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nactivation and Thermal Stabilization of Glycogenin
y Linked Glycogen
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the enzyme activity of a dozen glycoproteins, including
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Glycogen-free but not glycogen-bound glycogenin
ransglucosylates dodecyl-b-maltoside. Furthermore,
ts sugar nucleotide-binding site can be photoaffinity
abeled using [b-32P]5-azido-UDP-glucose. Disruption
ith DMSO of the hydrogen bonds that stabilize the
-helical structure of glycogen restored the photoaf-
nity labeling of the glycogen-bound enzyme but not

ts transglucosylation activity. The larger size polysac-
haride that linked to glycogenin allowed transglu-
osylation corresponding to that of PG-200, a proteo-
lycogen species of Mr 200 kDa. PG-200 showed lower
ctivity and increased activation energy than
lycogen-free glycogenin. Heat denaturation of
lycogen-free and glycogen-bound glycogenin oc-
urred at 51 and 64°C, respectively. Active glycogenin
as recovered after the glycogen-bound form was
eated at 60–70°C and immediately cooled. Treatment
t 60°C of the glycogen-free enzyme resulted in inacti-
ation. This is the first report describing the inactiva-
ion and thermal stabilization of an enzyme by linked
olysaccharide. © 2001 Academic Press

Key Words: glycogen-bound enzyme; proteoglycogen;
lycogenin; transglucosylation activity; thermal sta-
ility; photolabeling.

The effect of glycosylation on the thermal stability
nd conformation of proteins has been described for
everal glycoproteins, whose carbohydrate content var-
ed from 2 to 50% (1, 2). Deglycosylation produces a
mall decrease in denaturation temperature, ranging
rom 1.3 to 1.8°C in those having a carbohydrate con-
ent of about 20% to 2.8°C in yeast external invertase,
glycoprotein having 50% carbohydrate. Deglycosyla-

ion did not modify either the secondary structure or

1 To whom correspondence and reprint requests should be ad-
ressed at CIQUIBIC-Dto. de Quı́mica Biológica “Dr. Ranwell Ca-
utto,” Facultad de Ciencias Quı́micas (U.N.C.), Ciudad Universita-
ia, 5000 Córdoba, Argentina. Fax: 54-351-4334074. E-mail:
curtino@dqbfcq.uncor.edu.
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he highly glycosylated invertase (2).
Proteoglycogen might be considered a particular

ype of glycoprotein whose protein moiety, glycogenin,
mounts to about 1% of its weight (3, 4). Glycogenin is
glucosyltransferase of M r 38 kDa that can be easily

solated under glycogen-free form, or linked to glycogen
r to a polysaccharide of lower size than native glyco-
en, constituting proteoglycogen and PG-200 (5), re-
pectively. Thus, proteoglycogen offers the possibility
f studying the influence of the linkage of a same
olysaccharide but of different sizes on a protein. It is
xpected that maximal changes in the stability and
tructure of a glycoprotein should be observed at a high
arbohydrate content. Any subtle structural modifica-
ion in the protein moiety of proteoglycogen should be
etected by monitoring conformational dependent
roperties as binding of the substrate and catalytic
ctivity.
Proteoglycogen is the final product of the de novo

iosynthesis of glycogen, which initiates with the au-
oglucosylation of its protein moiety, glycogenin (6–8).
lycogenin can autoglucosylate and transglucosylate
xogenous acceptors (5, 9–11). Analysing the course of
he simultaneous autoglucosylation of glycogenin and
ransglucosylation of dodecyl-b-maltoside (DBM), we
ound that the transglucosylation reaction continued
ven when the acceptor capacity for autoglucosylation
as exhausted (5). This result led us to consider the
ossibility that under the glycogen-bound form, the
nzyme could transglucosylate DBM. However, proteo-
lycogen was inactive. It can be proposed that the large
arbohydrate moiety could induce a conformational
odification of the enzyme distorting its active site. On

he other hand, it could be argued that the large net-
ork of oligoglucan chains of glycogen could inhibit the

eaction by hindering the access of substrates to the
ctive site of glycogenin.
In order to study the influence of the glycogen moiety

f proteoglycogen on the accessibility of substrates to
0006-291X/01 $35.00
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glycogenin, we have studied the quenching of the pro-
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ein intrinsic fluorescence of proteoglycogen by acryl-
mide, its susceptibility to trypsin digestion and its
hotoaffinity labeling with [b-32P]5-azidouridine 59-
iphosphoglucose. The effect of linked polysaccharide
n the catalytic activity of glycogenin was analysed by
omparing the activation energy for transglucosylation
f glycogen-free glycogenin with that of the active pro-
eoglycogen species PG-200. We also studied the influ-
nce of linked glycogen on the thermal stability of the
nzyme by analysing its UV absorption spectrum and
ransglucosylating activity.

