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Summary

The accessibility of pyridoxal 5’-phosphates of the phosphorylase ab hybrid to resolution by imidazole citrate and
cysteine was studied and compared with that of the b and a forms. Promotion of resolution of phosphorylated forms by
raising the temperature or in the presence of glycogen indicates that the resistance of phosphorylase a and ab to
resolution at 0° C is due rather to their tetrameric state than their phosphorylation-related active conformation. The
pattern of resolution of the ab hybrid was similar to that of the a and differed from that of the b forms in that it occurred
at 30°C and 37°C but not at 0°C, moreover, it did not show first-order kinetics. On the other hand, inhibition of
resolution by ligands binding to the nucleotide site of phosphorylase reflected an intermediate sensitivity of the ab
form between that of the b and a forms. We conclude that partial phosphorylation of phosphorylase b elicits
conformational change(s) in both subunits which influence the monomer-monomer interactions and resolution of
pyridoxal 5’-phosphates. Resistance of gb hybrid to monomerizing agents as imidazole citrate, comparable to that of
other forms, argues for its stability, ruling out its reshuffling into mixtures of phosphorylase b and a. (Mol Cell
Biochem 110: 113-121, 1992)
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Introduction

Enzyme catalyzed interconversions of glycogen phos-
phorylase (EC 2.4.1.1) occur via a partially phosphory-
lated dimeric molecule termed phosphorylase ab or ab
hybrid consisting of phosphorylated and non-phospho-
rylated subunits [for review see 1-3]. The formation of
phosphorylase ab was demonstrated both in vitro [4, 5]
and in vivo [6-10].

Previous enzyme kinetic experiments suggested iden-

tical conformation of active sites in phosphorylated and
non-phosphorylated subunits [11] which can be attribut-
ed to homotropic and heterotropic interactions “be-
tween substrate and nucleotide binding sites. To study
conformational changes of subunits elicited by partial
phosphorylation under conditions different from those
of activity measurements {e.g., in the absence of sub-
strates), the resolution of the coenzyme pyridoxal 5’-
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Fig. 1. Isolation of phosphorylase ab from the phosphorylase kinase catalyzed reaction mixture by DEAE-Sephacel column chromatography.
1.2 ml reaction mixture containing 10 mg/ml phosphorylase b 2.6 ug/ml phosphorylase kinase, 1mM ATP, 10mM Mg-acetate, 40 mM Tris-HCl,
25 mM disodium glycerol-2-P and 25 mM 2-mercaptoethanol, pH 8.2 was incubated at 30° C until the phosphorylase activity ratio: — AMP/+ AMP
remained constantly 0.5. This corresponded to about 20% conversion of phosphorylase b when the reaction was stopped by 2.4 ml 10mM EDTA,
1mM EGTA, 5mM disodium glycerol-2-P, 25 mM 2-mercaptoethanol and the pH was adjusted to 6.8. The mixture was loaded on a DEAE-
Sephacel (Pharmacia) column (2.5 X 6.5 cm) equilibrated with 30 mM disodium glycerol-2-P, 1 mM EDTA and 10 mM 2-mercaptoethanol, pH 6.8.
After elution of phosphorylase b with 10 volumes of equilibrating buffer phosphorylase ab was eluted with 200 mM disodium glycerol-2-P, 1mM
EDTA and 10 mM 2-mercaptoethanol. Phosphorylase activity was measured without AMP (O), with 1 mM AMP (@) and with 1 mM AMP + 5 mM
caffeine ({1). Dashed line shows the concentration of disodium glycerol-2-P.

phosphate (PLP) by imidazole citrate and cysteine
seemed especially suitable. This process was reported
to depend on phosphorylation state resulting in inactive
apoenzyme monomers of phosphorylase b, but not of
phosphorylase a |12, 13]. In addition, resolution of
phosphorylase b was sensitive to a variety of allosteric
effectors which show different affinity for the b, ab and
a forms [14]. Using this method, Harris et al. [15] could
demonstrate the involvement of the N-terminal tail of
phosphorylase b in the monomer-monomer interaction.

