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Proglycogen a low-molecular-welght form of muscle glycogen

Joseph Lomako, Wieslawa M. Lomake and Willia,m 3. Whelun
Department of Biarhwnisrry‘and Malecutar .Bm!ag;v. University af Miamni, Miaml, FL33801, USA |

" Reesived 5 December 1990; revised \'crsioh- recaived 17 Déccmber 1990,

We recently reparted thal musele containg n trichloroucstiv neid. precnpilabie component huving Af, approx. 400 kD that ean be glucosylated hy
#n endngenouk enzyme ueting on UDPglucose. This component containg within itelf the aulocatalytie, self-glucosyinting protein glycogenin, the
primer for glycogen synthesis. We now report that this substance, to which we give the name proglycagen, is n glycogen-like melseule constituting
aboul 15% of total glyecigen. Tracis us u very eflicient dcceprar of glucase residues ndded fram UDPglucose. Further, that the endogenous entyine.
that udds the ghivese to proglycogen is not the uutocatalytic protein but u glyeogen synthasedlike enzyme, Proglycogen muy be un {ntermedine
in the synthesis und degmdation of macromolecular glycogen and muy exist wnd be mewbelized as u separate entity. Considesation should now
Be given 1o the revival of the concept that thisue containg two forms of glyeogen. One is proglycogen. The other Is Lhe 'classical’, mucromelecular .
giyeogen. Addilionnlly, proglycogen and glyeogen may be glycosylinted by different foms of synthase,

* QGlycogenin; Glyeogen biogenesis; Prmcir.\‘g!ucusylul‘ion; Proglycogen

1. INTRODUCTION
Rabbit-muscle glycogen contains one raolecular prd-
portion of a covalentiy bound protein, which we have

nawmed glycogenin [1]. This has M, 37 kDa and is linked

" to glycogen via the novel glucosyl-tyrosine bond [2,3].
Glycogenin appears to be the proteln that Krisman and
- Barengo [4] suggested is the primer for glycogen syn-
thesis. In addition to finding glycogenin as a covalently
bound component of glycogen, we were able to iden-

tify, in muscle extracts, a glycogen-free form of

-glycogenin {5] which on purification to homogeneity
‘proved to be an autocatalytic protein [6,7]. It already
contains two covalently bound glucose residues, as

maltose, Autocatalysis consists in lengthening the
maltose residues to malto-octaose using UDPglucose as -

substrate {8,9). At this point, glycogen synthase and
branching enzyme can extend and branch the malto-
octacse to form ‘glycogen still contammg bound
glycogenin [6].
Despite our having isolated the glycogenm hke, self-
' glucosylatmg protein (SGP) from rabbit muscle,
Smythe et al. {10] and we [L1] recently reported that
SGP as such does not exist in a fresh muscle extract, We
had noted that if protein glucosylating activity was
assayed immediately on preparation of a muscle ex-
tract, essentially none could be detected. This proved to
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.be due to the presence of an' endogenous, so-far-

unidentified low-molecular-weight inhibitor which can
be removed by gel filtration. The filtered extract readily
undergoes protein glucosylation but SDS-PAGE and
radioautography revealed that the ['“Clglucosylated
protein (obtained by trichloroacetic acid (TCA)
precipitation) is not SGP but an entity of much higher

| M; very approximately 400 kDa (p400). When such an

extract was stored before glucosylation was attempted,
endogenous enzyme(s) brought about the breakdown of -
p400. Incubation of the extract with-UDP[**Cjglucose
revealed a series of glucoproteins with M, values descen-
ding down to that of SGP, i.e. 37 kDa (p37). The addi-
tion of w-amylase accelerated the conversion of p400 in-
to p37. The inclusion of acarbose, an a-glucosidase/w-
amylase inhibitor [12], retarded the breakdown and
largely prevented the formation of p37 and an
mssociated, more prominent species, p42. Instead, there
accumulated a group of sharply defined glucoproteins, -
with M; values in the range 50-80 kDa (p50-p80). Pro-

- tease inhibitors also retarded the breakdown of p400,

suggesting that both amylolysis and proteolysis were in- -

_volved in the breakdown of p400. Even before we had
. seen p400 in muscle extracts, we had seen it in extracts’

of adipocytes and a rat mammary tumor {13] but did
not understand the connection to SGP (p37) because in
these two sources the p400 was not inhibited and we did -

‘not encounter breakdown of p400 to p37.

" This new report takes up from these observations and
describes some propemes of p400 and the manner of its
glucosylatlon . . ‘
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2. MATERIALS AND METHOD?