Our results indicate that glycogen attachment in-
reases the thermal stability of glycogenin. The
lycogen-bound enzyme can not be photolabeled with
b-32P]5-azidouridine 59-diphosphoglucose, although
he studies carried out with acrylamide and trypsin
ndicate that the access of substrates to glycogenin is
ot hindered by the polysaccharide moiety. The link-
ge of a polysaccharide of a size smaller than glycogen,
s in PG-200, has no effect on the binding of the sugar
ucleotide derivative to glycogenin but diminishes its
ransglucosylation activity increasing the activation
nergy for the reaction.

ATERIALS AND METHODS

Materials. [b-32P]5-azidouridine 59-diphosphoglucose (14.7 mCi/
mol) was purchased from Research Products International Corp.

Illinois). UDP-[14C]glucose (300 mCi/mmol) was purchased from In-
tituto de Investigaciones Bioquı́micas Fundación Campomar (Bue-
os Aires, Argentina). Oyster glycogen, leupeptin, pepstatin,
PMSF, Triton X-100, Q Sepharose (fast flow), UDP-glucose, Mes,
BM, trypsin and trypsin inhibitor were from Sigma (St. Louis, MO).
-Amylase from Bacillus subtilis was from Boehringer Mannheim
nd C18 cartridges from Waters (Milford, MA).

Proteoglycogen and glycogenin. Proteoglycogen having
olysaccharide-bound glycogenin as the only protein constituent was
repared from rabbit skeletal muscle as described previously (5).
lycogenin was released from proteoglycogen (150 mg in glycogenin)
y amylolysis with 3 mg of a-amylase (purified as indicated before
12)) for 5 h at 25°C, in 1.0 ml of 3 mM Tris–acetate, pH 7.5,
ontaining 0.06% sodium azide and 0.03 mM each of leupeptin,
epstatin and APMSF. This treatment results in total digestion of
he bound glycogen. As reported previously (12), a-amylase and the
eaction products of glycogenolysis present in the amylolyzed sample
f proteoglycogen do not interfere with the transglucosylation assay
escribed below.

Preparation of PG-200. For the preparation of PG-200, the poly-
accharide moiety of proteoglycogen was partially digested for 2 h
ith a-amylase as indicated above and amylolysis stopped by the
ddition of 50 mM acarbose. The amylolyzed mixture (up to 0.85 ml)
as cooled in an ice-water bath, made 60 mM in NaCl and immedi-
tely passed, in the cold room, through a small column (0.2 ml) of Q
epharose equilibrated with 60 mM NaCl in 20 mM Tris-acetate
uffer, pH 7.5, containing 50 mM acarbose (buffer/acarbose). The
olumn was washed with 1.8 ml of this solution, followed by 0.4 ml of
uffer/acarbose containing 100 mM NaCl and PG-200 was eluted
ith 0.4 ml of buffer/acarbose containing 125 mM NaCl (Fig. 3a).

Digestion with trypsin. Proteoglycogen (1.0 mg in glycogenin) was
ncubated with trypsin (0.03%) for 2 h at 4°C, followed by the addi-
70
oiety with a-amylase (0.1 mg) for 4 h at 25°C.

Assay for transglucosylation activity. The incubation mixture
ontained, in a final volume of 15 ml: 8 mM UDP-[14C]glucose, 0.1 M
es pH 7.0, 5 mM MnSO4, 0.2 mM DBM and 1.0 mg (in glycogenin)

f intact or amylolyzed proteoglycogen, or PG-200. The incubation
as done at 30°C for 7 min, and the reaction was terminated by
ddition of 4 ml of 0.1 M EDTA, the solution was made 1 mM in
lucose and 2 mM in UDP-glucose in a final volume of 200 ml and
assed through a C18 cartridge. The cartridge was washed with 3.0
l of water and the [14C]glucosylated DBM (DBMT) eluted with 0.6
l of methanol and counted after addition of scintillation solution.
he labeled DBMT eluted with methanol was identified by TLC as
escribed before (13).