In the present work we report that at 30°C or 37°C
not only the b, but also the ab and a forms of phosphory-
lase are inactivated with imidazole citrate and cysteine
at acomparable rate. We demonstrate an identical reac-
tivity of the subunits of the ab hybrid and also its charac-
teristic allosteric sensitivity by comparing the resolution
of the b, ab and q forms performed in the presence of
allosteric effectors.

Materials and methods

Materials

Reagents were of analytical grade. Phosphorylase b was
prepared from rabbit skeletal muscle according to
Fischer and Krebs [16]. Phosphorylase ab and a were
obtained by phosphorylation of phosphorylase b with
phosphorylase kinase and treated with Norit A as de-
scribed previously [11]. The preparation of the ab form
makes use of the finding that at the beginning of the in
vitro phosphorylase b into a conversion catalyzed by
phosphorylase kinase apparently only ab form is pro-
duced. This holds until about 20% of phosphorylase b
becomes phosphorylated. After having stopped the re-
action in this phase the b and ab forms were separated
on DEAE-Sephacel column. A typical separation pro-
cedure, shown in Fig. 1, demonstrates that phosphory-
lase b can be eluted by 30 mM disodium glycerol-2-P,
while the ab form was eluted with a solution containing
200mM disodium glycerol-2-P. The hybrid nature of



115

b ab a

~ 80
> 60H
>
o 40F a -
[0}
142}
©
>
< 2 - L. -
s .
Q.
[72]
e}
o
o 10p C In

‘F | i { | :r i | i H T i 1 I 3

10 20 10 20 10 20

Time of resolution, min

Fig. 2. Effect of various temperatures on the resolution of phosphorylase b, ab and a. 1 mg/ml phosphorylase was incubated with imidazole citrate
and cysteine at 0° C (@), 30° C () or 37° C (A) as described in methods. The probes at 0° C contained 0.4 M imidazole, 0.1 M citrate, 0.1 M cysteine
and 5 mM dithiothreitol, pH 6.5. In probes at 30° C and 37° C resolution was performed in the presence of 0.2 M imidazole, 0.05 M citrate, 0.05M
cysteine and 2.5 mM dithiothreitol, pH 6.5 after 30 min preincubation with 5 mM disodium glycerol-2-P and 5 mM 2-mercaptoethanol, pH 6.8. The
residual phosphorylase activities were determined from diluted samples (1: 40) taken at times indicated, and were plotted on a logarithmic scale as

percent of appropriate controls.

this enzyme is indicated by its allosteric sensitivity [5,
11}, in that its activity measured in the absence of AMP
is doubled in the presence of 1mM AMP plus S5SmM
caffeine, reaching nearly the activity measured in the
presence of 1lmM AMP. On the other hand, 5mM
caffeine inhibits totally the activity of phosphorylase b
measured in the presence of ImM AMP and the
— AMP/+ AMP activity ratio reaches a value of 0.95
for phosphorylase a.

Phosphorylase activity

Phosphorylase was assayed in the presence of 16 mM
glucose-1-P, 1% glycogen, 25mM disodium glyce-
rol-2-P, 12mM 2-mercaptoethanol, 0.2-0.5 mg/ml bo-
vine serum albumin at pH 6.8 and 30° C. The reaction
mixture contained also 1 mM AMP for phosphorylase b
or 5mM caffeine + 1 mM AMP when assaying phos-
phorylase ab and a [5]. The amount of inorganic phos-
phate, released from glucose-1-P, was determined ac-
cording to Taussky and Shorr [17].

Resolution of PLP from phosphorylase
The resolution of PLP by imidazole citrate and cysteine
was performed on the basis of previous observations of

Fischer et al. [12], Shaltiel et al. [13] and Harris et al.
[15]. In standard experiments 2 mg/ml phosphorylase b,
ab or a was preincubated with 1% glycogen at 30°C for
30 min in 5mM disodium glycerol-2-P, 10 mM 2-mer-
captoethanol, pH 6.8 and resolution was started by
addition of an equal volume of freshly prepared reagent
containing 0.4 M imidazole, 0.1 M citric acid, 0.1M L-
cysteine, 5mM dithiothreitol adjusted to pH 6.5 with
HCI. It was prewarmed to 30°C or 37°C immediately
before addition. Probes at 0°C contained two-fold
amount of imidazole, citrate and cysteine. From the
reaction mixtures (total volume 160 ul) samples taken
at various time intervals were diluted (1:40) with
50mM Tris-HCI, 50 mM 2-mercaptoethanol, 1mg/mi
bovine serum albumin, pH 6.8 for phosphorylase activ-
ity measurement. Inactivation reactions were run in
duplicate and the residual activities (expressed in per-
cent of unreacted sample) were plotted on a logarithmic
scale vs. time. The first-order rate constant (k) was
calculated from the half-life time of process using the
equation of ty ;= 0.693/k.