0. Materiols

All blechemnicnis were I'ram Suma or Fischer Sciemiitie Co,, unfesy
otherwive siated. URP[MClglucase was from ICN Biochemieals,
Crysialline ixonmylase and ‘amylose EX.1' were. ghis fram
Hayashibara Bioshemical Laboratorles, Hiroshima, Japan, UDP:
pyridexal was the gift of Dr T, Fukul, Osaka, Japan, Aluminum sheel
Kieselgel 60 for thin-lnyer chiromatography was From  Merck.
Reagents for SDS-PAGE were from BioRad, Emmu-GeI D wis fmm
. Plerge. Amplifr was fromy Amersham,

2 2. M‘whmﬁx

Protgin was mewsured as by Bradl‘ord |I-l] Gel-fihered extracis of -

rabblt skeleial muscle were prepared as by Lemako e al. {11] and
["€)glucosylation of proteins in the exiracts cartied oul as by the
“same authars, SDS-PAGE anulysis was performed with a Minis
Protan {1 elestraphoresis sysien (BloRad) in 10% acryinmide accor-

ding to Lasmmii }15) followed by fludrography with Kedak X«Omat

film at = 70°C and development in a Kodak X-Omut film pracesser.
For isoamylase digestion, [“Clglucosylnted: pd0C (80 x. 10°
counts/min) was precipitated with an equal volume of cold 20%
trichlorcacatic acitt (TCA), The pellet was washed twice with cold
1Q% TCA and the excess TCA removed with ether, The protein was

suspended in 100 mM ammanium bicarbenate containing 6% 5DS -
and heated at 100°C for 3 min. Aler cooling (o room temperature,

the sample was applied to a column of Extracti-Gel D ¢quilibrated
with 100 mM ammonium bicarbonate. The column was eluted with
the same solution. Fractions containing '*C were collected and freexe-
dried, The sample was solubilised-in 100 ul of 100 mM sodium acetrie
-buffer, pH 3,8, containing isoamylase (10 4g) and digestad overniaht
at room temperature under a layer of toluene. It was deionised on n
column of RGS0I-XB mixed-bed ion-exchange resin and subjected to

hin-tayer chromatography in butanol/water/cthanot (5:4:5). The

seif-glucosylating protein referred to as pd2 ‘was jsolated during

- purification of SGP (p37). It was obtained as an electrophoretically
homogeneous product in the fractions emerging from the MonoQ cal-
umn at‘tcr the SGP had been eluted (6],

3. RESULTS AND DISCUSSION

3.1, p400 is glucosylated by a synthase-like enzyme
Using gel-filtered muscle extracts, assayed for protein
glucosylating activity either immediately, or after in-
_cubation alone, or in presence of various activators and
inhibitors, we have been able to distinguish between the
types of glucosylated protein previously encountered in
muscle. We treated muscle extracts in such a way as to
display all forms of glucosylated protein between p37
‘and p400 - [11]. These were incubated with
- UDP[*C]glucose and various combinations of Mn**,
glucose 6-phosphate and UDPpyridoxal, The amounts
of TCA-precipitable = “C-labelled protein were
measured. Then the digests were subjected to SDS-

PAGE and radicautography. Mn?* was added as an -

activator of SGP [6], glucose 6-phosphate to activate
synthase and UDPpyridoxal to inhibit it [16].

-Table [ shows that in a fresh gel-filtered muscle ex-

tract there is a powerful protein glucosylatmg activity

that is not stimulated by Mn®* but is mar‘cedly‘

stimulated by glucose 6-phosphate and markedly in-

hibited by UDPpyridoxal. This activity is therefore like -

that of glycogen synthase and Fig. 1 shows that the
substrate undergoing labelling in the fresh extract is
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p400. Aner such an c'ﬂract hns been preincubuted for
120 min the protein glucosylation is of a qulte different
nature, p400 has disappeared. [n its place are the species
pa7, p42 and p50-p80. The glucaxylation of p3? and ?42

. is completely dependent on the presence of Mn

Compare lane 6 (Mn?* present) with lane 7 (Mn" ab-

.sent), The glueosylation of p30-pRO is strongly activated

by glucose ¢-phusphate, Compare lane 7 (G6P presant)
with lane 6 {GGP absent). The glucosylation of pa00 and

 p50-p80, but not of p37 and p42, is inhibited by UDP-

pyridoxal. Compare lnnes'$ and 8 (UDPpyridoxal pres-
ent) with lanes 2-4 and 7 (UDP pyridoxal absent), In
the presence of UDPpyridoxal and the absence of