Photolabeling reactions. Photolabeling of intact or amylolyzed
roteoglycogen (1.0 mg in glycogenin) was conducted in Eppendorf
ube containing 50 mM Tris–HCl buffer, pH 7.5, 5 mM MnSO4 and
0 mM [b-32P]5N3UDP-Glc (total vol 15 ml). The mixture was incu-
ated for 20 s at 2°C followed by UV irradiation with a hand-held
54-nm UV lamp for 3 min. After the glycogenin moiety of proteo-
lycogen was released by amylolysis, the samples were subjected to
DS-PAGE and autoradiography as indicated before (14). For com-
etition studies, the sample was incubated with UDP-glucose (100
M) for 1 min at 2°C in 50 mM Tris–HCl buffer, pH 7.5, containing
mM MnSO4, 10 mM [b-32P]5N3UDP-Glc was added and the reaction
ixture was incubated for 20 s, irradiated and analysed as indicated.

Quenching by acrylamide. Fluorescence quenching studies were
arried out on an Aminco SLM 4800C spectrofluorometer by adding
liquots (2 ml) of freshly prepared 7.6 M acrylamide to 1.0 ml of the
ntact or amylolyzed proteoglycogen solutions (150 mg in glycogenin)
n 3 mM Tris–acetate, pH 7.5, containing 0.06% sodium azide and
.03 mM each of leupeptin, pepstatin and APMSF. The samples were
xcited at 295 nm and the fluorescence emission measured at 340
m. Fluorescence lifetimes were measured in the same spectroflu-
rometer using the frequency domain mode.

UV absorption spectra. Protein absorption spectra were taken in
Shimadzu UV-PC 1600 spectrophotometer equipped with a Peltier

ontrol of temperature using a 1 cm path cell. Fourth-derivative
pectra were taken using the software provided with the spectropho-
ometer. Samples of the intact and amylolyzed proteoglycogen solu-
ions (150 mg/ml in glycogenin) contained 3 mM Tris-acetate pH 7.5,
.06% sodium azide and 0.03 mM each of leupeptin, pepstatin and
PMSF. The absorbance of a same sample was scanned from 230 to
50 nm after successive 8-min heating at the desired temperatures.
ight scattering due to glycogen was corrected with a solution con-
aining an equivalent amount of protein-free glycogen from oyster in
he reference cell. To study the reversibility to heat denaturation
ifferent samples were heated at the indicated temperatures for 8
in, rapidly cooled at 2°C and allowed to equilibrate at 30°C before

aking the absorption spectra or measuring the transglucosylating
ctivity. The activity recovered from the heated glycogen-bound gly-
ogenin was measured after the enzyme was released by amylolysis
s indicated above.

Arrhenius plot. Arrhenius plot for the rate of transglucosylation
f glycogenin and PG-200 was carried out measuring the activity as
ndicated above, after 10-min incubations at 18, 21, 24, 27, and 30°C.

Other methods. SDS–PAGE was carried out as described (4) on
0% (w/v) acrylamide resolving gels with a 3% stacking gel.

ESULTS AND DISCUSSION

ffect of Linked Glycogen on the Transglucosylation
Activity of Glycogenin and Binding of UDP-Glucose

It has been described that the autoglucosylating ac-
ivity of glycogenin ceases after the incorporation of
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ight to eleven glucose molecules (7, 15), whereas
ransglucosylation of exogenous substrates occurs even
hen the tyrosine residue of the enzyme is occupied by

he autosynthesized oligoglucan (5). Glycogen linked to
lycogenin as in proteoglycogen, totally abolishes the
ransglucosylation activity of the enzyme (5), while
nbound glycogen had no effect (results not shown).
he absence of transglucosylation activity in proteogly-
ogen could be due to the inaccessibility of substrates
o its glycogenin moiety. As reported before (14), we
abeled the uridine binding site of the UDP-glucose-
inding domain of glycogen-free glycogenin using the
hotoprobe [b-32P]5-azido-UDP-glucose. No photoin-
ertion of the azidouridine derivative was observed
hen proteoglycogen was subjected to photolabeling