Sedimentation experiments
2mg/ml phosphorylase ab or a was incubated at 30°C
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Fig. 3. Effect of glycogen on the resolution of phosphorylase b, ab and a. 2 mg/ml phosphorylase was incubated (30° C, 30 min) without (O) or with
1% glycogen (M) in 5 mM disodium glycerol-2-P and 5 mM 2-mercapto-ethanol, pH 6.8. Resolution was performed at 30°C in the presence of
1 mg/ml phosphorylase, 0.5% glycogen, 0.2 M imidazole, 0.05M citrate, 0.05 M cysteine, 2.5 mM dithiothreitol, pH 6.5 as described in the legend

of Fig. 2. For details see methods.

for 30 min in 5 mM disodium glycerol-2-P, 5 mM 2-mer-
captoethanol, pH 6.8. After a second incubation (1 mg/
ml phosphorylase ab or g, 0.2M imidazole, 0.05M ci-
trate, pH 6.5, 30°C, 30min) this mixture was centri-
fuged at 30°C. Sedimentation coefficients were deter-
mined in a MOM 3180 analytical ultracentrifuge (Bu-
dapest, Hungary) at a speed of 50,000 rpm. Movement
of boundaries was calculated from microcomparator
measurements of the Schlieren diagrams.

Results

The role of quaternary structure in the inactivation of
phosphorylase b, ab and a by imidazole citrate
and cysteine

Figure 2 shows the inactivation patterns of phosphory-
lase b, ab and q at various temperatures in the presence
of imidazole citrate and cysteine. At 0°C the inactiva-
tion of phosphorylase b shows an apparent first-order
kinetics with a rate constant of 0.13 X 1072 s~!. The
reactivities of ab and g forms are negligible at 0°C
yielding rate constants of 9.6 X 10~° s™! and 7 x 107°
s~1, respectively. However, a rise in the temperature to
30°C or 37°C accelerates not only the inactivation of
phosphorylase b (kyrc= 0.36 1072 57! and kypc=
1.15 X 1072 s71), but also a temperature dependent in-

activation of the ab and a forms can be observed. Their
initial reaction rates are commensurable with that of
phosphorylase b but they do not show first-order kinet-
ics. The propensity of the ab form to inactivate at 30°C
seems to be intermediate between those of the b and a
forms and it fails to show two different reactivities
which would characterize the dephospho and phospho-
rylated subunits. The temperature-dependence and ki-
netics of its inactivation resembles rather those of the 4
form. Our results can be interpreted that tetramer for-
mation characteristic of the phosphorylated forms at
low temperature [4] counteracts the resolution but a
shift to dimers occurring at 30° C or 37° C[18, 19] allows
their monomerization and resolution. In accord with
this, phosphorylase b is predominantly dimer even at
0°C under conditions used for inactivation (without
AMP and below the concentrations of 4-5 mg/ml) [13,
20]. Since a considerable amount of the phosphorylated
forms can be tetrameric even at higher temperatures
used, depending on the conditions [21], the inactivation
was studied in the presence of well-known dimerizing
agents as glycogen and glucose. Figure 3 shows that
preincubation with 1% glycogen at 30°C essentially
does not affect the inactivation of phosphorylase b but
increases the rate of inactivation of the ab and a forms.

The effect of glucose and glycogen on the inactivation
of phosphorylase a is compared in Fig. 4. Though prein-
cubation with 50mM glucose at 30°C induces a com-



plete dimerization of phosphorylase a [19], after such a
preincubation 25 mM glucose seems to inhibit slightly
the resolution as compared to the control reaction. In
addition, the resolution of phosphorylase a preincubat-
ed with glycogen is also inhibited by 25mM glucose
resulting in nearly the same inactivation rates in the
presence or absence of 0.5% glycogen.

