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Abatract

The reaction of rabbit skeletal muscle phosphorylase
b with a three~fold molar excess of o-iodosobenzoate leads
to aggregation of the enzyme, and a 95% loss of enzyme
activity, OJubstrates and AM!I have little or no effect
on the reaction of phosphorylase b with o-iodosobenzoate,
Dithiothreitol restores the activity of o-iodosobenzoate-
inactivated phosphorylase b to 32¢ of the control activity,
and causes re-formation of the dimeric structure which is
characterigtic of the native enzyme, These results are
consistent with the idea that phosphorylase b activity
may be regulated in vivo by the oxidation of enzyme -SH
groups to disulfides,

Treatment of ovidigzed phosphorylase b with 35SO-;
resaults in S-sulfonation of an average of 1.4 -SH groups
per molecule of phosphorylase b dimer. The 5-sulfonated
enzgyme has an average of 1,6 fewer -SH groups available
for rapid reaction with icdoacetamide than native phos-
phorylase b.

Fhosphorylase b that has 3,0 to 3,2 rapidly reacting
-3H groups alkylated, by reaction with iodoacetamide,
retainas 73%-85% of its activity after reaction with o-iodoso-
benzoate,

1t is concluded that those -SH groups of phosphorylase
b that react rapidly with iodoacetamide can be oxidized by

o-iodosobengoate, and subsequently sulfonated by reaction

ix



with sulfite,

S-Sulfonated phosphorylase b has 59-68% of the control
activity, and sediments primarily as a dimer in the ultra-
centrifuge., The 3-sulfonated enzyme shows a hyperbolic
activity response to AMP, and a decreased affinity for
AMI'; these effects are completely reversed by dithiothreitol.

Since modification of the same -SH groups of phos-
phorylase b by different reagents causes diverse effects
on enzyme activity, it is suggested that these effects

are due to changes in enzyme conformation,
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Introduction

Glycogen phosphorylase (E.C.2.4.1.1) catalyses the
following reaction:

Glycogen(, slucose units) * ri=Glycogen(n._3 glucose units)(1)
Glucose-l-phosphate

Although the enzyme has been isolated from numerous plant

and animal tissues, much of the recent work has been carried

out on rabbit skeletal muscle phosphorylase (1),

It is known from the work of Cori et., al. (2) that
rabbit skeletal muscle phosphorylase exists in two forms:
phosphorylase a, a tetramer, which is active in the absence
of AMP, and phosphorylase b, a dimer, which is active only
in the presence of AMP, Recent investigations have in-
dicated that phosphorylases b and a have subunit siszes of
100,000, and molecular weights of 200,000, and 402,000
respectively (3),

Krebs and Fischer (4) have shown that phosphorylase b
can be converted to phosphorylase a in a reaction that is
catalyzed by phosphorylase kinase, and requires Mg-ATPF,

The conversion of phosphorylase b to a involves the
phosphorylation of one seryl residue per subunit, De-
phosphorylation of the seryl residues of phosphorylase a,
through the action of phosphorylase phosphatase, results in
the formation of phosphorylase b (5),

Glycogen phosphorylase is a complex regulatory enzyme
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containing numercus sites that are involved either in
determining or controlling the activity of the ensyme (6).

All known phosphorylases contain one mole of PLP
per mole of enzyme subunit (6), It is known that in
phosphorylase b, PLP is linked, by meana of ita carbonyl
group, to an € -amino group of a lyayl residue (7). Spectral
studies of Schiff base derivatives of PLP in nonaqueous
solvents have led to the proposal that, at neutral pH,

PLP im phosphorylase b is in a hydrophobic environment,
and is bound to the enzyme through a hydrogen-bonded
5chiff base structure (£,9), More recently, in agreement
with earlier proposals (7), Honikel and Madsen (10) have
concluded that PLP is covalently bound to two groupa on
phosphorylase b, in the form of a carbinolamins-like
structure,

Regardless of the nature of PLP bonding in native
phoaphorylase b, it is known that under appropriate con-
ditions the coengyme can be bound to the enzyme as a Schiff
base (11). Reduction of this Schiff base with sodium
borohydride leads to an enzyms which has about 60% of the
activity of the native enzyme. These studies indicated that
the carbonyl function of the cofactor could not serve aa a
catalytic group (12).

Thus, the function of PLP in phoaphorylase is different
from ite function in other PLP-containing ensymes (6).

Nevertheless, I'LPF is indispensable for the catalytic activity
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of phosphorylase b, and its removal from the enzyme, by
denaturing or deforming agenta, causea dissociation of the
enzyme into inactive monomers (6),

In addition to the PLP site, each subunit of phosphorylase
b contains binding sites for the substrates, glucose-1l-
phosphate, Py and glycogen, as well as a binding site for
the modifier, AMP (1),

Kinetic studies have indicated that AMP activates
phosphoryliase U by increasing the affinity of the ensyme for
ite substrates, glycogen, glucose-l-phosphate, and Py (13),.
Furthermore, the binding of each substrate causes an in-
creased affinity of the enzyme for the activator, AMP. Thua,
there is heterotropic cooperativitiy between each substrate
binding site and the AMP site, In addition, there is
heterotroplc cooperativity between the unlike binding sites
for different substrates (14). Whereas heterotropic cooper-
activity is readily observed, homotropic cooperativity (the
ability of a eubstrate to cause an increase in affinity for
iteelf) is more difficult to demonstrate (14),

Extensive studies have been carried out on glycogen
phosphorylase in an effort to understand how the enzyme
mediates the cooperative effects described above, and in
order to determine which sites on the enzyme are involved.
Chemical modification of amino acid side chaine of
phosphorylase have indicated that lysyl and sulfhydryl

residues play a role in determining the structure and
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function of the ensyme (14).
Wang and Tu (15) modified phosphorylase b with
glutaraldehyde and obtained sncyme derivativeas containing
7 to 11 modified amino groupes. Kinetic studies of these
derivatives indicated that the homotropic cooperativity of
AMP sites was abolished, and there was a decrease in the
maximum velocity of the enzyme. Purther studies indicated
that homotropio cooperativity of glucose-l-phosphate sites
was also abolished in the glutaraldehyde-modified enzyme,
but no effect on heterotropic cooperativity was observed (16).
Fasold et al. (17) completely inactivated phosphorylase b
with dinitrofluorobenzene at pHi 6.5, and found that one lysyl
residue per monomer was dinitrophenylated. Binding studies
on the modified enzyme indicated that the diascciation constant,
Kjige fOr AMP was 0,01M as compared with 5 X 1072 M for native
phosphorylase b, The affinity of the dinitrophenylated enzyme
for glucose-l-phosphate and glycogen was the same as that of
the native engyme,
It has been shown recently that native phosphorylase b,
which containa one mole of PLP per subunit, can incorporate
one additional mole of PLP per mole of subunit (18)., Reduction
of PLP-phosphorylase b with scdium borohydride yields a atable
derivative which exhibits fluorescence spectra characteriatic
of a pyridoxamine derivative, Kinetic studiea of this
modified enzyme indicate that homotropic interactions be-

tween AMP sites are abolished, and the homotropic cooperactivity



-Se
of aubstrate sites is altered (19),

The -SH groups of phosphorylase were first studied by
Madsen and Cori (20-22). These investigators showed that
the reaction of 13-14 -SH groups of phosphorylase g with
the mercurial, PMB, led to complete inactivation of
phosphorylase a, and dissociation of the phosphorylase a
tetramer into monomers., Comparable results were obtained
with phoaphorylase b,

Battell et al. (23) studied the reactivity of the -SH
groups of phosphorylase b with a variety of -5H reagents,
both in the presence and absence of denaturing agents. This
study indicated that the number of titratable -SH groups
varied with different -SH reagents. Moreover, -SH titrations
with the same reagent gave different results in the presence
of different denaturing agentas. Cyesteic acid determinations
on performic acid-oxidised phosphorylase b showed that each
phosphorylase b monomer contains 9 -3H groups.

