enzymes to be active under the reaction conditions
used.

The glycoprotein subunit of the GS-2 complex was hydrolyzed with | N
HC1 for 1 hr at various temperatures to digest the carbohydrate bound to
this protein. Products were analyzed by SDS-PAGE to obtain the apoprotein
Mp. The results of these reactions showed two bands of M. 58 and 53 KDa
that appeared only during hydrolysis above 800 C (Figure 9). The appearance
of these bands coincided with the progressive 10ss of Coomassie Blue-
staining material from the stacking gel (Figure 9).

A Western Blot was done of a HC1 acid hydrolysis product to investigate
the reactivity of the "apoprotein” with the polycional antibodies generated
against the complex. The purified complex was hydrolyzed using 1 N HCI for
I hr at 850 C, a temperature just above the Towest shown to hydrolyze the
glycoprotein. Antibodies were shown to react with bands at 55 and 48 KDa
in the reaction product (Figure 10); these bands were not present in the
starting material. Antibodies also reacted strongly with substance trapped
in the stacking gel in the lane containing starting material; this material
did not appear in the reaction product. A hydrolysis using TFMS yielded
similar protein bands after SDS-PAGE; however, low yields from this
reaction caused problems in electrophoretic mobility similar to those
encountered during base hydrolysis (data not shown).

Purified GS-2 glycoprotein subunit was subjected to base catalyzed -
elimination to investigate the possibility of the carbohydrate being linked

through an acetal linkage to threonine or serine in the polypeptide, since
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these are the only common glycosidic linkages that are base 1abile (55,56).
Analysis of the base hydrolysis product using SDS-PAGE showed two bands
of My 33 and 58 KDa which migrated similarly to bands produced by acid
hydrolysis, confirming that the carbohydrate is bound through a serine or
threonine hydroxyl moiety in the polypeptide, since these are the only known
amino acid Tinkages that can undergo base catalyzed -elimination; however,
extremely fow yields during this reaction precluded efficient SDS-PAGE
electrophoresis. Electrophoresis of quantities of base-hydrolyzed product
sufficient for detection by Coomassie blue stain overloaded the gels,
causing reverse osmotic effects and anomalous migration. Loading quan-
tities small enough for correct electrophoresis produced protein bands in
the resolving gel that were barely detectable, even after silver staining.
Susceptability of the protein:carbohydrate bond to O-glycanase cleavage
indicates the presence of an O-type linkage in this glycoprotein; however,
this does not conclusively prove the identity of the penultimate sugar
residue as N-acetylgalactosamine. Although the protein:carbohydrate
linkage typically presented in the literature (57,58,59) involves a
serine/threonine: N-acetylgalactosamine moiety, these are extracellular
proteins such as those involved in secretion and intercellular matrices. A
class of glycoproteins containing a serine/ threonine:N-acetylglucosamine
moiety has been discovered just recently (60). This type of linkage is found
specifically on intracellular proteins, often on cytoplasmic domains of
membrane proteins. The ability for O-glycanase to cleave O-linked
serine/threonine:N-acetylglucosamine is not known (personal commun-

ication, technical staff at Boehringer Mannheim Biochemicals); however,
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since N-acetylglucosaminidase, an exoglucosidase, can cleave both O-linked
N-acetylglucosamine and N-acetylgalactosamine, it is possible that a
carbohydrate bound by N-acetylglucosamine could be cleaved by O-glycanase.

To investigate the presence of sugars other than glucose in the glyco-
protein, purified GS-2 was electrophoresed by SDS-PAGE, stained for
protein with Coomassie Blue, electroblotted onto a nitrocellulose filter as
described under Antibody Generation in Methods, and incubated with
[1251]WGA. WGA binds with high affinity and specificity to N-acetyl-p-D-
glucosamine residues (61,62,63). WGA also binds to N-acetylneuraminic
acid (64,65), probably by a different mechanism (62,66). The glycoprotein
subunit bound strongly to the WGA, as shown by an autoradiograph of the
blots after incubation with ['251]WGA (Figures 11,12), indicating the
presence of either N-acetylglucosamine or N-acetylneuraminic acid in the
glycoprotein, while other subunits of the 6S-2 complex did not bind to WGA,
Since treatment with sialidase as in Methods yielded no detectable free
sialic acid detectable by the thiobarbituric acid assay, the presence of N-
acetylglucosamine is indicated. Treatment of mucin by sialidase yielded
detectable amounts of neuraminic acid.

