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Glyeogen phasphoryluse & at cancentrations ¢los¢ to those found in skeletul musele interacts with' sarcophismic reticulum membranes, but net
with liposomex mude of lipids extracted from these membranes, and is inhibited upon binding to the membrane. The interaction of glycogen phos-
phoryluse with the sarcoplasmic reticulum membrane is modulited by phosphorylation, far the ¢ form of this enzyme shows a Ky s of interaction
abaut 10-fold lower than the b form. Upon asseciation fo the membrane the fluarescence propertics of the coenzyme of glycogen phmpharylase.
pyridoxal-5~phesphate, are strongly ultered, for the fluoreseence at 535 nm is partially quenched and the fluorescence at 415-420 nm increases..
Wsing Nuoreseein lubeled sarcoplasmic reticulum membranes we have found that the average confarmation of the Cul* 4 Mgt+-ATPase is also
aliered on binding of phospharylase b. In conclusion, the resuits reported in this paper suggest that glycogen phespharylnsc and Cadtp Mg+
ATPuse dnrcc.ny internet under experimental conditions similar to those found in the sarcoplasm, and that this intevaetion ix modulatcd by phiospho- -
‘ ryl.mcn of the phosphorylase,

Glycogcn phosphoryl.zsc. S.:rc.opmmm reuculunv Cz\‘ * +Mg"-ATP.ntc. Fluores;em, Regulauon

1. INTRODUCTION:

In skeletal muscle glycogen is associated with relevant -

enzymes involved .in its metabolism (I-3]). These gly-

cogen particles also 'associate with the sarcoplasum. .

reticulum (SR)' membranes [3, 4], The major determi-
nants of this association remain unclear, but there are

- functional gains. For example, stimulation of glycogen
phosphorylase b kinase is faster when assocxated to the‘

SR than in the soluble enzyme {4].

The integrity of glycogen plays an xmportant role in:
- maintaining an effective association of the. glycogen
particle with SR vesicular preparations {3], but gly-

cogen phosphorylase and phosphorylase b kinase also
remain tightly bound to preparations of the SR mem-
brane, even when these are largely devoid of glycogen
[3-5]. A large fraction (amounting to about 30-40%) of

" glycogen phosphorylase is likely to be tightly bound in

vivo to the SR membrane and SR membrane prepara-

- tions are largely contaminated by giycogen phos-

phorylase [3,6].
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In this communication we report‘ experimental obser-
vations which show that glycogen phosphorylase in-
teracts with the SR at pH and ionic strength similar o

* those found in the sarcoplasm, and that this interaction

is modulated by the phosphorylation state of phos-

‘phorylase and inhibits the activity of phosphorylase b.

2. MATERIALS AND METHODS

SR 'vesicles and purified glycogen phosphorylase & have been
prepared as described elsewhere {8,9]. Glycogen phosphorylase b was
found to be more than 98% pure on the basis of SDS. gel electro-
phoretic patterns, Because SR preparations usually contain a signifi-
cant . contamination of glycogen phosphorylase we have carefully

-tested that the preparations used in this study were devoid of the
. 97500 Da band in SDS gel electrophoresis. The protein concentration

was determined following the method of Lovsry using bovine serum
albumin as a standard {10}, and also spectrophotometrically using an_
extinction. coefficient at 280 nm for glycogen phosphorylase of
E'% =1 13,2 at pH 6.9 [11]. Lipids were extracted from SR mem-
branes by repeated washing with HCCla/HOCH/H 0 2/ 1/1 v/v.
The functional state of SR vesicles has been characterized as in [12].
Only preparations of SR showing, at least, 4-fold stimulation of the |
ATPase activity by calcimycin (1 xg/ml) at 22°C were used in this
study, e.g. only well sealed SR vesicles. On average, the Ca?*" +Mg?* -
ATPase activity of leaky SR vesicles was 3-4 umols ATP hydrolyzed
per min per mg-protein at 22°C. Phosphorylase a was prepared in'a
reaction mixture containing 8:mg-ml~' phosphorylase &, 70 gg-ml ™!
phosphorylase kinase, 18 mM disodium glycerol-2-phosphate, 18 mM
2-mercaptoethanol; 1 mM ATP, 10 mM magnesium acetate (pH 6.8).
The reaction was run until the phosphorylase activity ratio without