Analysis of the peptide mixture obtained after reaction
of phosphorylase b with radioactive iodoacetamide and pepsin
digestion, indicated that only 9 unique cysteine-containing
peptide sequences are present per mole of phosphorylase b
monomer {24). Since there are 9 -SH groups per subunit of
phosphorylase b, these results support the view that the
subunits are identioal.

The reaction of phosphorylase b with 0.01 M jodoacetamide

leads to almost complete inactivation of the enszyme (23).
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Extensive studies of this reaction have indicated that 2
to 3 -SH groups per dimer cf phosphorylase b are rapidly
alkylated with no loss in ensyme activity, while the slower
alkylation of an additional 4 -5H groups per dimer leads to
almost complete loss of activity and monomerization (25-27).

It has been shown that the slowly reacting -SH groups
belong to two unique amino acid segquences of phosphorylase b,
which have been designated as peptide N and peptide A (25).
Furthermore, the rate of alkylation of peptide N could be
correlated with the loss of enzyme activity and dissociation
of phosphorylase b dimer into monomers (26). These results
suggeat that the alkylation of only one -5SH group per moncmer
of phosphorylase b is responsible for the loss of activity,
and dissociation of the enzyme into monomers (26).

Further studies on the 2 to 3 -5H groups which are
rapidly alkylated vy iodcacetamide have indicated that these
-SH groups belong to two unique amino acid sequences of
phosphorylase b, designated as peptides Bq and B, (27).
Alkylation of these -5l groups with iodoacetamide does not
lead to losa of enzyme activity (27), and apparently does
not change the allosteric response of phosphorylase b to
AMP, ATP, or glucose -1- phosphate (25),

Gold (28) has shown that chlorodinitrobenzene or
fluorodinitrobvenzene react rapidly with 4 -SH groups of
phoaphorylase b dimer, Kinetic studies have indicated
that the major effect of dinitrophenylation on phosphorylase b
is to decrease the affinity of the enzyme for AMP and



I
glucose~-l-phosphate, Isolation of the radiocactive
dinitrophenyl peptides, after enzrymatic digestion of
dinitrophenylated phosphorylase b, has led Gold (28) to
conclude that those -SH groups of phosphorylase b which
react with chlorodinitrobenzene are the same as thoae which
react rapidly with iodoacetamide (29), The exact number of
rapidly reacting -5SH groups that react with iodoacetamide
or chlorodinitrobenzene varies with different ensyme
preparationa, and with the age of a particular enzyme
preparation (27, 29).

Kastenschmidt et al. (30) have reacted phoephorylase b
with I'TNB, a reagent that forms mixed disulfides with -5H
groups, These investigators isolated a phosphorylase b
dimer which contained up to 3.2 modified -SH groups. Kinetic
studies on this modified enzgyme indicated that the maximum
velocity of the enzyme was unchanged, but the homotropic
cooperativity of AMP sites was abolished, It is not clear
whether DTNB reacts with the same rapidly reacting -SH groups
of phosphorylase b that react with lodoacetamide (14),
Alkylation of the rapidly reacting -S5SH groups with iocdoacetamide
does not lead to the changes in kinetic properties that occur
when the engyme is reacted with DINB or chlorodinitrobenzene
(25)., It hae been suggested that these kinetic differences
may be due to the different nature of the substituting
groups (29),

Although the relationship between the rapidly reacting
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-SH groups of phosphorylase b and allosteric control of
engyme activity 1s not yet known, their reactivity with
various reagents indicates that they are fully exposed on
the enzyme surface (23)., It has been suggested that these
=-3H groups may form intramclecular or intermolecular disulfide
bonds in vivo, and may have an affect on the regulation of
enzyme activity (23, 25). In support of this hypothesis
ies the finding that aggregates of phosphorylase b, which
dissociate upon addition of excess mercaptoethanol, are
sometimes seen in the ultracentrifuge (20).

In summary, of the 18 -3H groupe present per molecule
of phosphorylase b dimer, 3 to 4 react rapidly with various
reagents and may have a regulatory function, while 4
additional -5H groups react more slowly with iodoacetamide,
As indicated previously, the rate of alkylation of the
glowly-reacting ~UH groups of peptide N has been correlated
with the rate of enezyme inactivation and the rate at which
the enzyme dissociates into monomers (26). The role of the
other two slowly reacting -SH groups of peptide A in the
structure and function of phosphorylase b is not known (26),
In addition, there are approximately 10 other -SH groups per
molecule of phosphorylase b dimer which do not readily react
with various -SH reagents unleass the ensyme is denatured (23).
The function of these -3H groupa of phosphorylase b is also
unknown, A need for clarification of the role of =-5H groups

in the structure and function of phoaphorylase b is, therefore,
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apparent.,

The general purpose of the following study was to
selectively modify particular -SH groups of phosphorylase b
and to correlate the modification of these -3SH groups with
possible changes in the structure and/or activity of the
enzyme,

The best kind of modifying agent appeared to be a mild
oxidiging agent which c¢ould oxidize -SH groups of phoe-
phorylase b to disulfide groups. Reasons for such a choice
included the following: 1) The formation of disulfide bonds
in proteins requires proper spatial orientation of the re-
acting -SH groups (31), so that a limited number of -5H
groupa would be expected to react in native phosphorylase b,
2) 1t has been suggested that the rapidly reacting =-SH
groups of phosphorylase b may have a regulatory role dependent
on the formation of intermolecular or intramolecular disulfide
bonds (23, 25).

The oxidation of thiols to disulfides proceeds according
to the following general equation:

2 RSH + X = RGBSR + XHo (2)
where, X, is a hydrogen or electron acceptor (32), Oxidants
employed in this reaction have included metal ions, in the
presence, or absence of oxygen, iodine, tetrathionate and
o-iodosobenzoic meid (32),

The air oxidation of thiols to disulfidee proceeds

rapidly in the presence of basic catalystas (33)., The
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following coursee of base-catalyged thiol oxidation can
be visualized (33):

RSH + R'0™ = RS~ + R'OH (R* = H or alkyl) (3)
The thiolate ion reacts with O, via an alectron tranafer
mechanism to give thiyl radical and peroxide ion.

RS~ 4+ -0p+ - RS. + 02~ (8)
Dimerigation of the thiyl radicals leads to the dieulfide.