To show that the protein that binds to WGA in the stacking gel is the
glycoprotein containing glycogen-1ike carbohydrate, an amylase digestion
was done on purified glycoprotein subunit, with subsequent SDS-PAGE,
electroblotting, and incubation with [125/JWGA (Figure 12). The disappear-
ance of the WGA-binding band from the stacking gel/running gel interface
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after amylase digestion indicates that the migration of the WGA-binding
protein(s) was altered by amylase treatment (Figures 11,12).

Purified GS-2 glycoprotein was subjected to the degradation of Smith
(52) to investigate the possible presence of carbohydrate other than
glycogen in the glycoprotein. Glycogen will be completely degraded by the
Smith degradation, but saccharides that contain no v/c-diols, such as
carbohydrates at the reducing end of many glycoproteins, will escape
degradation.

The glycoprotein subunit purified from GS-2 complex was subjected to
the Smith degradation and subsequent chromatography using WGA Sepharose.
Fractions from the WGA chromatography were analyzed using SDS-PAGE
(Figure 13). Two bands appeared that migrated very similarly to proteins
seen after acid hydrolysis in both the wash and elution fractions (see Figure
10). The appearance of “apoprotein” in the elution fractions indicates the
presence of N-acetylglucosamine on this protein. The resin bound speci-
fically to the two bands at 63 KDa and 58 KDa, since smaller M, material
(<30 KDa) appears solely in the wash fraction and did not bind at ail. The
appearance of “apoprotein” in the wash fraction may be due to hydrolysis of
the periodate-resistant "core” containing the N-acetylglucosamine by the
acid used in the last step of the Smith chemical sequence. Polysaccharides
have been shown to be hydrolyzed by as low as 0.05 N Ho304, albeit
incompletely (67).

To further investigate the presence of sugars in addition to glucose in

the glycoprotein moiety, anion exchange HPLC analysis of an acid
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hydrolysate of purified GS-2 was performed. At very high pH, saccharides

fonize to yield anions (pKy gl =12.28); these anions can easily be

ucose
separated using anion exchange HPLC. Chromatography of 10 ul of an acid

hydrolysate of the GS-2 complex, labelled "HPLC Unknown” as described in
Methods, yielded a huge peak (peak E, Figure 14) which coeluted with
glucose; at high sensitivities a small shoulder was consistently seen on this
peak. Other peaks occurred on this chromatogram; however, only one peak
(peak G) occurred near the glucose elution. This peak is due to an
instrument artifact; it occurred even when no sample was injected.

To investigate the nature of the shoulder on the glucose peak, 15 pl of
the HPLC Unknown was injected into the HPLC system without the PAD
system connected, and 250 ul fractions were collected. These fractions
were rechromatographed, and Figure 15 shows the rechromatography of a
fraction corresponding to the end of the glucose peak. The glucose peak is
reduced, and the chromatogram clearly shows the appearance of a second
peak (peak D). This second peak coelutes with mannose, as shown by its
comigration with the mannose standard spike in the chromatogram which is
overlaid on this figure; however, this peak could aiso represent the presence
of N-acetylglucosamine or N-acetylgalactosamine, since these sugars aiso
coelute with mannose (personal communication, technical personnel at

Dionex).




CHAPTER IV

DISCUSSION

The 66 KDa subunit of the Ascar/s suum GS-2 complex appears 1o
contain the glucosyl transferase activity. This subunit is an integral part of
the complex, since it copurifies with the complex in all GS-2 purifications
performed (n=10). It is not, however, bound to the complex by disulfide
bridges, since proteins electrophoresed on SDS-PAGE appeared identical in
the absence or presence of reducing agents; moreover, after a-amylase
treatment, the 66 KDa protein is released from the complex (Figure 1, Figure
7), indicating a peripheral positioning of the 66 KDa protein in the complex
and association with the glycogen-like carbohydrate. This subunit contains
glucosyltransferase activity, since a glycogen-dependent activity was
recovered in a fraction containing only 66 KDa protein after a-amylase
digestion and Con A Sepharose chromatography (Figure 1, Table 1).

Similarities exist between the 66 KDa subunit and the known GS-1. In
addition to their similar catalytic activities, the 66 KDa subunit appears to
exist in different phosphorylation states, as demonstrated by alkaline
phosphatase data (Figure 5). Significant differences exist, however;

polyclonal antibodies generated against the GS-2 complex do not cross-
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react with GS-1 (Figure 3), which indicates a large amount of divergence in
the primarystructure of the two proteins. Further evidence of this
divergence is shown by the inability to phosphorylate GS-2 by the catalytic
subunit of cAMP-dependent protein kinase (38).