Fig. 1a). Thus, the absence of transglucosylation ac-
ivity in proteoglycogen would be due to inaccessibility
f the sugar nucleotide to its glycogenin moiety. The
esults obtained with acrylamide and trypsin (see be-
ow) indicate that it is not the inaccessibility of sub-
trates to the enzyme the cause of glycogenin inactiva-
ion by linked glycogen.

ccessibility of Acrylamide and Trypsin
to Glycogen-Bound Glycogenin

To study the accessibility of substrates to the glyco-
enin moiety of proteoglycogen, the quenching of the
uorescence of tryptophan residues by acrylamide was
easured (Fig. 2). We have obtained the same values

f the Stern–Volmer constant, KSV 5 7.2 M21, for the
uorescence quenching of polysaccharide-free and
bound glycogenin. KSV is the product between the col-

FIG. 1. UDPG-binding to proteoglycogen glycogenin. Intact (A)
nd amylolyzed (B) proteoglycogen samples were incubated for 1 min
t 2°C with (1) or without (2) the addition of 100 mM UDPG and
hotolabeled with [b-32P]5N3UDP-Glc in the absence (a) or presence
b) of 33% DMSO. After photolabeling, the glycogenin moiety of the
ntact proteoglycogen samples was released by amylolysis and the
amples were subjected to SDS–PAGE and autoradiography (see
aterials and Methods).
71
16). A fluorescence lifetime of 5 ns was measured for
oth, proteoglycogen and glycogenin, which results in a
ollisional rate constant of 1.44 3 109 M21 s21, a value
ithin the diffusional limit in solution (17). Trypsin
as also accessible to proteoglycogen glycogenin. This
as deduced from the absence of transglucosylating
ctivity in an amylolyzed sample of proteoglycogen
hat had been previously subjected to digestion with
rypsin, followed by neutralisation of the protease ac-
ivity with trypsin inhibitor and amylolysis of the poly-
accharide moiety with a-amylase (result not shown).
hese results indicate that glycogen does not hinder
he diffusion of a solute as small or large as acrylamide
r trypsin, respectively.

estoration of the UDP-Glucose Binding
to Proteoglycogen Glycogenin

It is known that hydrogen bonds between the glucose
onomers stabilize the a-helix structure of the glyco-

en chains (18). Hydrogen bonds might be also occur-
ing between the polyhydroxylated chains of glycogen
nd amino-acid residues of the protein, thus affecting
he transglucosylation activity. To ascertain whether
he binding of UDP-glucose was influenced by such a
ype of bonds, the photolabeling with [b-32P]5-azido-
DP-glucose was carried out in the presence of DMSO.
he chaotropic agent was used at a concentration that
isrupts the hydrogen bonds stabilising the a-helical
tructure of a-1,4-glucan, as judged from the bleaching
aused in the blue color of soluble starch-iodine/iodide
omplex. In the presence of 33% DMSO proteoglycogen
as photolabeled with the azidouridine derivative (Fig.
b). The radioactivity observed in the upper zone of the
unning gel might result from an incomplete amyloly-
is of the polysaccharide moiety of the labeled proteo-

FIG. 2. Accessibility of the protein moiety of proteoglycogen to
crylamide. The quenching by acrylamide of the intrinsic tryptophan
uorescence of the glycogen-free (F) and glycogen-bound (E) enzyme
as carried out as indicated under Materials and Methods.
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lycogen, caused by the presence of DMSO. The prein-
ubation with UDP-glucose prior to photolabeling
nhibited the binding of the azido derivative to both
roteoglycogen glycogenin and the polysaccharide free
nzyme, thus proving the specificity of the binding.
No transglucosylating activity was detectable in pro-

eoglycogen assayed in 33% DMSO, in spite of the
bserved restoration of the binding of sugar nucleotide
o its glycogenin moiety and the activity shown in
MSO by glycogen-free glycogenin (30% of the activity
easured in the absence of DMSO; result not shown).
hus, the transglucosylation inactivity of proteoglyco-
en is not solely due to the inability to bind UDP-
lucose, in which hydrogen bonds seem to be involved.
inked glycogen might also be causing a distortion of
he catalytic site of the enzyme. The studies carried out
ith PG-200 (see below) are consistent with this as-

umption.