2 RS+ —» RSSR (5)
The peroxide ion formed in equation 4 can also oxidize the
thiol as indicated below.

RSH + +0p” —+ RS. 4+  HO," (6)
RSH + HO,  -—» RS- + HOT + -OH (7
¥allace et al. (34) investigated the base-catalysed oxidation

of a large number of thiols of different structure and
acidity. These studiea indicated that aliphatic thiols are
oxidiged to disulfides more readily than aromatic thiols,

The oxidation of cysteinyl residues in proteins some-
times leads to oxidation producte other than disulfide;
such oxidation products are not usually identified (35),
Studies on the oxidation of model compounds provide
information regarding the kind of products that might
result when cysteinyl residues in proteins are oxidized,.

Two pathways for the oxidation of disulfides by S-S
fission are possible in hydroxylic solvents (36):
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R*SO0+SR ==y R+*S50:SOR —p» R505+S0R —p- R-SOQ-SOZ-R

A/ . 7

RSO, SR

2 R-30H —» 2 RSO0pH —a 2 RSOLH
In pathway A, complete oxidation precedes hydrolytic fission
of the disulfide bond. In pathway B, disulfide fission
precedes oxidation,

Cyatine S-monoxide (Cy.S50.3-Cy) can be obtained by
oxidising cystine (Cy-S5:5:Cy) with performic acid in dilute
sulfuric acid at 09C, Aqueous solutions of cystine S-monoxide
are generally unstable; the eventual products of hydrolysis
at ordinary temperatures are cystine and alanine-3-sulfinic
acid (36),

3 Cy-50-53.Cy + H,0 ~—b 2 Cy.30,-H + 2 Cy+S5.5-Cy
Cystine S-monoxide reacts with organic mercurials at
pH 3-7 giving the mercaptide and alanine-3-sulfinic acid (37).
Thicls react readily with cystine S-monoxide at pH 3-6 to
yield cystine (36), Cystine S-monoxide is known to react
with sulfite over a wide range of pH (2-9) to give the
3-sulfonate (37),

Cy-50+5.Cy + 2 H503" —— 2 Cy-8503~ + Hy0

At pH 0-1 cystine S-monoxide disproportionates to

form cystine dioxide (Cy-505+S:Cy) and cystine (38),
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2 Cy+50+5+Cy — Cy+S0,5+5:Cy + Cy+S+5:Cy
Cystine dioxide can also be split by sulfite to yield
cysteine S-Sulfonate and alanine-3-sulfinic acid (36).
Cy+50,+5+Cy + 503" =% Cy:5:5037 + Cy-50,"
While oxidation of disulfides can lead to a variety
of produots, the reduction of a disulfide yields the
corresponding thiol, This reaction appears to involve
a two-atep ionic displacement (39),
Rj-SH + Rp-5-8-R, e R1-5-5-R; + R,-SH (3)
Ry-5-S-R, + R;-SH = R3-5-S-Ry; + RoSH (4)
In addition, disulfides can be split by nucleophiles
auch as CN~ or 3032' (40). The reaction of a disulfide
with sulfite is reversible and proceeds as followa (40):
R-8-S-R + S0z = R-5" + R-5-503~ (5)
Although in this reaction only half of the original
disulfide is converted to the S-sulfonate, R-5-503 , the
addition of an appropriate oxidizing agent causes oxidation
of the product thiol in equation 4, so that under these
conditions all the disulfide can be conwverted to the
S-eulfonate, according to the following equations:
R-5-S-R + 2 504 = 2 R-8-503" + 2e (&)
26 + oxidant = reductant (7
This two-step reaction, employing sulfite and an oxidant,
has been termed "oxidative sulfitolysis" by Leach and Swan (41),.
These investigators have studied the oxidative sulfitolysis
of cystine, insulin, and keratins (41, 42)., Oxidative
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sulfitolysis of cystine has been shown to proceed readily

with Cu2+, or In2+

in the presence of atmospheric oxygen (41),
The oxidative sulfitolysis of insulin ia effectively

catalyzed by Cuc* in the presence or absence of atmospheric
oxyren (42),

Sulfitolyelia has been recently used for the complete
Se-sulfonation of cysteine residues in rabbit muscle aldolase (43).
The S-sulfonated aldolase is inactive, but can be completely
reactivated with mercaptoethanol,

In the following study, the first group of experimente
ia concermed with the inactivation of phosphorylase b in the
presence of Mn°*, sulfite, and atmospheric oxygen. The second
set of experiments deals with the inactivation of phos-
phorylase b by Cu*,

The third group of experiments ias concerned with the
reaction of phosphorylase b with o-iodosobenzoate. Evidence
is presented which suggestas that this reagent inactivates
phoaphorylase b by oxidizing those -5H groups that react

rapidly with 1odoacetamide,
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Materials and Methods
The sodium-f-glycerophosphate (Calbiochem) used for the
preparation of buffer asolutions which did not contain EDTA
was freed of trace metal ions, For this purpose, sodium- -
glycerophosphate (200g.) was dissolved in a final volume
of 300ml. of water, and stirred with a slurry (10-15 ml.)
of Dowex S50W-X8, in the sodium form, for 10 minutes, After
filtration, the sodium-f-glycerophosphate was crystallized
from 33% ethanol-water,

Oyster glycogen (Calbiochem) was purified according to
the method of Somogyi (44),

o-lodosobenzoic acid (Mann) was purified as described
by Chinard and Hellerman (45), Stock solutions of o-
iodosobenzoate (0.1 M) were prepared in 0.1 M NaOH,

35S-Lebeled sodium sulfite (lot 659-152), which had
an initial specific activity of 27 mC/mmole, and 1—140-1odo-
acetamide (lot 252-152), with a specific activity of 3.1
mC/mmole, were purchased from New England Nuclear Corp.
1-14C-Labeled iodoacetamide was dissolved in hot water,
and crystalliged with an excess of non-radicactive iocdo-
acetamide (Calbiochem), which had previously been re-
crystallized from water,

Imidagole (Baker Chemical Co.) was recrystalliged from
ethyl acetate, Glucose-l-phosphate, dipotassium salt, AMP,
DTNB, and bovine serum albumin were A grade, and were
obtained from Calbiochem, All other chemicals were of the

highest grade commercially available.



=15-

Phosphorylase b was prepared from frogzen rabbit
skeletal muscle (Pel-Freezr Biologicals, Inc.,) by the
method of Fischer and Krebs (46) as modified by DeLange
et al, (47), except that 0.005 M dithiothreitol replaced
mercaptoetnanol., The enzyme was recrystallized three
times after preparation, and weekly thereafter as de-
scribed by Gold (29),.
Removal of AMP from Phoaphorylase b,

In order to remove AMP, Mg<*, and dithiothreitol,
enzyme crystals were centrifuged out of suspension,
dissolved in the appropriate buffer, and passed through
Sephadex G-25% (.9 x 23 om,) equilibrated with the same
buffer, For experimenta in which phosphorylase was to be
inactivated with Mn2* and sulfite, the buffer was 0,05 M
sodium-p-glycerophosphate (pH 6.7), equilibrated with
nitrogen (Matheson, prepurified). A buffer consisting of
0.03 M imidazole-HCL-1 x 107> M EDTA (pH 7.2) was used for
studies dealing with Cuc* inactivation of phosphorylase b,
¥hen phosphorylase b was oxidiged with o-iodosobenzoate,
the buffer was 0,05 M sodium barbital-0,001 M EI'TA (pH 8,0),

Determination of Protein Concentration.