The protein migrating at the stacking gel/resolving gel interface is a
glycoprotein, as shown by its ability to stain with both Coomassie blue and
PAS stains on SDS-PAGE (Figure 7). This glycoprotein appears to serve as
the primer for glycogen synthase, since this is the only protein in the
complex staining positively for carbohydrate (Figure 8) and since incubation
with UDP[4Clglucose followed by SDS-PAGE showed radiolabelled material
to appear only in the stacking gel (38). The glycogen-like nature of the
carbohydrate bound to the protein is demonstrated by a-amylase treatments
of the glycoprotein which digest most of the carbohydrate in the glyco-
conjugate (Table 2, Figure 8). These data are supplemented by incubations
with phosphorylase a, which also digest this carbohydrate (38).

The carbohydrate is very large, also in agreement with the similarities
to glycogen. The fact that the protein cannot migrate into resolving gels
during SDS-PAGE shows the glycoprotein to have a My in excess of 300 KDa,
and quantitation of the amounts of carbohydrate and protein using the
Bradford and anthrone reagents show the glycoprotein to consist mostly of
carbohydrate. In addition, complete digestion of the carbohydrate using a-
amylase and amyloglucosidase requires long incubation times of 48 hr.

Treatment of the glycoprotein with O-glycanase causes the appearance

of a protein at 40 KDa (Figure 8). A minor band appears at 75 KDa. Presence
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of a large amount of immunoreactive material in the stack, although
possibly indicative of unreacted material, may also be due to the carbo-
hydrate product of the reaction, since glycogen has been shown to have a 20
and possibly a 30 structure (23) and is immunoreactive (68). Since this
enzyme is believed to cleave the glycosidic bond between serine/threonine
and N-acetylgalactosamine, these data indicate that the glycogen-like
carbohydrate is linked through an acetal glycosidic linkage to serine or
threonine in the peptide. Enzymatic cleavage at this linkage is an indication
of the presence of another carbohydrate in a core region of the glycogen-1ike
carbohydrate, namely N-acetylgalactosamine. The presence of an O-linkage
in the glycoprotein is also suggested by the susceptability of the glyco-
protein to base-catalyzed hydrolysis.

The presence of N-acetylglucosamine was investigated using ['25}wheat
germ agglutinin. Binding of this protein specifically to the glycoprotein
subunit of the A swuum GS-2 complex (Figure 11, Figure 12) indicates the
presence of either N-acetylglucosamine or sialic acid. Since sialic acids
were not detected after neuraminidase treatment, the presence of N-
acetylglucosamine 1s indicated. The presence of this sugar in the glycogen
primer protein, and not in another protein with similar electrophoretic
migration, was confirmed by the disappearance of the WGA-binding protein
after amylase treatment, indicating the glycogen-1ike nature of the WGA-

binding protein.
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Appearance of Smith degradation product in the elution fractions from
WGA Sepharose chromatography indicates that the N-acetylglucosamine is
located in a Smith-degradation resistant core polysaccharide. Further
evidence for N-acetylglucosamine in the primer glycoprotein is given by the
HPLC data, which show a minor peak which could correspond to N-acetyl-
glucosamine, N-acetylgalactosamine, or mannose.

The finding of an O-linked glycoprotein in a cytosolic fraction is
unusual. Although many O-linked glycoproteins exist, these are typically
secreted proteins and have an N-acetylgalactosamine moiety as the ultimate
residue (57,58,59). Conversely, glycoproteins with N-acetylglucosamine as
the ultimate sugar residue are usually N-linked to protein and are found on
extracellular domains of membrane proteins, as well as blood plasma
proteins. It is unusual that the glycoprotein subunit of the GS-2 complex
may have an O-linked N-acetylglucosamine, but this linkage is not novel.
Torres and Hart (69) have identified such a linkage on the cytosolic domains
of certain lymphocyte membrane proteins, and it has been hypothesized that
this may be a general linkage for cytosolic glycoproteins. Work on a
Trematode, Schistosoma mansoni, shows that most of the O-linked sugars
in this organism are O-linked N-acetylglucosamine (70); however, all of the
examples of O-1inked N-acetylglucosamine found to date have been mono-
saccharyl-protein linkages. If this glycoprotein proves to have an N-acetyl-
glucosamine penultimate to a polysaccharide as these data suggest, it will
represent a heretofore undocumented glycoprotein type. The large size and

occurence in the cytosol of this glycoprotein indicate it to be a novel type
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of glycoprotein, and the existence of other relatively unique features would
not be surprising.