oy

AMP, caffeine plus AMP remained constant at about (0,90}, The

‘reaction was stopped by an equal volume of 10 mM EDTA, 1 mM

EGTA, 5 mM disodium glycerol 2phosphate, 5 mM-2- -mercapto-

,ethanol (pH 6.8) [13].
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Ciyeogen ph@sph@rﬂmd was aveayed in the direction of ylycogen

synthiosis in the presence of 10 md glhucaie-1-phosphate, 0.43 grivt

alycogen, 0.1 mM ANMP, | MM EGTA, 0.15M KCL W mM TES(pH

7,43, and phosphorylase (0.1 mg mi™'). Inerganie phosphate was
determined aceording Lo the awthod of Pixke wad SubbaRow [H4].
Phosphorylase aetivity in the directon of glycogen breakdown was
measured as Iy [13], uying the following reactian mixture: 12 mM
HiPOK, 10 mM magnesiuny acetaic, 0,83 mM NADP 30 mM im-
{dazole, | M AMP, 0,45 g 1 glycogen, 1 iU phosphoglucomutive,
1 1U glucose- 6-phasphnte dehydrogenase (pH 6.9). Due 1o problem
of rapid NADP” consumption, In the presenis of high coneentrations
of glycogen phosphorylase we have mensured fty activity using the
light seattering method indicated in [9), the light scattering being
monitered by turbidity measuremenia under the scperimental condt-
tions indicated above. The experimental approach foilowed wax ax
outlined in (9], ¢xceps that glycogen itsell was dsed as primer and the
reaction has been Iniviated by addition of AMP, Beeause we found
that an addition of 1 mM AMP produses a relatively fast reaction, i.e.
the light scattering change stopped in abaut 3=4 min, we have used &

lower eoncentration of AMP in these assays, in order 10 allow for o

much better aceuracy in our estiniations of the initial rate of laht seat.
tering ehange, The rest af the concentrations of relevant kinetie

species in: assay medium was identical 1o those used in Gutierrez: ‘

Merino et al [9). :

“The Vabeling of ihe SR vesicles with FITC and the determination of

the extent of labeling were earried out 48 indieated elsewhere [8,16).
Fluoreseence -measurements were carried oul using & spec-

troftuorimeter Hitachi-Perkin Elmer, model 630-40, equipped with &

thermostated cell holder. C ‘

2.1, Chemicals , : -
Bovine -serum albumin,  AMP, ATP, phosphoenolpyruvate,

EGTA, FITC, phenylmethyl sulfonyt fluoride, f-mercaptoethanol, -

sephadex . G-50,  sodium. dodecy!  sulfate, glycogen, glucose
1-phosphate, NADH, NADP*, Tris (TRIZMA base), and TES were
“obtalned from Sigma. Caleimycin, pyruvate kinase, Jactate dehydros
genase; phosphoglucomutase .~ and glucose-6:phosphate

dehydrogenase were purchased from Bochringcr Mannheim, All the’

other ¢chemicals used in this study were obtained from Merck,

3. RESULTS AND DISCUSSION

. We have studied the effect of SR on the activity of
glycogen phosphorylase. Relatively high concentrations
of glycogen phosphorylase are required in order to

form the complex with SR membranes and under these’
conditions the spectrophotometric assay of the activity .