The protein concentration of samplee of phosphorylase b
or S-sulfonated phosphorylase b was determined, after
dilution with water, from the absorbance at 280nm. Protein

concentrations were calculated using the extinction coefficient,
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EI% = 13,1 at 280nm (3),

Fhosphorylase b Assays,

Routine asesays of enzyme activity were carried out
according to the eero order method of Hedrick and Fischer
(48), The buffer used for dilution of engyme samples
congisted of 0.1 M maleate-0,002 M EDTA- 1lmg,/ml, BSA
(pH 6.5). The substrate solution consisted of 0,15M
glucose-1-phoaphate, 24 glycogen, 0,002 M AMP, and 0,1 M
maleate (pH 6.5). The enzyme assay was initiated by
pipetting 0,2 ml, of substrate solution, at 30°C,, into
a large test tube containing 0,2 ml, of enzyme solution
at 30°C, The enzyme reaction was stopped after 5 minutes
by addition of 8,0 ml, of .,064 N sulfuric acid, Inorganic
phesphate was determined by the method of Fiske and
subbaRow (49) except that 0.9 ml. of 5 N Hy504 containing
2,78% ammonium molybdate was added to the acidified enzyme
solution, instead of 1.0 ml. 5 N H»30, and 1.0 ml., of
ammonium molybdate solution., tnzyme asctivity was expressed
as M moles of phosphate formed per minute per mg. of enzyme,

Engyme activities were also measured according to the
method of Cori et al. (2), for determination of the kinetic
constants of phosphorylase b and 3-sulfonated phosphorylase b.
The reaction mixture consisted of 0,008 M sodium-p-
g&lycerophosphate, 0.003 M =ZDTA, 0,048 M glucose-l-phoaphate,

0.6% glycogen, various amounts of AMT', and 25Ag. of enzyme
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in & final volume of 1.0 ml. The temperature was 23°C,
When the kinetic constants of dithiothreitol-treated
enzymes were determined, the reaction mixture also contained
0.001 M dithiothreitol. At various times, aliquots of the
reaction mixture were removed and pipetted into 8,0 ml.
of 0.064 N sulfuric acid. Inorganic phosphate was determined
as described above for the routine assay of phosphorylase b
activity, First order rate constants were calculated using
the equation given by Cori et al. (2)., Knowing the value
of k, the percent glucose-l-phosphate converted to Py after
1l min., was calculated, Initial velocities were then
exrressed as umoles of phosphate formed per minute per mg.,
of enzyme,

Preparation of C-Sulfonated Phogphorylese b,

Phosphorylase b, 4 mg. per ml., was oxidized with o-
iodosobenzoate (6 x 10”2 M) in 0,05 M sodium barbital-
0.001 M EDTA-1.0 M NaCl (pK 8,0) for 10 minutes at 25°C,
Immediately after oxidation, an aliquot was removed and
placed in a 15 ml. Corex contrifuge tube (No. B8441) for
reaction with °°S-labeled sodium sulfite, The reaction
mixture for S-sulfonation contained oxidized phosphorylase b,
3.2 mg, per ml., and 0.01 M sodium sulfite. The buffer
was 0,05 M sodium barbital-C,001 M 2DTA-0,.8 M NaCl (pH 8.0).
After incubation for 30 minutes at 25°C,, the enzyme was
precipitated by addition of an equal volume of 0,05 M sodium-

f-glycerophosphate-0,001 M 5DTA saturated with ammonium
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sulfate at pH 6.8 Following centrifugation at 0°C.,
the pellet was dissolved in 1 ml. of 0.05 M scdium-f-
8lycerophosphate-0.001 M EDTA (pH 6.8) and re-precipitated
by addition of an equal volume of 0,05 M sodium-B-
glycerophosphate-0.001 M EDTA saturated with ammonium
sulfate at pH 6,8 The pellet obtained after centrifugation,
was dissolved in glycerophosphate buffer, and insoluble
barbital was removed by centrifugation at 0°C, The engyme
was passed through Sephadex G-25, which had been previoualy
equilibrated with 0.05 M sodium-g-glycerophosphate-0,001 M
EDTA (pH 6.8),

Farallel samples of unoxidiged phosphorylase h, which
were carried through the same procedure, usually contained
0,04 moles of 358 per mole of engyme,

Determination of Radioactivity.

lncorporation of radioactive reagents into phoaphorylase
b, or modified phoaphorylase b, was determined by pipetting
aliquots of enzyme solutions into 5 ml, of cold 5%
trichloracetic acid. After filtration through a Millipore
HAWP 02400 filter (pore size .45), the precipitated protein
was washed four times with 5 ml. portions of cold 5%
trichloroacetic acid, In two experiments with >5S-labeled
phosphorylase b, aliquota of ensyme which had been freed of
unreacted >°S03®, were applied directly to Millipore filters.

The filters were placed in scintillation vials and dried

with a stream of warmn alir,
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After addition of 10 ml, of scintillation fluid, samples
were counted to an error of 1% in a Picker Nuclear Liquinmat
220 liguid~scintillation counter. When 358 was the isotope
being counted, the scintillation fluid was a tolusne
soclution containing 4 g. of 2,5-diphensloxazole and 50 mg.
of p-bis 2-(S5-phenyloxazolyl) -bengene per liter, Bray's
aolution (50), without ethylene glycol, was the scintillation

fluid used when samples of 14

C were counted., The counts per
minute were corrected to 100% efficiency, using quench
correction curves obtained by the channels-ratio method (51),
The number of moles of radioactive reagent incorporated per
mole of phosphorylase b dimer were calculated by dividing
the specific radiocactivity of the enzyme by the specific

radicactivity of the reaction mixture.

Ultracentrifugation,

Sedimentation veloclty experiments were carried out at
20°C. in a Spinco Model E analytical ultracentrifuge equipped
with Schlieren optics and a Rotor Temperature Indicating and
Control System. Generally, two single sector cells, one of
which contained a +1° wedge window, were used in an An-D
rotor.