The apoprotein My appears to be 58 KDa, since this is the molecular
weight of the glycoprotein subunit after being subjected to acid hydrolysis
(Figure 10). This reaction goes to completion, since no material correspon-
ding to the starting material is left in the stacking gel. A minor second
band occurs at 48 KDa. Hydrolysis with anhydrous TFMS yields the same
bands from the glycoprotein subunit as was found after HCI hydrolysis (data
not shown).

There seems to be some ambiguity with the molecular weight determin-
ations made on the primer subunit of A4 swum GS-2 complex. If the carbo-
hydrate portion of the glycoprotein subunit is mostly or entirely a 1,4 and a
1,6 glucose polymer, the limiting M. obtained after a-amylase digestion
should approximate that of the apoprotein. After thorough a-amylase
digestion, the digested glycoprotein displayed a minimum molecular weight
of 40 KDa as shown by SDS-PAGE (Figure 8). An enzymatic digestion using
neuraminidase followed by O-glycanase gave a similar M; however,
chemical digestions of the glycoprotein using hydrochloric acid, trifiuoro-
methanesulfonic acid, sodium hydroxide, or the sequential periodic acid
/sodium borohydride/mild hydrochloric acid hydrolysis of the Smith

degradation yield two proteinaceous products that migrate at about 58 and
33 KDa.

One possible explanation for this apparent ambiguity is that two large

glycoproteins exist in the complex or copurify with it. This idea is not
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likely; the presence of a second glycoprotein would have been indicated by
SDS-PAGE of the hydrochloric acid product (Figure 10) which shows only the
doublet of bands in the S5 KDa range, and no bands at 40 KDa.

Another, more feasible possibility is that the 40 KDa protein is a
product of proteolysis of the 58 and 53 KDa proteins by a protease. The
presence of small bands at 58 and 53 KDa as well as the major band at 40
KDa in O-glycanase digests is evidence for this. A similar protease may be
common to both the a-amylase preparation and either the neuraminidase or
the O-glycanase preparation used. Since extensive digest times were used
during both the a-amylase (48 hr) and the O-glycanase (24 hr) digestions,
effects would appear from the presence of even very small amounts of
protease. The presence of a protease contaminant is indicated in the neur-
aminidase preparation (technical bulletin supplied with the enzyme). More
evidence for the 40 KDa protein being a proteolytic fragment is shown in
Figure 9. In lane D, enzymatic activities were not terminated at the end of
incubation times, as they were in lane E. If proteases were present in the
neuraminidase preparation, they would have been allowed to act much longer
in 1ane D than in 1ane E. The appearance of bands in the 70 KDa range may
represent unreacted substrate of the protease and would indicate the true
apoprotein M. The observation of a 34 KDa protein appearing after only two
hr of a-amylase treatment by an earlier investigator (38) may also be

caused by contamination by this protease of the a-amylase preparation used.
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These data indicate a different linkage than what has been found for the
mammalian glycogen primer. Early work by Krisman ef &/ showed the TCA-
precipitable glycogen primer to be acid-labile, but stable to base treatment
(20), indicating the carbohydrate was bound by some linkage other than the
serine/threonine O-glycosidic bond. Rodriguez and Whelan (27) employed
chemical modification of tyrosine residues in the primer protein
(designated "glycogenin®) isolated from rabbit muscle as evidence of the
existence of a novel tyrosine-carbohydrate linkage. Isolation of a small
glycosylated proteolytic peptide after incubation with UDP[“‘C]glucose, and
identification of the radiolabelled residue as tyrosine in the faboratory of
Cohen confirmed these data (28). The difference in the two carbohydrate
primers is not unexpected, however. The two tissues studied are widely
divergent, as discussed in "Introduction”. In other studies a protein found by
Juana Tandecarz and coworkers to serve as a primer for starch synthesis in
potato tuber (71,72) has been shown to contain carbohydrate bound to a
more typical serine or threonine residue, similar to what the data suggest
for the A suum GS-2 complex. An interesting observation was made by
Rodriguez and Whelan (27) that the genetic codons for tyrosine and serine
differ by only a single base. This is not altogether true; of the six codons
coding for serine (UCU, UCC, UCA, UCG, AGU, and AGC), only two differ from
the tyrosine codons (UAU, UAC) in a single base. However, two of the serine
codons not similar to those of tyrosine (UCA and UCG) are rarely used in
yeast (73). The chance that one of the two similar codons (UCU or UCC)

were used for serine in this protein and underwent a point mutation to one




42

of the tyrosine codons early in the divergence of chordates is finite and
conceptually could have represented a viable mutation.