of this enzyme -becomes unsuitable, for NADP™ s
rapidly exhausted. Therefore, we have directly moni-

tored the release.of phosphate assaying the enzyme in

the direction of glycogen synthesis (see Section 2). As

shown in Fig. 1, when phosphorylase b is used the syn-

thesis of glycogen is decreased by the presence of SR
membranes in the reaction mixture, This regulatory ef-
fect of SR membranes is much lower when mieasured
with the @ form. From these results we have estimated
a value of. apparent” Kys of association between gly-
cogen phosphorylase b and SR membranes of 0.8-1.0

mg/ml in these experimental conditions. The apparent
Kp5 of the ¢ form is about 10-=fold lower. Using

ultracentrifugation (60 min at 35 000 X g) to separate
membrane-bound from free enzyme we have obtained
direct evidence. that tunder. these experimental condi-
tions at ! mg phosphorylase b-mi~! and 1 mg mem-
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" Fig. 1. Dependence of the activity af glycogen phosphoryiase upen

the concentration of SR membranes (€, @) and of lipasames of SR

lipids £ &) and af egg lecithin (&), The concentration. of SR. mem-
" branes is given in mg protein- mi” fand that of lipids inmg lipid-ml ™",

On avérage the SR membranc contained 0.6 mg lipid per mg protein,
Experimenial conditions: 10 mM TES (pH 7.4)/0.15 M KCI/10 mM
glucose-1-phosphate/ 0.45 g-17 glycogen/ | 'mM EGTA/ 0.1 mM
AMP, and 0.1 mg-mi™' of phosphorylase a (®) or b ().

Lo Temperature 25°C. o

brane proteinmi~' only about. 40% of total phos-
phorylase b is bound to the SR membrane, in good

- agrecment with the extent of inhibition produced under

these experimental conditions. From the results pres-

“ented in Fig. I, a maximum inhibition of ca. 80-90% of

the glycogen phospherylase b activity is attained in the
presenice of 4 mg SR protein: mi™!. This result isin good

~agreement with earlier findings (4,6]. Fig. 1 also shows’
- that neither liposomes made of lipids extracted from the

SR membrane, nor liposomes made of egg lecithin,
significantly inhibit the phosphorylase in identical ex-
perimental conditions. Therefore, it follows from these:
results that the regulatory effect of the SR membrane is

.. specific and not due to interaction of the phosphorylase
b with the lipid bilayer. ‘ :

‘The results shown in Fig. 2 are consistent with the
conclusions indicated above, and in addition they show
that the limiting size of glycogen particles (monitored
by the limiting scattering change) is decreased. by. the
presence of SR membranes. The Ko.s of this effect is on-:
ly slightly dependent upon the temperature from 25 to
37°C. On the other hand, this parameter is not largely

- altered when measured with the a form in the presence

of up to 1 mg SR protein-ml~}, in good agreement with
theresults shown in Fig. 1. Furthermore, we have found
no effect of erythrocyte membranes (up to 2 mg
protein: ml~') on this parameter. On the basis of the
structure of the SR membrane these results suggest a
likely interaction between phosphorylase b and the
Ca®* + Mg?*-ATPase, for this is the only protein of this
membrane that is outwardly oriented [17]. Therefore,
the possibility that this interaction alters the conforma-

‘tion of both enzymatic systems has been explored.

Upon mixing glycogen phosphorylase b with purified

SR membranes the emission of fluorescence of PLP is:
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partially quenched, see Fig. 3. The spectrak changes are
readily evident from 1-2 min after maxmg, [t can be
observed that ' the fluorescence at 535 nm, a
fluorescence characteristic of PLP bound to the active.
enzyme [18], is about 40% quenched (Panel B), and
that a band centered at about 415-420 nm is largely in- -

crcased (Panel A). This effect has also been observed in
the' presence of allosteric ligands of glycogen

phosphorylase binthe medmm such as AMP (50 xM),

Mg** (10 mM), glucosc (10 mM) or phosphatc (10 mM)
(results not shown).