Measurements of radial distances on photographic plates
were done with a Nikon Microcomparator, Sedimentation co-
efficients were calculated using equations given by
Chervenka (52), and corrected for the viscosity and density

of buffer relative to water, Viscosities were determined
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with an Ostwald viscometer, and densities were measured
with a pycnometer,

In the calculations of 320", the partial specific
volume, Vv, of phoaphorylase b was taken as 0,746 when
the enzyme was dissolved in buffer which did not contain
sodium chloride (3), When the enzyme was sedimented in
solutions containing high concentrations of salt, a
value of 0,765 was assumed for v (3),

DTNB Titration of Sulfhydryl Groups
Spectrophotometric titrations of the -5H groups of

native phoaphorylase b and S-sulfonated phosphorylase b
were carried out according to Ellman (53), The con-
centrations of protein and DTNB were 5,0 x10~° M and

1.0 x 10~% M respectively. The buffer was 0,05 M sodium-f-
glycerophosphate-0.001 M SDTA (pH 6,8) at 24°., Corrections
were made for the absorbance of DTRB and unreacted protein
at 412 nm; the absorbance of unative phosphorylase b was
0.007, while the absorbance of S-sulfonated phoaphorylase b
waa 0.010, An extinction coefficient of 13,600 was used

to calculate the number of moles of -SH groups which had
reacted (53).
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Results
Inactivation of Phosphorylase b by Mn°' and Sulfite,

Aa shown in Fig. 1, phosphorylase b is almost com-
pletely inactivated in the presence of un°* and sulfite,
but retains ite activity in the presence of Mn<* alone,

Effect of AMP and Substrates,

Since the extensive loss of engyme activity indicated
in Fig, 1 could be due to modification of amino acid
residues at or near the active site of the enzyme, it
was of interest to determine the effect of AMP and
substrates on the rate of enzyme inactivation, Fig, 2
shows that AMP, or glucose-l-phosphate, haa little or no
effect on the rate of inactivation of the ensyme, Glycogen
appears to decrease the rate of inactivation to some extent,
The strongest protectiion against engyme inactivation occurs
when both glucose-l-phosphate and AMP are present in the
reaction mixture.

Nature of the Reaction of Phosphorylase b with Mn°* and

Sulfite,

It can be seen in Table 1 that inactivation of
phosphorylase b dces not occur in the presence of sulfite
alone, nor in the presence of Mg2+ and sulfite. This suggests
that a specific effect of Mn2+, in the presence of sulfite,
is responsible for engyme inactivation.

1t is known that the aerobic oxidation of sulfite to
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eulfate ocours by way of a free-radical chain mechanism,
and can be initiated by metal ions (54,55). Yang (56)
has recently shown that methionine is oxidiged to
methionine sulfoxide during the Hn2+-cataly:ed, aerobic
oxidation of sulfite ion, Substances which induced
sulfoxide formation were found to induce sulfite oxidation,
while agents which inhibited sulfoxide formation also
inhibited sulfite oxidation,.

The inactivation of phosphorylase b by Mn2* and sulfite
is enhanced by oxygen, and is inhibited by nitrogen (Table I),
This suggesats that atmospheric oxygen 1s required for enszyme
inactivation., Mannitol, a known inhioitor of the aerobic
oxidation of sulfite ion (55), was found to effectively
retard the inactivation of phosphorylase b, On the basis of
the data shown in Table 1, it appears likely that phos-
phorylase b inactivation is dependent on the aerobic
oxidation of sulfite,

2
Effect of Thiols on Mn° -Sulfite-Inactivated Phosphorylase b,

In order to determine whether phosphorylase b inactivation
by Hn2+ and sulfite was due to oxidation of enzyme thiocl groups
to disulfides, mseveral attempts were made to reactivate the
enzyme with reducing agents. Incubation of inactivated phos-
phorylase b with mercaptoethanol or dithiothreitol under
various conditions did not result in any significant restoration

of engyme activity, Dilution of inactivated phosphorylase b
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with solutions containing PLY and mercaptoethrnnol was also
ineffective.

Quaternary Structure of Hn2+-Sulfite-Inactivated Phopa-

phorylase b,

Battell et al, (25) have shown that 0.01 M iodoacetamide
inactivates phosphorylase b and causes the engyme to dis-
sociate into monomers. These investigators found that
monomerigation of the ensyme proceeded at the same rate
as enzyme inactivation,.

In view of these observations, it was of interest to
determine whether inactivation of phosphorylase b by Mn2+
and sulifite causes dissociation of the engyme intoc monomers.
Sedimentation of a partially inactivated sample of phos-
phorylase b (20% of initial activity) in the analytical
ultracentrifuge at 60,000 rpm and 20°c, suggested that the
enzyme sedimented as a mixture of monomers and dimers (sece
Fig, 3).

Inactivation of Phosphorylase b by Cu2+l

The effect of C'-.J.?+ on the activity of phosphorylase b
is illustrated in Fig. 4. It can be seen that the engyme
loses more than 90% of its activity when the molar ratio of
free Cu2+ to enzyme is 1:2,

It is reasonable to assume that engyme lnactivation
is due to free Cu2+, since no loss of enzyme activity was
observed in reaction mixtures which contained equimolar

2+

amounts of Cu and ZDTA (not shown).
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Characteristics of Cu’*-Inactivated Phosphorylase b,

Dilution of Cu2+-inactivated phosphorylase b in
solutions containing 0,001 M EDTA did not result in any
regain of enzyme activity. However, a five-fold dilution
of inactivated enzyme in a solution containing 0,05 M
sodium-pA-glycerophosphate-0,001 M 5DTA and 0,02M di-
thiothreitol at pH 7.0, resulted in restoration of at least
90% of enzyme activity after 15 minutes. Theae results
suggest that inactivation of phosphorylase b by cu’t 1s due
to disulfide bond formation.

In view of this posasidility, it was of interest to
determine whether changes in the molecular size o¢f the
engyme occurred as a result of intermolecular disulfide
bond formation. PFor this purpose, a sample of phosphorylase b,

which had been inactivated with Cu®*

, was sedimented in the
analytical ultracentrifuge at 60,000 rpm and 20°C. The
inactivated enzyme sedimented under these conditions as a
broad boundary which spread out rapidly with time; the
sedimentation velocity pattern was similar to the pattern
shown in the lower portion of Fig., 6B. This suggests that
the inactive enzyme is heterogeneous with respect to
molecular sige, and supports the hypothesis that the reaction

of Cu2+ with phoephorylase b leads to the formation of inter-

molecular disulfide bonds.

Inactivation of Phosphorylase b by o-Iodosobengoate,
The inactivation of phosphorylase b by o-iodosobengoate
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is complete in 10 minutes at 25°C.; no further loss of
activity was observed after 30 minutesa. Fig, 5 shows that
the loss of engyme activity is linear with o-iodosobenzoate
concentration until the concentration of this reagent is
1.5 times the concentration of the enzyme. Further in-
activation requires more than a stoichiometric amount of
o-iodosobenzoate. Incubation of phosphorylase b with a
three-fold molar excess of o-iodosobenzoate results in the
loss of about 94% of enzyme activity. An increase in o-
icdosobengoate concentration to 4 times the molar con-
centration of phosphorylase b does not lead to further
inactivation.
Reactivation of o-Iodoscbengoate-Inactivated Phosphorylase b

by Reducing Agents,
As shown in Table II, the inactivation of phoaphorylase b

by o-iodosobenzoate is almost completely reversed by
dithiothreitol or glutathione., Treatment of oxidized phos-
phorylase b with sodium sulfite aleso resulted in considerable
restoration of enzyme activity, while sodium cyanide was al-
moat ineffective in restoring engyme activity. The re-
activation of o-iodosobenzoate-treated phosphorylase b by
reducing agents suggests that enzyme inactivation is associated
with disulfide bond formation.