Ligand effects on the resolution of
various phosphorylase forms

Considering the different affinities of the b, ab and a
forms for various ligands, we tested their effect on the
resolution in the concentrations they proved efficient in
activity measurements [11]. Experiments were always
performed in the presence of 0.5% glycogen to obtain
optimal conditions for inactivation.

Figure 5 shows the effect of various AMP concentra-
tions on the inactivation process. Phosphorylase b can
be protected only slightly by 1 mM AMP, while even
10~*M AMP exerts partial protection for the ab form
and fully suppresses the inactivation of phosphorylase
a. For quantitative evaluation the protective effects
were expressed in relative efficiency values. In case of
phosphorylase b and ab these values were calculated as
the ratios of reaction rate constants in the absence and
presence of ligands (Table 1). Rate constants for the ab
hybrid were determined from the apparently linear part
of inactivation. For phosphorylase g, the ratios of inac-
tivation percents without and with ligands were given
after Smin inactivation, since comparable rate con-
stants could not be determined. Table 1 also shows the
sensitivities of various forms to IMP, glucose-6-P, caf-
feine and glucose, based on similar measurements pre-
sented in Fig. 5.

Among the ligands tested, AMP distinguished the b,
ab and a forms at a concentration of 10™M, giving
relative efficiencies of 1.05, 2.78 and 11.50, respec-
tively. Similar differences were found under the protec-
tive effect of 5 X 107*M IMP. Glucose-6-P proved to be
effective only at 5 x 107*M, exerting the highest pro-
tective effect on phosphorylase b. Phosphorylase a was
insensitive to glucose-6-P, just as in activity measure-
ments. Finally, caffeine and glucose hardly distinguish-
ed between the b and ab forms, and exerted the smallest
protection for the a form.
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Fig. 4. Effect of glucose on the resolution of phosphorylase a in the
absence and presence of glycogen. 2mg/ml phosphorylase a was
preincubated (30°C, 30min) in 5mM disodium glycerol-2-P and
5 mM 2-mercaptoethanol without additions (O}, with 50 mM glucose
(A), with 1% glycogen (@), or with 1% glycogen + 50 mM glucose
(A). Preincubated enzymes were diluted with an equal volume of
reagent to obtain 0.2M imidazole, 0.05M citrate, 0.05M cysteine,
2.5mM dithiothreitol, pH 6.5. Resolution was measured at 30°C as
described in methods.

Dissociation of phosphorylase ab and a in the presence
of imidazole citrate as determined by sedimentation

Relationship between resolution and monomerization
was previously established only for phosphorylase b
[13, 14]. To ascertain that imidazole citrate dissociates
the ab and a forms into monomers like the b form,
sedimentation experiments were carried out in the ab-
sence of cysteine (Fig. 6). On the basis of S,,, values
phosphorylase g and ab partly yielded monomers in the
presence of 0.2 M imidazole, 0.05 M citrate and 0.05M
2-mercaptoethanol, supporting the occurrence and pu-
tative role of monomerization during resolution of ab
and a forms, too. Interestingly, both ab and a forms
showed a second peak of 13-14S, corresponding to their
tetramer forms. Such a phenomenon was previously
observed by Helmreich et al. [19] and was attributed to
the high ionic strength. It was found to occur even in the
presence of 0.15-0.2 M glucose [22]. However, preincu-
bation with caffeine counteracted this tetramer forma-
tion and prevented monomerization, too (not docu-
mented).
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Fig. 5. Effect of AMP on the resolution of various phosphorylase forms. After preincubation with 1% glycogen (30°C, 30 min) the phosphorylase
solutions (2 mg/ml) were diluted with an equal volume of reagent yielding 0.2 M imidazole, 0.05 M citrate, 0.05M cysteine, 2.5 mM dithiothreitol,
pH 6.5 and the following AMP concentrations: none (@), 10~ M (O), 107*M (O) or 10*M (A). Resolution was measured at 30° C as described in

methods.