These data indicating the presence of other sugars besides glucose in
the primer glycoprotein are also in disagreement with data collected on
proteinaceous glycogen primers from other sources. Fast Atom Bombard-
ment Mass Spectroscopy (FABMS) of a small peptide from rabbit muscle
glycogenin corresponding to the glycosylation site observed in Cohen's
laboratory (28) showed it to be a mixture of two peptides, containing either
one or two unsubstituted hexose units. Methylation data showed these to be
glucose. A starch protein primer found in potato tuber has aiso been found
to contain only glucose (71,72). These are based on paper chromatography of
Smith degradation products. If the ultimate saccharide were derivatized, it
would be Smith degradation-resistant, and would not have appeared on the
paper chromatogram. The presence of N-acetylglucosamine was suggested
by the work of Whelan ef a/ (23) but was attributed to contaminating
proteins.

Glycogen is an important energy source for Ascaris suum . Glucose
from glycogen represents the only energy available to the worm during
nonfeeding periods of the host. The GS-2 complex described in this work
may represent the evolution of a second pathway of synthesis of this all-
important polymer, in which case this complex may only occur in parasitic
helminths. The complex displays similarities to G5-2 isolated from rat
muscle. G5-2 occurs in rat muscle as a complex chromatographing in the

flow-through fraction of DES2 cellulose and displays a dependence on the
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presence of G6-P for activity (22). These two complexes display distinct
differences, however. The GS-2 complex found in rat contains no 140 KDa
protein, and activity is increased (12X) in the presence of exogenous glyco-
gen. The Ascarrs suum complex is likewise dissimilar to the starch
synthase complex found in potato tuber, since the starch synthetic compilex
dissociates during chromatography (72). The observation of a complex in
Echinococeus multilocularis (74) similar to the one described here for
Ascaris suum provides further evidence for the existence of two pathways
of glycogen biosynthesis in parasitic helminths.

Another possible metabolic role for the GS-2 complex is in the
maturation of glycogen. The GS-2 complex could build a glycogen particle
a¢ novo until it got to a defined size, at which time the nascent particle
could be transferred to glycogenin to mature fully. Although the glycogenin
protein found in rabbit muscle has an autoglucosidation activity, it can only
synthesize a small oligomer of glucose (29). Such an oligomer may only be
used with difficulty by glycogen synthase (rat muscle glycogen synthase
Kmmal toheptalos e=70 mM (17)), but it might be used readily by a "glycogen
transferase”, which would transfer the nascent glycogen particle from a
primer protein to the glucose oligomer on glycogenin. Moreover, a 40 KDa
contaminant in preparations of GS-1 from Ascaris suum muscle (34) could
possibly be glycogenin, since glycogenin is found as a contaminant in rabbit
skeletal muscle GS-1 (24).




44

This scenario also creates two possibilities for the role of the 140 KDa
subunit. One possibility is that the 140 KDa subunit acts as the "glycogen
transferase®, transferring the maturing glycogen particle to a primed glyco-
genin molecule. This activity is not much different conceptually from that
of a branching enzyme, and such an enzyme could contain both branching and
transferase activities. The second possibility is that the 140 KDa subunit
acts as the "glycogen initiator synthase" which would transfer the first
glucose molecule to the primer protein during glycogen initiation, as
theorized by Krisman (21) and discussed by Cohen (29).

Energy generation in Ascar/s suum is different in many ways from that
of its mammalian host. These differences may be used as the basis of new
chemotherapies which can be targeted to the parasite while doing no harm
to the host. A more thorough understanding of the sugar metabolism of
Ascaris sium will shed new light on these differences and will be
paramount to the design of efficient and economical drugs against ascarid
infections. Studies presented in this work have been performed in an
attempt to understand a previously unknown and possibly unique complex

involved in energy storage in this organism.




Table 1

Glycosyltransrerase activity of Iractions separated from the A. suum

G5-2 complex by a-amyiase digestion rollowed by Con A Sepharose

chromatography.