Quaternary Structure of o-Ipdgsobengoate-Inactivated Phos-
phorylaase b,

In order to determine whether inactivation of phos-
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phorylase b by o-iodosobenzoate leads to changes in
quaternary structure, the sedimentation behavior of native
and o-iocdosobenzoate-treated phoaphorylase b waa determined,
after gel filtration as described in Fig. 6A. The activity
of the o-iodosobenzoate-treated enzyme did not change after
gel filtration. As showm in Fig. 6A, the sedimentation
velocity pattern of o-iodosobenzoate-inactivated phosphorylase
b i3 conaiderably altered in comparison with that of the
untreated enzyme, The polydisperse nature of the in-
activated enzyme is apparent from the broad sedimentation
pattern. The sedimentation coefficient, S2O,w' was 8,1 3
for the control engyme, and 12.2 S for the oxidired enzyme.

Effect of Dithiothreitol on the Quaternary Structure of

o-lodosobengoate-Inactivated Phosphorylase b,

Jince dithiothreitol had been shown to reactivate o-
iodosobengoate-inactivated phosphorylase b, it was of intereat
to determine the effect of this reagent on the quaternary
structure of the oxidized engyme. Fig. 6B (top) shows that,
after incubation of o-iodosobenzoate-inactivated phosphorylase
b with dithiothreitol, the sedimentation velocity pattern is
comparable to that of the native enzyme. The sedimentation
coefficient, 820", was 11.6 S for the oxidized enzyme and
8.9 3 after incubation with dithiothreitol. The specific
activity of oxidized phosphorylase b in this experiment was
4% of the control activity. After treatment of the oxidiged

enzyme and native phosphorylase b with dithiothreitol, the
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oxidized engyme had 90% of the activity of native phos-
phorylase b
Effect of Sulfite on the Quaternary Structure of o-

iodosobengoate-Inactivated Phosphorylase b,

Incubation of o-iodosobenzoate-inactivated phosphorylase
b with 0.01 M sodium sulfite changes the sedimentation
velocity pattern of the oxidized engyme (Fig. 7), and
restores its activity to 68-787 of the control activity.
While the sulfite-reactivated enzyme appears to sediment
a8 a single boundary in the presence of sulfite, the
520" value, under the conditions described in the legend
to Fig., 6, is 11.2 5. Native phosphorylase b was found to
have an SQO,w of 8,2 5 under these conditions. This suggests
that sulfite-reactivated phosphorylase b associates under the
conditions deacribed in the legend to Fig. 7,
35

O+ _into o-lodosobengoate-Inactivated

=

Incorporation of

Phosphorylase b.

Since sulfite is known to cleave disulfide bonds (40),
the reactivation of ¢o-iodosobengoate-inactivated phos-
phorylase b by this reagent supports the view that in-
activation of phosphorylase b by o-iodosobenzoate involves
disulfide bond formation., In order to gain information on
the number of disulfide bonds formed, the oxidiged enzyme
was incubated with 3‘5S-labele=<}. sodium sulfite as desoribed

under Materials and Methods., After separation from the

reaction mixture, the 355-1abe1ed enzgyme contained an average
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1.4 moles of 35803‘ per 200,000 g. of protein (5 experiments).
Thias value is corrected for nonspecific binding of 35503' to
unoxidiged phosphorylase b (see Materials and Methods).
The enzyme activity of 355_1abeled phosphorylase b varied
from 59 to 6B% of the control activity. In view of the
stoichiometry of the reaction of sulfite with a disulfide
(40), the data suggest that at least 1,4 disulfide bonds
are formed as a result of the reaction of phosphorylase b
with o-iodosobenzoate,

Titration of the UH Groups of Native and S-GCulfonated

hosphorylase b with DUTNB,

The titration curves of native and 5-sulfonated phos-
phorylase b with DTNB are shown in Fig. 8, Based on a
molar extinction coefficient of 13,600 (53), 4,1 -SH groups
of native phosphorylase b were found to react with DTNB.

In contrast, only 1.8 -3H groups per 200,000 g. of -
sulfonated phosphorylase b were found to react with DTNB,
The 7°S-labeled engyme used in this experiment contained

1.6 moles of °°3 per 200,000 g. of protein. These data
suggest that aprroximately ? -G5H pgroups per molecule of
phosphorylase b are blocked in S-sulfonated phosphorylase b,

Jedimentation Behavior of 5-3ulfonated F'hosphorylase b,

The sedimentation velocity pattern shown in Fig. 9A (top)
indicates that S-sulfonated phosphorylase b is a mixture
of two components, The major, slowly-moving, component has

art 320,w of 9,3 5 while the more rapidly sedimenting species
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has an SQO.' of 13.0 S, These sedimentation coefficients
were obtained using 355-1abeled phosphorylase b and a
control semple which had been stored for two days at 4° prior
to ultracentrifugation. The 355 content of the S-sulfonated
engyme decreased during this period from an initial value
of 1.3 moles of 353 per 200,000 g. of protein to 1.0 moles
of %5 per 200,000 g, of protein on the day of centrifugation,
This decrease in the BER content could be due to the attack

of enzyme -5SH groups on the -5—35

SO3= group (42), Enzyme
activity of >’S-labeled phosphorylase b was 62% of the
control activity at the time of centrifugation,

Fig. 94 (bottom) shows the sedimentation velonity
pattern of native phosphorylase b which, except for treat-
ment with o-iodosobenzoate, was treated exactly like the
355-labeled enzyme, It can be seen that in addition to the
major peak (S2O,w = 8.7 3), a small amount of rapidly
sedimenting material (820.' = 11,6 S) is also present.

In order to determine whether the rapidly-sedimenting
components shown in Fig. 9A were the result of intermolecular
disulfide bond formation between phosphorylase b dimers,
S-sulfonated phcosphorylase b and the control entyme used
for the experiments shown in Fig., 9A, were treated with
dithiothreitel. It is apparent from Fig. 9B that, after
treatment with dithiothreitol, both 35S-labeled phosphorylase
b and the control enzyme sediment as dimers having 520.'

valussof 8.7 5, and 8.8 5 respectively. This suggests that

the rapidly sedimenting species shown in Fig, 9A are the
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result of intermolecular disulfide formation.

Effect of o-Todosobenzoate on Phosphorylase b Treated

with 1-14c._Iodoacetamide,

Zarkadas et al, (27) have shown that freshly prepared
phosphorylase b can incorporate 3.1 moles of 1-14¢_
iodoacetamide per mole of dimer, with no loss in engyme
activity,.

As shown 1n Table 11T, the reaction of o-iodosobenzoate
with IAM-phosphorylase b results in only a small loss of
enzyae activity. This suggests that o-iodosobenzoate
reacts with those -35li groups of phosphorylase b that react
rapidly with iodoacetamide,

Incorporation of 1-14C-Iodoacetamide into 5=3ulfonated

Phosphorylase b.