Determination of the rate-limiting step
in the resolution of phosphorylase ab

For phosphorylase b a rate-limiting monomerization
and a fast reaction with cysteine was previously report-
ed [14, 15]. To determine the rate-limiting step in the
resolution of phosphorylase ab, the composition of
phosphorylase obtained after about 50% inactivation of
phosphorylase ab was analyzed. In case of a rate-limit-
ing reaction of PLP with cysteine reassociated b and a
dimers are expected in addition to the unreacted ab
dimers in te diluted reaction mixture. On the other
hand, a very slow reaction of phosphorylated mono-
mers with cysteine would result in reassociated phos-
phorylase a besides the unreacted ab form.

Analysis of the partially reacted phosphorylase ab by
DEAE-Sephacel chromatography (Fig. 7) shows essen-
tially no phosphorylase b activity eluted by 30 mM dis-
odium glycerol-2-P. Moreover, the enzyme species
eluted by 200mM disodium glycerol-2-P retained the
allosteric sensitivity characteristic of the ab form shown
in Fig. 1. These findings argue for the rate-limiting role
of conformational changes preceding the removal of
PLP by cysteine and exclude the reassociation into b or
a dimers and a two-phase reaction of phosphorylated

Table 1. Ligand effects on the resolution of various phosphorylase
forms. Relative efficiencies were calculated from the rate of inactiva-
tion by 0.2M imidazole, 0.05 M citrate and 0.05 M cysteine at 30°C
and pH 6.5 in the absence and presence of various ligands as ky/Kyyana
for phosphorylase b and ab or vy/Vy,g for phosphorylase a. Rate
constants for inactivation of phosphorylase b and ab and the rate of
inactivation of phosphorylase a were determined as demonstrated in
Fig. 4. Inactivation was measured as described in methods. Data
represent the average of 3 independent determinations, S.D. values
were within & 10% of average.

Ligand Phosphorylase
b ab a

relative efficiency

kG/ kligand VO"{ V!igand
AMP 10°M 1.0 1.30 1.53
107'M 1.05 2.78 11.50
107°M 1.79 31.0 oo
IMP 1x 107*M 1.0 1.20 1.14
5% 107*M 1.10 177 3.70
Glucose-6-P Ix 107°M 1.10 1.30 1.0
5x 107°M 574 3.85 1.0
Caffeine 1x 10*M 1.95 2.04 1.23
5% 107*M 9.20 12.30 2.35
Glucose 25x 107*M 6.5 7.4 3.0




and non-phosphorylated monomers during the resolu-
tion.

Discussion

In characterizing the ligand- and phosphorylation-in-
duced conformational changes of skeletal muscle phos-
phorylase X-ray crystallography became especially
powerful [23-27]. However, such investigations have
not been performed on partially phosphorylated phos-
phorylase till now. Though cross-linking with bifunc-
tional reagents proved useful in characterizing the
movements along monomer and dimer contact surfaces
elicited by partial phosphorylation [21], the participa-
tion of the two different subunits of the ab hybrid in
conformational changes remained unclear. Besides the
theoretical interest [3], asymmetry in the primary struc-
ture of ab hybrid might be a factor leading to destabil-
ization of the dimeric enzyme as in the case of the
phosphorylase hybrid consisting of heart and skeletal
muscle type subunits {28].

To test the conformation of subunits in phosphory-
lase ab without multiple interactions, which might com-
pensate for the structural asymmetry in activity mea-
surements [11], we studied the accessibility of PLP to
resolution. To our surprise, the negligible reactivity
characterizing the phosphorylated forms at 0°C in-
creased at 30°C or 37°C (Fig. 2), suggesting that the
resistance of these forms in the absence of ligands at
0°C is due to a conformation related rather to their
tetrameric state than to their phosphorylation.

Comparing the resolution of the ab hybrid to that of
the b and a forms it resembled that of the a and differed
from that of the b, occurring in a temperature-depend-
ent way and showing non-first-order kinetics. The lack
of two different reactivities characteristic of the b and a
forms (Fig. 2) suggests an identical conformation of
dephospho and phosphorylated subunits in dimeric ab
hybrid. The inactivation in the presence of ligands re-
flects a uniform behaviour of the ab hybrid, too (Fig. 5).