ecovery of Transglucosylating Activity
of Proteoglycogen by Shortening the Size
of the Linked Polysaccharide

Mild digestion of proteoglycogen with a-amylase fol-
owed by passage through a Q Sepharose column al-
owed the isolation of PG-200, a proteoglycogen species
aving a polysaccharide moiety of lower size than na-
ive glycogen (Fig. 3a). PG-200 was photolabeled withe

FIG. 3. Isolation and UDPG-binding activity of PG-200. (a) Pro-
eoglycogen was amylolyzed and passed through a column of Q
epharose and PG-200 was eluted as indicated under Materials and
ethods. Samples of the amylolyzed mixture before chromatography

A) and of fractions eluted with 60, 100, and 125 mM NaCl were
ubjected to SDS–PAGE and silver stain. (b) PG-200 was photola-
eled and subjected to SDS–PAGE and autoradiography as indicated
n Fig. 1. S, indicates the zone corresponding to the stacking gel.
72
0% less active for transglucosylation than the
olysaccharide-free enzyme. In order to determine
hether the linked polysaccharide affected the ener-
etics of the catalytic process, the activation energy of
he transglucosylation reactions were compared mea-
uring the temperature dependency of the initial rate
f DBM glucosylation by PG-200 and glycogenin. Fig-
re 4 shows that the temperature dependencies were
ifferent, indicating that the catalytic process is al-
ered by the bound polysaccharide moiety increasing
he energy barrier for glucosylation.

ffect of Linked Glycogen on the Thermal Stability
of Glycogenin

To study the thermal stability of the glycogen-free
nd -bound glycogenin the fourth derivative of the UV
bsorption spectra were taken at different tempera-
ures (Fig. 5a). Several parameters of the fourth-
erivative spectra can be used to study protein unfold-
ng (19). Here we show the position of the peak at
round 292 nm. A blue shift of this peak can be inter-
reted as the transfers of tryptophan residues to a
ore polar environment caused by the protein unfold.
eating glycogen-free and glycogen-bound glycogenin

esulted in a small and reproducible blue shift. The
ean point for the transitions were 51 and 64°C, re-

pectively, which indicate that linked polysaccharide
ncreases the thermal stability of the enzyme.

In order to analyse the reversibility of the changes
aused by heat treatment, samples of glycogen-free and

FIG. 4. Arrhenius plot. The steady-state transglucosylation ac-
ivity of glycogen-free glycogenin (1.0 mg) (F) and PG-200 (2.5 mg in
lycogenin) (E) was measured at the indicated temperatures (see
aterials and Methods).
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lycogen-bound enzyme were heated at the indicated
emperatures, rapidly cooled at 2°C and equilibrated at
0°C before the UV spectrum was taken (Fig. 5b) and
he transglucosylating activity measured (Fig. 5c).
lycogen-free glycogenin subjected to 50°C showed,
fter cooling, a blue shift of 0.3 nm and a recovery of
00% of the transglucosylating activity. A blue shift of

FIG. 5. Effect of linked glycogen on the thermal stability of
lycogenin. The fourth-derivative spectrum (a, b) and transglucosy-
ation activity (c) of glycogen-free (F) and glycogen-bound (E) glyco-
enin heated at the indicated temperatures. The spectra were taken
nd the activity was measured immediately after heating (a) or after
ooling at 2°C and equilibrating to 30°C (b, c). For details see Mate-
ials and Methods.
73
ty, was observed for the glycogenin released from pro-
eoglycogen subjected to 70°C. When glycogen-free gly-
ogenin was subjected to 60°C and proteoglycogen to
0°C, a blue shift of 0.5 nm occurred (Fig. 5b), with no
r little (20%) recovery of activity, respectively (Fig.
c). Thus, a blue shift of 0.5 nm would correspond to a
istortion of the glycogenin conformation enough to
roduce inactivation. The increased stability of glyco-
enin under the proteoglycogen form might result from
ydrogen bonds between the polyhydroxylated hydro-
arbon chains and aminoacid residues that both, in-
rease the unfolding temperature and help to refold to
he native conformation.
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