Reaction of S3-sulfonated phosphorylase b with 1-140—
iodoacetamide leade to the incorporation of 1.2 to 1.4
molea of reagent per 200,000 g. of enzyme (Table IV), with
no loss of engyme activity. On the other hand, alkylation
of control samples of native phosphorylase b with 1-140-
iodoacetamide results in the incorporation of 2.7 to 3.2
moles of 140 per 200,000 g. of protein, without loss of
enzyme activity.

Previous results have indicated that reactivation of
oxidiged phosphorylase b with 35803' leads to incorporation
of an average of 1.4 moles of 335 per 200,000 g, of protein.

Since J-sulfonated phosphorylase b has an average of 1.6
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fewer -SH groups available for rapid reaction with 1-1l4¢_
lodoacetamide than the control engyme, it is reasonable
to conclude that the reaction of oxidized phosphorylase b
with 35803' leads to modification of the same -SH groups
that are rapidly alkylated by iodoacetamide,

sffect of AMP and Substrates on the Inactivation of

"hosphorylase b by o-lodosobenzoate,

The data presented in Table V indicate that there
is no significant protective effect of slucose-l-phosphate,
AMP, or glycogen on the inactivation of phosphorylase b
by o-iodosobenzoate, Only a very small protective effect
wns observed in the presence of both AMP and glucose-l-
phosphate, These results suggest that the -SH groups of
phosphorylase b that are oxidiged by o-iodosobenzoate
are not involved in the binding of substrates or AMP to
the enzyme,

Sffect of Dithiothreitol on the 2°302~ Content and Activity

of S-5ulfonated Phosphorylase b,

Kastenschmidt et al. (30) observed that the reaction of
phosphorylase b with I''MB leads to a mixture of monomer,
dimer, and aggregates which contains an average of 4 modified
-5H groups per mole of phosphorylase b dimer. While
thionitrobenzoate groups could be removed with dithio-
threitol in several minutes, the tull resioration of enzyme

activity required several hours,
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The results shown in Table VI indicate that treatment
of Sesulfonated phosphorylase h with dithiothreitol
restores engyme activity to 79% of the control activity
after 1 hour. At this time, the S-sulfonated ensyme still
contains about 0.4 moles of 35803= per mole of phosphorylase
b. PFurther incubation with dithiothreitol leads to a
progressive decrease in the 35303= content, but no further
increase in enzyme activity occurs, These results suggest
that the increase in activity of S-sulfonated phosphorylase
b, in the presence of dithiothreitol, is primarily due to
reduction of disulfide bonds (see Fig. 9B).
Kinetics of S-Julfonated and Native Phosphorylase b,

Gold (28, 29) observed that dinitrophenylation of
those -5H groups of phosphorylase b that react rapidly
with iodoacetamide, causes a decrease in the affinity of
the enzyme for AMP and glucose-l-phosphate,

Kastenschmidt et al. (30) treated phosphorylase b
with DTNB and isolated a phosphorylase b dimer contalning
up to 1.6 modified -5H groups per subunit., Kinetic studies
on the modified enzyme indicated that homotropic cooperativity
between AMP binding sites was abolished, and the affinity of
the modified enzsyme for AMP was decreased., In view of thease
observationa, it was of intereat to determine the activity
response of S-sulfonated phosphorylase b to AMP,

It can be seen in Fig. 10 that the double reciprocal

plot for unmodified phosphorylase b shows upward curvature,
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expressing homotropic cooperativity between AMP binding
sites, This homotropic cooperativity appears to be
eliminated in the case of S-sulfonated phoaphorylase b.
Hill plots (58, 59) of these data, shown in Fig., 11,
indicate that the Hill coefficient, n, is 1.3 for un-
modifled phosphorylase b in the range of AMP concentrations

© M to 1 x 107> M, while the Ky for AMP is

from 2 x 10~
1.9 x 1072 M, In contrast, the Ky for AMP of S-sulfonated
phosphorylase b is 6.1 x 10™° M, and the Hill coefficient,
n, is 1,1, There appears to be only a small difference in
Vaax Petween native and S-sulfonated phosphorylase b (see
Fig. 10),

These results suggest that the homotropic cooperativity
of AMT sites is almost completely abolished in S5-sulfonated
rhosphorylase b, and that the affinity of this enzyme for
AMT? 1is decreased relative to the native enzyme,

Effect of Dithiothreitol on the Kinetic Response_of S-

oulfonated Fhosphorylase b to AMP,

Kastenschmidt et al. (30) observed that dithiothreitol
restored the homotropic cooperativity of AMP sites in DTNB-
treated phosphorylase b, and decreased the Km Tor AMP of
this engyme,.

Therefore, S-sulfonated phosphorylase b and a control
sample of phosthorylase b were treated with dithiothreitol
as indicated in the legend to Fig. 12. The K values for

AMP of native and S-sulfonated phosphorylase b, after treatment
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with dithiothreitol, were 1.9 x 10~° M and 1.5 x 1072 M
respectively., The Hill coefficient, n, of S-sulfonated
phosphorylase b increasea from 1.1 to 1.4 after treatment
with dithiothreitol, while there is no change in n for
the native enzyme. The vmax values for native and 5-
sulfonated phosphorylase b, after treatment with
dithiothreitol, were 44 smoles per min. per mg. and 34
Mmoles per min, per mg. respectively, as determined by

agssay in the presence of saturating concentrations of

AMP,
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Diacuseion

Inactivation ¢of Phosphorylase b by Mn°* and Sulfite,

The data obtained in this study suggest that in-
activation of phosphorylase b, in the presence of Hn2+
and sulfite, is a reault of the aerobic oxidation of
sulfite, This hypothesis is supported by the finding that
substances that promote sulfite oxidation (56) also
rromote enzyme inactivation, and by the observation that
inhibitors of sulfite oxidation (55, 56) also retard
enzyme inactivation.

The aerobic oxidation of sulfite proceeds by way of a
free-radical chain mechanism which iz similar to the chain
reaction involved in the dye-sensitigzed photooxidation of
amino acids (60). The inactivation of enzymes as a result
of the dye-sensitiged photooxidation of certain amino acid
residues is well known (61, 62). In view of the similarity
in the mechaniams involved in the aerobtic oxidation of
sulfite and in the dye-sensitized photooxidation of amino
acids, it is likely that phosphorylase b inactivation is
caused by atmospheric oxygen or by free radicals that are
formed during the aerobic oxidation of sulfite,

No evidence has been obtained regarding the amino acid
residues of phosphorylase b that are modified as a result
of aerobic oxidation of sulfite. It is peocssible that
ayomatic amino acid residues as well as sulfur-containing

amine acid residues are oxidized, It is unlikely that
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inactivation of phosphorylase b, in the presence of Mn2+
and sulfite, is due to oxidation of -ZH groupa to disulfides,
because treatment of modified phosphorylase b with
mercaptoethanol does not lead to reactivation of the enzyme.

The sedimentation velocity pattern of the inactivated
phoaphorylase b indicates that the ensyme is partially
dissociated into monomers, suggesting that inactivation
may be due in part to monomerization of the enzymse.
Dissociation of phosphorylase b into monomers, during the
aerobic oxidation of sulfite, may be due to oxidation of
the cysteinyl residue in the N-peptide to oxidation states
higher than disulfide. This interpretation is consistent
with the finding of Battell et al., (25), that alkylation
of the cysteinyl residue in the N-peptide of phosphorylase
b with iodoacetamide can be correlated with inactivation
and monomerization of the enzyme.