Purified 4 swum GS-2 complex (30 pg protein) was incubated for
15 min with 1 Ua-amylase at 49 C. Material was loaded onto a 0.2 m|
Con A Sepharose column, washed with 2 ml Buffer D, and material
was eluted with 1 mi Buffer D + 0.1 M a-methylmannoside. Fractions

were assayed for activity as described in Methods.
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TABLE 1
Glucosyllransrerase Activity or Fractions Separated by a-Amylase

Digestion Followed by Con A Sepharose Chromatography

Glycogen synthase activity

(pmoles glucose transferred/min)

Eluant Fraction +glycogen -glycogen
Buffer D 1 121 0
2 121 0
3 0 0
4 105 2
5 168 0
6 2 0
BufferD+ 0.1 M | 0 0
a-methylmannoside 2 864 0
3 253 0
4 0 0




47

Table 2
Digestion of GS-2 carbohyarate by a-amy/lase.
Purified GS-2 (4.7 mg carbohydrate, 23 g protein) was incubated

with 3 units a-amylase at 30°¢. Amylase was added in two portions
at 0 and 60 min. Aliquots were withdrawn from the incubation mix-
ture at the designated time points and the reaction was stopped by
heating in boiling water for 3 min. Samples were dialyzed and protein

and carbohydrate were determined as described in Methods.




TABLE 2
Digestion of 65-2 Carbohyarate by a-Amylase

Time [Protein] [Carbohydrate] Ratio
(min) (mg/mi) (mg/m1) (carbohyd/prot)
0 0.017 3.50 206
30 0.019 0.44 23
60 0.037 0.26 7
90 0.025 0.23 9

120 0.037 0.11 3
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Figure 1. Separation of the 66 KDa subunit from the 6S-2
complex by mild amylase digestion. Purified GS-2 complex (22 ug
protein) was incubated with 0.5 U of a-amylase for 15 min (lanes B-
D) or 30 min (lanes E-G). Amylase-digested samples were applied to
a Con A Sepharose column (0.5 m1), washed with Buffer D, and eluted
with Buffer D + 0.1 Ma-methyimannoside. Fractions obtained were
analyzed using SDS-PAGE and stained using Coomassie blue. Lane A:
undigested material. Lanes B and E: Flow through during loading
procedure. Lanes C and F: elution using Buffer D as eluant. Lanes D
and G: elutions using Buffer D + 0.1 M a~methylmannoside as eluant,

The stacking gel/running gel interface is labelled "S",
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Figure 2. Proteolytic digestion of 6S-2. Purified GS-2 (12 ug
protein) was digested with 2.4 ug trypsin for 0 min (lane A), 20 min
(1ane B), 40 min (lane C), and 60 min (1ane D) and the reaction pro-
ducts were analyzed by SDS-PAGE and Coomassie Blue staining. In
lane E purified GS-2 (12 ug protein) was digested with Pronase
(0.6 U) for 20 min prior to SDS-PAGE analysis. S denotes the stacking

gel/running interface.
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Figure 3. Western Blot of GS-1 and G5-2. Prestained molecular
weight standards (1ane A), 40 pl (12 ug protein) A swum GS-2 com-
plex (1ane B) and A swum GS-1 (40 1 in both lanes C and D) were
subjected to SDS-PAGE and transblotted onto nitrocellulose. Lanes A,
B, and C were cut away from lane D and probed with antibody gener-
ated against the GS-2 complex. Lane D was stained with amido black

stain for visualization of proteins.
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Figure 4. Incorporation of radiolabel from UDP['4Clgiucose or
[MClglucose 6-P into ethanol precipitable product. Designated
amounts of purified glycogen primer compliex were incubated with
6.7 mM UDP['4C]glucose, 10 mM G6-P, and 1% glycogen (open squares);
6.7mM UDP['4Clglucose, and 10 mM G6-P (closed diamonds); 6.7 mM
UDP-glucose, 10 mM [14C]G6-P and 1% glycogen (closed squares); or
6.7 mM UDP-glucose and 10 mM [14C]G6-P (open diamonds) for 10 min
at 300 C, and reactions were stopped by pipetting 50 ul of the reac-
tion mixture onto paper squares and immersing into water:ethanol
(34:66 v/v), as stated in Methods. The specific activity of radio-

labelled compounds was 19.6 pCi/mmol.