- Mn?*, little glucosylation oceurs {lane 9),

What these results demonstrate is that at least two
types of enzyme are at work In catalysing the glucosyla-
tion of the p37-pd00 family of glucoproteins, One type
carries out autocatalysis of p37 and pd42 (see below),
The other is a glycogen-synthase-like enzyme that
glucosylates all larger species up to p400. ‘

It is noteworthy, hawever, that the cancentration of
UDPglucose at which these reactions were carried out
was 2.2 uM. The K, of glycogen synthase for UDP-
glucose using glycogen as a primer is around 5§ mM. It
has been by taking advantage of the fact that protein
glucosylation eccurs. at a UDPglucose concentration
three orders of magnifude lower than the synthase Kn
for glycogen as the primer, that has made possible the
selective detection of glucosylation of protein-bound
carbohydrate in crude extracts, Macromolecular
glycogen does not compete as a primer under these con-

“ditions (see below).

_ Table'!
Protein glucosylation in muscle extracts®

("Clglucose in TCA-insolubte -
precipitate (counts/min)

Additions to digestt . Nene ~ Mn?* G6P  UDPpyridoxal
19264 17854 361364 . 2798

*The fresh Sephadex G-25-filtered muscle extract was incubated for 5
min at room temperature with 2,2 uM UDP['*C|glucosé in the
absefice or presence of § mM MnCly, or 9 mM glucose-6-phosphate

. or 24 uM UDPpyridoxal, followed by addition of an equal vol of

cold 20% TCA and scintillation counting of the prempnate. The
precipitates were also subjected to SDS-PAGE and radioaumgraphy
(Fig. 1), Similar experiments were carried out after a 2 h preincuba-
tion, followed hy labelling with UDPglucose, wlien the digests ware
again subjected to SDS-PAGE (Fig, 1. ln all six types of ex-
periments  were performed (¢ Mn!*,  +G6PtMnl*
+UDPpyridosal£ Mn?*)., Protein glucosylatlon was measured
under these conditions in a fresh extract and after the extract had
been preincubated for 30 and 120 min. The incubations with
UDP["‘Clglucose were carried out for § min (results shown above),
20 min and 60 min some 54 measurements in all. Each djgest was sub-
jected to SD8-PAGE and radicautography. It was by comparingall

_ the numerical data and all the radioautographs that we were able to

interpret the changes taking place. The results shown here and in Fig,
I were chosen to illustrate these conclusnons :
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Fig. 1. A composiie of radioautographs from nwusele extracts ineubated with UDP(“C]qucuse and subjected 1o SDS-PAGE. The comparison is

between fresh, gel-filiared extracts {lunes 2-8) and exiracts incubated for 2 h at room temperaiure (tanes 6-9) befare incubaling with substrate,

Lane [ Isthe radicaciive M, markers, Lane 2 is without any activator orinhibitor, lanes 3, 6, + Mnt*;lanes s, 2, + G6P; lanes 5,9 + UDPpyridox-
ak Jant 8, +UDPpyndaml + Ma? . Conditions are a8 in Table 1 and lanes 2-§ correspend 1o the same experiments as in Table 1.

These analyses permit the following conclusions.
First of all, although protein glucosylation occurs in all
extracts and under all conditions, admittedly over a
wide range of activity, it appears 1o be due not to a
_.single entity but Lo at least two entities.

One of these, the agtivity in the fresh muscle extract,
- is a glycogen synthase-like activily characterized as such
by its being stimulated by glucose 6- phosphatc and in-
" hibited by UDPpyridoxal.
The second glucosylating actw‘nty is that of the self-
glucosylating protein,.apparently in two forms, that
~ which we have already isolated and which has M, 37
'kDa [6], the second form having M, 42 kDa, Reference
to Fig. 1 shows p37 as a very sharp band, indicating 2
_ species of uniform molecular weight, Since p37 is
generated from p400 as a result of the action of en-
- dogenous hydrolyases [11], we may suppose the entity
seen in'Fig, | to represent the protéin substituted by'the
minimum number of glucose residues required for it to
be an autocatalytic entity, which we believe to be 2 or
even 1 glucose residue [8,9].

"It is interesting to compare p37 and p4l. The latter,;
we have reported, can be converted into p37 by o-
amylolysis [11] and therefore appears to differ in the
amount of carbohydrate present. The fact that p42 is a
diffuse band suggests that it is the same protein species

was p37, but that the lengths of the carbohydrate chains

as between different molecules of pd2 are variable,
It is clear that p37 and p42 are totally dependent on
1nanganese for their ability to become glucosylated. In

- FEBS LETTERS |
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p50-pa0

paz
paz
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the case of p37 this is self- catalyscd We have now
isolated pd2 as & homogeneous species. This too
undergoes Mn?** .dependent glucosylation when UDP-
glucose s added and, therefore, may also be presumed '
te be autocatalytic.