Role of monomer-monomer interactions
and the conformation of PLP region in the resolution

Since monomerization of phosphorylase seems to be a
prerequisite for removal of PLP by aldehyde reagents
the intersubunit interactions can influence the accessi-
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Fig. 6. Sedimentation pattern of phosphorylase ab and a in the presen-
ce of imidazole citrate. 2 mg/ml phosphorylase was incubated with
5 mM disodium glycerol-2-P and 5 mM 2-mercaptoethanol (pH 6.8) at
30°C, 30 min. After a second incubation (1 mg/ml phosphorylase ab
or ¢ in the presence of 0.2M imidazole, 0.05M citrate and 0.05M
2-mercaptoethanol, 30°C, 30 min) samples were centrifuged (30°C,
50,000rpm) as described in section methods. Pictures were taken
17 min after reaching maximum speed. Panel I: phosphorylase ab;
panel II: phosphorylase a. The s, ,, values are indicated on the pictu-
re.

bility of PL.P. Because of participation of Ser-14-phos-
phate(s) in the intersubunit interactions [23] different
resistance of the b, ab and a forms can be expected in
the absence of ligands. Indeed, the reactivity of the ab
form proved to be intermediate between that of the b
and a forms (Figs. 2, 3}. The involvement of nucleotide
site in the monomer-monomer contact [24, 25] can ex-
plain the protective effect of AMP, IMP and glu-
cose-6-P, reflecting the sensitivities of the b, ab and a
forms to those ligands (Table 1), which has been also
found characteristic in activity measurements [11, 29].
The protective effect of glucose and caffeine can be
related to their effect on the conformation of the PLP
region. The proximity of the catalytic site to the PLP
[30] makes possible direct interaction of glycosyl sub-
strates with PLP [31], however, the binding of glucose
does not affect the monomer contacts [21]. Similarities
in the protective effect of glucose and caffeine (Table
1), moreover their common functional properties, de-
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Fig. 7. Rechromatography of unreacted phosphorylase ab after imidazole citrate and cysteine treatment. 0.2 mg phosphorylase ab was treated with
imidazole citrate and cysteine in 0.2 ml volume as described in methods until about 50% inactivation occurred. Then the reaction mixture was
diluted with 20 volumes of 15 mM disodium glycerol-2-P, 0.5 mM EDTA, 25 mM 2-mercaptoethanol, 0.1 mg/ml bovine serum albumin pH 6.8 and
loaded on a4 ml DEAE-Sephacel column. For elution of phosphorylase b the column was washed with 10 volumes of 30 mM disodium glycerol-2-P,
1mM EDTA and 10 mM 2-mercaptoethanol, pH 6.8, then the concentration of disodium giycerol-2-P was raised to 200 mM. 2 ml fractions were
collected. Phosphorylase activity was measured without AMP (O), with 1mM AMP (@) and with 1 mM AMP + 5mM caffeine ([).

pending on the presence of PLP or its analogs [32, 33]
suggest their similar conformational effects on the PLP
region. The role of conformation of PLP region in the
resolution reaction is further supported by the ster-
eospecific effect of L-cysteine in removing the PLP [34].
Finally, there is a discrepancy between the easy forma-
tion of monomers from the phosphorylated forms in the
presence of imidazole citrate and the poor reactivity
with cysteine as compared to that of the b form (unpub-
lished observations). Since during the resolution of PLP
a ternary complex of apoenzyme-PLP-L-cysteine has
been proposed [14, 34], it is reasonable to take into
account also the conformation of PLP region during
formation of such a complex. The absence of a dimers in
the reaction mixture containing partially resolved phos-
phorylase ab (Fig. 7) suggests the participation of PLP
regions in dimeric enzymes. In accordance with this a
reversible binding of L-cysteine to dimeric phosphory-
lase was also demonstrated [34].

These considerations clearly indicate that the reac-
tion of PLP by cysteine under our experimental condi-
tions is more complex than a passive removal of ex-

posed PLP’s from preformed monomers. The participa-
tion of contact areas and PLP regions in the resolution
may be variable in the presence of ligands. Considering
the resolution of various phosphorylase forms in the
uniiganded and liganded state we can affirm a compara-
ble stability of the ab hybrid to that of the other forms
since a preferential monomerization tendency acceler-
ating its resolution has not been observed.
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