23



o6

10

érno
~~~
o
2
‘©
£
o~
™~
<
¢ 4
#
- N
(=]
o

50

40 -

30 -
20 A
10

(S8|0wWu) pedlejsusl] asoan|g




57

Figure 5. Alkaline phosphatase treatment of the GS-2 complex.
Purified GS-2 complex (30 ug protein) was incubated with 28.5 U
alkaline phosphatase in 200 u1 0.1 M Tris-Cl pH 8.0, at 300 C for
30 min. Aliguots (50 u1) were removed after 15 min (1ane C) and
30 min (1ane D), electrophoresed on SDS-PAGE, and stained using
Coomassie blue. Lane B contains untreated GS-2 complex. Lane A

contains low molecular weight standards.
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Figure 6. Incorporation of radiolabel from UDP['4Clglucose into
ethanol or TCA precipitable product. Purified glycogen primer
complex (3 ug protein) was incubated with 10 mM G6-P and 6.7 mM
UDP['4C]Glucose (Sp.Act.=19.6 pCi/mmole) at 309 C for the indicated
times, and reactions were stopped by pipetting S0 1 of the reaction
mixture onto paper squares and immersing into either water:ethanol
(34:66 v/v) (open squares) or cold 10% TCA in water (closed dia-

monds) as stated in Methods.
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Figure 7. Electrophoresis of GS-2 after amylase digestion using
Coomassie and PAS stains. Purified GS-2 complex (9 ug protein) was
incubated with 3 U human salivary a-amylase for 90 min and was
subsequently chromatographed using Con A Sepharose. Lanes A and B
contain untreated purified GS-2 complex. Lanes C and D contain amy-
lase digested material which bound to Con A Sepharose. Lanes A and C
were stained using Coomassie Blue, lanes B and D were stained with
PAS stain.
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Figure 8. Glycosidic digestion of the 65-2 glycoprotein subunit.
Purified glycoprotein subunit of the 6S-2 complex (15 pg protein)
was incubated with 9 U & subt//is @ -amylase and 140 mU A4 niger
amyloglucosidase for 48 hr as described in Methods (1ane C). Purified
glycoprotein subunit (15 pg protein) was digested with neuraminidase
for 1 hr, followed by incubation with N-acetylglucosaminidase for
24 1hr, and finally digested with O-glycanase for 24 hr. Half of this
sample was used for SDS-PAGE analysis (1ane D). Purified glycopro-
tein subunit (15 ug protein) was digested with neuraminidase for |
hr, followed by a 24 hr digest with O-glycanase. Half of this sample
was used for SDS-PAGE analysis (lane E). Prestained molecular
weight standards appear in lane A, and undigested complex appears in
lane B. After SDS-PAGE, proteins were Western Blotted using anti-

bodies generated against the GS-2 complex.
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Figure 9. Temperature course of a HCl acid hydrolysis of the
glycoprotein subunit of GS-2. Glycoprotein subunit (~18 ug protein)
was isolated by Con A chromatography in the presence of SDS from
600 Wi (180 pg protein) purified GS-2 complex. The subunit was
dialyzed against 30 m1 water for 4 hr, divided into 6 equal aliquots,
and lyophilized. One aliquot was electrophoresed without further
treatment (1ane A). The other 5 aliquots were then dissolved in warm
(450-550 C) 1 N HCI, transferred to Schienk tubes, and heated under
vacuum for 1 hr at 60° (lane C), 70° (lane D), 80° (Jane E), 90° (1ane
F), or 1000 C (1ane G). Products were cooled and neutralized with 2
volumes 1 N ammonium bicarbonate and dialyzed against 30 ml water
for 2 hr, followed by SDS-PAGE and silver staining. Lane H contains

low molecular weight standards.
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Figure 10. Western Blot of a HCI acid hydrolysis product of the
G5-2 glycoprotein subunit. Glycoprotein subunit (~3 ug) was isolated
from 100 1 (30 pg) purified GS-2 complex by Con A Sepharose chro-
matography in the presence of SDS. The sample was dialyzed for 4 hr
against 30 ml water and lyophilized. The dry sample was dissolved in
water (0.1 m1) and 6 N HC1 was added to a final concentration of 1 N.
The mixture was transferred to a Schlenk tube and heated under
vacuum for 1 hr at 859 C. After heating, the mixture was cooled and
neutralized by the addition of 2 volumes of 1 M ammonium bicarbon-
ate. Low molecular weight standards (1ane A), 25 ul of purified
glycoprotein subunit (~1 ug) (lane B), and the reaction product (1ane
C) were subjected to SDS-PAGE and Western blotted using antibody