The glucosylation 'of proteins pSO—pBO is not

* .dependent; it is glucose 6- -phosphate dependent.

Therefore, we can tentatively conclude that the same
type of glucose 6-phosphate-activated glycogen syn-
thase as is responsible for the glucosylation of p400
(Table 1) is also lnvolved in glucosylaung the p50 -p80 .
species,

1.2, The nature of p400

We must now consider what is the nature of p400. ‘
Given that it is rapidly converted into p37 and p42 by
added e-amylase [11], we can conclude that it differs '
from p37 mainly in containing more carbohydrate.

‘That protease inhibitors retard the conversion of p400

into p37 [11] might also lead one to conclude that p400
contains a larger protein moiety than p37. We have
pointed out [11] that this conclusion depends on the
specificity or otherwise on the protease inhibitors only
to inhibit proteases. For the purposes of this discussion
we can make the assumption thatthe major if not the
only difference between p37 and p400 is one of car-
bohydrate conient, ‘
p400 is glycogen-like but is precipitable by 10%

“TCA. This is the basis of the assay for protein

glucosylation. This distinguishes p400 from glycogen,
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most of which ‘is soluble in TCA [1]. We 'have examined.
digests in which p400 waa glucosylated in 2.2 4M UDP-.

glucose for the presencs of TCA-soluble, ethanol-
precipitable species labeled with [*C)glucose, i.e. cor-
réspondingto macromolecular glycogen. We have add-
ed glycagen to such digests to 5% concentration. We
find that relatively lictle Label is incorporated either into
endogenous or added glycogen at the 2.2 uM concentra-
tion of UDPglucose employed here, [f, however, the
UDPglucose concentration is raised to- 5 mM, then pd00
is convarted into a labelled, TCA-soluble product con-
forming to the above definition of glycogen. We have
developed the following hypothesis to explain the state
of glycogen and its method of biogenesis in muscle.
In order to characterize p400 we arranged its
{"*C]glucosylation in a muscle extract. Then we debran-
ched it with isoamylase, which carries out the total
debranching of glycogen [17]. The products were ex-
amined by thin-layer

chains in the range DP 422, similar to normal glycagen
7. The ability of ceamylase and isoamylase to
hydrolyze p4Q0, coupled with the unit-chain profile, in-
dicates that p400 is structurally very similas to
glycogen.

It is clear from the' present and previously published
results [10,11] that SGP, which is the autocatalytic
form of glycogenin, does not exist in the free state in a
muscle extract. Instead it is present in p400 and in
glycogen. That both entities appear.1o exist side-by-side
in muscle can be shown by the simple device of adding
TCA to 10% concentration in a fresh muscle extract.
Some 15% of the carbohydrate is precipitated. We
recall the concept of lyo- and desmo-glycogens in-
troduced by Willstdtter [18] whose hypothesis was that

glycogen exists in protein-free (lyo) and protein-bound.

(desmo) forms, separable by solubility in TCA. This

concept was extensively worked on in the 1950s [191,

but, following the appearance of a report that the TCA
fractionation procedure gave variable results [20]. work
on this toplc largely ceased,

What the new results reported here appear to be poin-
ting to, as a possibility, is that there are indeed two

‘forms of glycogen, differing not in the presence or.

"absence of protein, but in the proportion of protein
-relative 1o carbohydrate. One  is ' the c¢lassical
macromolecular glycogen, containing 0,35% protein
(glycogenin [1]). The other is a glycogen in-wiiich the
protein. content (again, glycogenin) may be as high as
10%, and which in consequence is precipitable with
- TCA. Considering that p400 can be converted into
glycogen in vitro, it merits the designation proglvcogen.
If its M, is around 400 kDa then, at 15% of the total

carbohydrate, there are about 5 mol of proglycogen per‘ . “

mol of glycogen (M: 10" Da [1]). ‘
Consideration should therefore be given as to
whether there exist two forms of glyeogen synthase that
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© Fig. 2. Showing the ["C|glucosylated maltosnceharidle chains released
. from [MClglucosylated muscle proglycogen (p400) on dekranching
with iscamylase. The products were sibjected 1o ascendinig thin-layer
chromatography (lane 2}, Lane. l is ["Clglucose, The degrzes of

polymerisation (DCP) . ‘were  assigned . by comparative

.cochromatography of amylose EX-1, a mixture of glucose and

maltosaceharices, detected by spraying with sulfuric acid.

give rise to proglycogen from SGP and to glycogen
from proglycogen. Our - structural. analysis of pro-
glycogen shows it to resemble glycogen,: yet it is

- preferentially glucosylated in presence of glycogen.