Tocheck a putauue effect of glycagen phosphorylase ‘

on the conformation of the SR Ca** + Mg?*-ATPase
we have labeled SR membranes with FITC, a reagent
that has been shown to specifically label the catalytic

center of this ATPase under certain experimental condi-
tions [19,20]. Covalently bound fluorescein has been -

shown to monitor the E1/E2 equilibrium distribution

of the ATPase [21]. In particular, the E2 conformation

shows an intensity of the fluorescence of fluorescein
bound to the catalytic center about. 10—12% higher than

the E1 conformation {21]. The results obtained in the

titration of labeled SR .membranes with: glycogen
_phosphorylase b are shown in Fig. 4. These results sug-
gest that the conformation of the ATPase is altered

upon. binding of glycogen phosphorylase to the SR -

membrane,  The possibility  that the fluorescence
changes observed could be due to fluorescence energy

transfer to PLP can be discarded, for PLP emits at.
ionger wavelengths and in this case fluorescein should:

be the donor [22]. Therefore, it appears that glycogen

phosphorylase b shifts the conformational equilibrium .

of the ATPase towards: an E2-like. canformahonal

state, which is the conformation showing the highest in-

tensity of. ﬂuorescence of fluorescein. -
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Fig. 3. Pandd gAt Fluomcence emission. spoetia {excitation
wavelengil, 333 nm) of glycogen phosphorylese & in buffer (a), and

*.in the presence of SR membranes (b): .4, stands for arbitrary units.

Expecimental eondifions: glyecogen phosphorylase b ¢ancémratien

G mgdml) (bl and SR membranes concensration (@) mg pro-

eins/mb) {b) in buffer: 10 mM "I‘ris-#amu: (pH 7.0)750 mM ¢
mereaplogthanol. Temperature: 25°C. Specirim (b) was recorded at
approximately 10 min after addition of SR membranes to glvcogen

. nhosphorylasé & in buffer. Pangl B: Emistion’ specira {¢xeitation .
- wavglength 433 nm)of glycogen phasphorylase & In:the-absenee (son-

tinueus line) and in (he presence of SR membranes (0.8 mg

proteln-mi=") (doted liney, Coneentration ofgiycosenphcspharylas-:

b froin top ta botlom: 2.5, 1.9 and 0.8 mg'm!I~"'. Other experimental

conditions: 10 mM TES (pH 7.4}, 25°C. The scattering signal from

SR membranes was loaded {nto a migrosomputer and subtrazied from

the ovcran fluorescence signal obrained to vield the sp:clm shown by
doued lines.
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. Fig. 4. Dependence ' upon the concentration of ‘glycogen phos-
- phorylase b of the fluorescence of SR membranes labeled with FITC.
[(emission wavelength: §18 nm; excitation wavelength: 475 nm). Ex-

perimental conditiofis: SR {2342 ug protein/ml) in buffer 50 mM

TES (pH. 7.43), 0.1 M. KCl, 0.25 M sucrose and 2. mM, 4-

mercaptoethanol. Témperature: 20°C. The bars indicate the average

fluctuations of the fluorescence change estimated from triplicate ex-
‘ penmema] series,
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‘ Giycauen phmphorylnse b has been suggested to have
hydrophobic binding domains, on the basis of bile salt

binding and of stimulation of its activity by these com-

pounds and by organic solvents [23,24] and Centeno,
F., Fernandez-Salguiro, P. and Qutierrez-Merino, C.,
{unpublished results), and the Ca?*+Mg?*-ATPase
has been shown to be stimulated to about the same level
(i.e. about 30-40%]) by a variety of hydrophobic com-
pounds. [25-27]. Therefore, it is likely thuat glycogen
phosphorylase b is effectively interacting with this
hydrophobic binding region of the ATPase at concen-
trations close to those found in the sarcoplasm. The

negligible effect of a temperature change from 25°C to.

37°C upon the Kos of interaction between phos-
phorylase b and SR membranes clearly supports this
hypothesis.
In conclusion, this report shows that 2 of the most

relevant protein components of the SR membrane «
glycogenolytic complex (glycogen phosphorylase and

Cal* + Mg**-ATPase), interact under physicochemical
conditions that do not largely deviate from physio-
logical conditions. In addition, this interaction appears

to have clear functional relevance, because it induces an
inactive form: of the glycogen phosphorylase b, not

strongly activatable by AMP, and is controlled by phos-
phorylation of this enzyme. It is suggested that this
association canin vwo co-operate to potentiate muscle
relaxation.
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