generated against the GS-2 complex. Material at the dyefront is

labelled "D"; the stacking gel/resolving gel interface is labelled “S/R",
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Figure 11. Amylase digestion of the GS-2 complex for WGA
binding study. GS-2 complex (12 ug protein; lane A), purified glyco-
protein subunit (15 pg protein) digested for 48 hr with Bac///us
Subti/is a-amylase (lane B), and 12.6 U B subtilis a-amylase (lane
C) were subjected to SDS-PAGE, stained with Coomassie Blue, and

transferred to a nitrocellulose sheet. The stacking gel/resolving gel
interface is labelled "S/R"
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Figure 12. Binding of [125]wheat Germ Agglutinin to the GS-2
complex. G5-2 complex (12 ug protein; 1ane A), purified glycoprotein
subunit (15 ug protein) digested for 48 hr with & Subti/is a-amylase
(lane B), and 12.6 U & subtiiis a-amylase (1ane C) were sub jected to
SDS-PAGE, stained with Coomassie Blue, and transferred to a nitro-
cellulose sheet. Strips were cut out corresponding to individual 1anes
and each was incubated in 2 mi TBS containing 0.1 % periodate-
treated BSA for 1 hr, followed by an incubation in TBS containing
3.7 ug ['21]WGA (10 uCi). Strips were washed with three 10 min
changes of TBS, and dried. An autoradiograph (shown) was prepared
using Kodak X-omat film. The exposure conditions were 45 min at

-200 C. The stacking gel/resolving gel interface is labelled "S/R".
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Figure 3. WGA Sepharose chromatography of the glycoprotein
subunit after Smith degradation. The glycoprotein subunit (~20 ug
protein) was isolated from 210 pg GS-2 complex and subjected to
Smith degradation as described in Methods. WGA Sepharose aff inity
chromatography was performed on the Smith product as indicated in
Methods, and low molecular weight standards (1ane A), the Buffer D
wash fraction (lane B), the elution using Buffer D + 0.1 M N-acetyl-
glucosamine (lane C), and the elution using Buffer D + 1.0 M NaCl (1ane

D) were analyzed by SDS-PAGE and silver stained.
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Figure 14. Analysis of sugars in an acid hydrolysate of the GS-2
complex by HPLC. Purified GS-2 complex (60 pg protein) was sub jec-
ted to an a-amylase digest with 0.3 ug amylase as described under
High Performance Liquid Chromatography in Methods. Product was
dialyzed thoroughly and lyophilized. Dry sample was dissolved in 100
Ul warm (459-550 C) 2 N HC1 and heated 2 hr at 100° C. The hydro-
lysate was cooled and neutralized by the addition of 200 ul 2 N
ammonium bicarbonate. Sample was analyzed for sugar content by
injecting 10 w1 of this sample into an HPLC instrument outfitted with
an lon exchange column and a PAD system. The instrument had been
equilibrated with 20 mM NaOH. Settings on the PAD are listed in
Methods, and sensitivity was set at 1 KnA. Elution time is labelled on

the abscissal axis, and peaks are labelled A through H.
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Figure 15. Analysis of sugars in an acid hydrolysate of the GS-2
complex by rechromatography of fractions obtained during HPLC.
Purified G5-2 complex (60 g protein) was subjected to an a-amylase
digest with 0.3 ug amylase as described under High Performance
Liquid Chromatography in Methods. Product was dialyzed thoroughly
and lyophilized. Dry sample was dissolved in 100 ul warm (450-550
C) 2 NHCl and heated 2 hr at 1000 C. The hydrolysate was cooled and
neutralized by the addition of 200 ul 2 N ammonium bicarbonate. An
aliquot (15 WD) of this solution was injected into an HPLC instrument
outfitted with an anion exchange column equilibrated with 20 mM
NaOH, and 250 ul fractions were obtained. A portion (100 pl) of a
fraction corresponding to the end of the glucose peak (fraction 31)
was rechromatographed using a PAD system. Settings on the PAD are
listed in Methods, and sensitivity was set at 1 KnA. Elution time is
labelled on the abscissal axis, and peaks are labelled A through E. A
chromatogram was performed on 10 ! of the hydrolysate before
treatment with 2.8 nmoles mannose added. A portion of this chroma-

togram is superimposed above the corresponding peaks on this figure.
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