Perhaps = synthases differing in the pattern of

- phosphorylation differ in their affinity for the two

types of primer and this is one reason for the multi-site
phosphorylation of synthase.

What also emerges from these observations is that if
there are two forms of glycogen, whether interconverti-
ble or not, measurements of tissue glycogen represent
averages of the two entities. It is now necessary to
devise separate assays for g]ycogen and proglycogen.
When such separate assays are carried out it may prove:
that one form of glycogen will be seen to be selectively
responsive to factors that cause glycogen stores to
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change In amount, ¢.g. hormones. This, of course, in
“the case of lyo- and desmo-glycogens, is what had been
recarded on numerous oceasions [19] and some of those
experiments should perhaps be revisited.
Reeently we demonstrated a marked inerease in the
incorporation  of glucose inte  TCA-precipitable
material in extracts of 3T3 adipocytes which had been

bathed ininsulin [13]. We now realize that this was pro- ©

bably due to an inerease in activity of the synthase
which preférentially glicosylates pd00. Therefors, if we
no lonjer treat glycogen as'if it is a single entity, or
glycogen synthase as {f it has only one substrate, we
may clarify aspects of insulin's ¢ffects on glycogen syn-
thesis which are still puzzling, such as fractional rather
than ‘integral ‘ chaniges in the stoichiometry of the
phosphorylation of glycagen synthase [21]. Fractional
changes may represent averages,

‘We should also comment on a distinctive ploperty of

the products of partial breakdown of p400. These are

seen in Fig. 1 as ["*C]glucosylated TCA-precipitable en- -‘
tities with A, values lying betweeu that of p400 and the

‘autocatalytic entities p37 and p42. The experimental
evidence suggests that the intermediates represent pro-
ducts of the amylalysis of pa00 such as might be formed

by endogenous muscle a-amylase. Such degradation

might be expected 10 vield a continuum of products in
terms of M. Yet the bands are well-defined. Other ex-
amples are to be seen in Fig. 3 of {11]. This behavior
suggests that the structure of p400 {s such as to giverise

to t‘ragmenn of discrete size during amylolytic .

breakdown.
French [22] observed rhat starch molccules . Slowly

break down into discrete entities when ungelatmnzed :

granules are immersed in cold, dilute acid. This led him
to formulate the ‘cluster’ hypothesis whereby the
amylopectin molecule is considered to grow as clusters

of branched chains in which one chain is preferentially

“lengthened to become the basis for a succeeding cluster,
Between clusters, the interlinking chain presents a point
of vulnerability 10 enzyme attack. The c¢luster

hypothesis is now well accepted as explaining amylopec- - |

tin structure:[23], French [24] also studied w-amylase
" action on glycogen and concluded that ‘ther:‘are at least
several tens of densely branched regions per molecule
which are connected by less densely braached, easily
hydrolysed segments’. Qur results are compatible with
this conclusion. and have, in' addition, allowed the
visualization of some of the discrete entities predicted
from these conclusions. Support for giycogen structure,
‘like that of amylopectm also being based on clusters is
thereby afforded. ‘
Finally, we comment on recent reports by Miozzo et
al, [25,26] who have‘ studied a membrane-bound
‘glycogen precursor’ from retina which bears some
resemblance to proglycogen since its claimed M is 4.7
x 10° and it contains an M, 42 kDa protein, said to be
s_mnlar to glycogenin. However, the protein content is
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only 3% which, If the protem is in cavalent Imknsc.'
would suggest an M, of 1.4 x 10°% Additonally,
although the precursor was initially TCA-insoluble, it
became TCA-soluble after creatment with. hot
detergent, We tested the behavior of proglyeogen under .
the same conditions and 85% remained TCA-insoluble.

A further difference from our own results was that
glucosylation of the retinal microsomal fractions, using
UDPglucase, was accomplished by an endogenous en-
zyme without the apparent requirement for glucose
6-phosphate. Our endogenous, glycogen synthase-like -
activity is powerfully dependent on this cofactor (Table -
I, Fig. 1). Insufficient information therefore exists to

_ permit a comparison of the retina slyeogen precursor’

with muscle proglycogcn
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