Inactivation of Phosphorylase b by cu*,

The evidence presented in this study suggests that

+
2 occurs as a result

inactivation of phoaphorylase b by Cu
of disulfide bond formation. Hestoration of more than 90%
of enzyme activity after treatment with dithiothreitol,

supports this conclusion., Since the sedimentation velocity
pattern of Cu’*-inactivated phoephorylase b indicates that
enzyme aggregation has occurred, it is likely that this

aggregation i1ia the result of intermolecular disulfide bond

formation.
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Inactivation of Phosphorylase b by o-lodosobengoate.,

o~lodosobenzoate was first prepared by Meyer and
¥achter (63), Absence of the characteristic "lodoso" smell
and its stability to further oxidation led to the formulation

of this compound as (63, 64):

Infra-red spectra of o-iodosobenzoate show a low value for

the carbonyl stretching band (1620 cm_l), presumably be-

cause of an 1-0-C0 aystem in the structure, and do not contain

the hydrogen-bonded hydroxyl bands characteristic of

carboxylic acida (65)., These studies support the view that

o-iodosobenzoate has the cyclic structure shown above,
Hellerman et al., (66) showed that o-iodosobenzoate

oxidigzes cysteine or glutathione to the corresponding di-

sulfides at pH 7, 1t does not noticeably react with methionine,

cystine, tyrosine, serine, tryptophan, proline, or hydroxy-

proline at pH 7; however at pi 5 it oxidizes methionine (45).
o-Iodosobengoate has been frequently used as an in-

hibitor of enzymes containing -SH groups (67). The ability

of myosin to associate with actin and to split ATP depends on

-5H groups, and is inhibited by o-iodosobenzoate (68},



«38a

The reaction of o~icdosobenzoate with yeast ferro-
cytochrome ¢ at pH 8.5 and 20°C, has recently been studied
(69). This enzyme contains only 1 free -SH group per
molecule, Little and O'Brien (69) have shown that the
reaction of ferrocytochrome ¢ with 0.36 mM o-iodosobenzoate
at pH 8.5 results in the conversion of 82% of the enzyme to
a dimer, However, oxidation of ferrocytochrome ¢ with 1.2
mM o-iodosobenzoate caused a decreased level of dimerization,
suggesting that under these conditions oxlidation beyond the
disulfide stage occurred.,

The evidence presented here suggests that o-iodosobenzoate
oxidizes a limited number of -5H groups of phosphorylase b
to the corresponding disulfides, and causes the enzyme to
aggregate, 1t has been shown that dithiothreitol restores
the activity of oxidized phosphorylase b to at least 90% of
the control activity. This result is consistent with the
idea that inactivation of the enzyme occurs primarily as a
result of disulfide bond formation,

The broad sedimentation pattern of oxidigzed phos-
phorylase b (Fig., 6) indicates its polydisperse nature, and
suggests that the disulfide bonds formed during the in-
activation of the engzyme by o-ilodoscbenzoate, are inter-
molecular. Further support for this conclusion 1is derived
from the fact that dithiothreitol not only restores the
activity of oxidized phosphorylase b, but also causes re-

formation of the original dimeric structure of phosphorylase b
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(f1g, 6B). It has been shown that o-iodosobenzoate-
treated phosphorylase b incorporates an average of 1.4
moles of 3SSO.; per mole of phosphorylase b dimer, In
view of the stoichiometry of the reaction of sulfite
with a disulfide (40), the results presented here suggest
that at leaat 1.4 disulfide bonds are formed per molecule
of phosphorylase b dimer, during the inactivation of
phosphorylase b by o-iodosobengoate.

The observation that sulfite can restore the activity
of oxidiged phosphorylase b to 68-78% of the conirol value
is noteworthy. 3Jince sulfite is presumably incorporated
into the same =-5H groups that were oxidiged by o-iodoso-
benzoate, substitution of these -UH groups cannot be the
primary cause of engyme inactivation. Rather, it 1is more
likely that the change in enzyme conformation, due to inter-
molecular disulfide bond formation, is primarily responsible
for the enzyme inactivation,

It has been shown that, in the presence of sulfite, the
broad sedimentation pattern of oxidiged phosphorylase b
(Fig. 6) is replaced by a single peak (Fig. 7). This find-
ing is consistent with the conclusion that sulfite reacts
with intermolecular disulfide bonds in the oxidized engyme,
and causes the formation of S-sulfonated phosphorylase b.

At pH 8,0,and in the presence of a high salt concentration,
the S-sulfonated engyme has an 520" value of 11,2 S in the

presence of sulfite, while the 320" of native phosphorylase
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b under identical conditions is 8,2 S,

The tendency of phoaphorylase b dimer to associate
into tetramer in the presence of AMP is well known (70).
Cohen et al. (3) recently obtained an S,; ,, of 12.4 S
for native phosphorylase b in the presence of AMP, 1In
the absence of this nucleotide, native phosphorylase b
tetramerizes only at high ensyme concentrations and at
low temperatures (30),

The fact Lhat S-gulfonated phosphorylase b has an
Spo,w of 11.2 5 suggests that, under the conditione
described in the legend to Fig, 7, the S-sulfonated enzyme
has a tendency to associate into a tetramer even in the
absence of AMP, The difference between the 820" of
native phosphorylase b in the presence of AMP and the SEO,w
of the 3~sulfonated engyme may be dus to a salt effect.
Cohen et al. (3) observed that the S,g 4 of native phos-
phorylase b decreases with increasing salt concentration.
A similar affect of sodium chloride on S-sulfonated phos-
phorylase b may occur.

it is unlikely that association of U-sulfonated phos-
phorylase b, at pH 8,0 and in the presence of sulfite, in-
volves intermolecular disulfide bond formation. After
separation of the S-sulfonated enzyme from unreacted sulfite
by ammonium sulfate precipitation and gel filtration at pH

6.8, the enzyme sediments primarily as a dimer with an
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S of 9,3 S.

20 ,w

The difference between the sedimentation coefficients
of S-sulfonated phosphorylase b and native phosphorylase b
at pH 8.0 indicates that S-sulfonation of 1 to 2 SH groups
of phosphorylase b causes changese in the dimer-dimer inter-
actions of the engyme, which facilitate association.

The sedimentation velocity pattern of S5-sulfonated
phosphorylase b in the absence of sulfite (Fig. 9A) suggests
that some intermolecular disulfide bond formation occurs
during separation of the enzyme from unreacted sulfite,

This conclusion is supported by the observation that, in
the presence of dithiothreitol, the S-sulfonated enzyme
sediments as a single boundary with an 320" of 8.7 S5

(Fig, 9B). Since the reaction of sulfite with a disulfide
is reversible, it is probable that during separation of
s-sulfonated phosphorylase b from unreacted sulfite, free
-5H groups of phosphorylase b react with 5-sulfonate groups
according to the following equation (40):

RS™ 4+ R'_s-so.j= = R-5-5-R + S0s5
This conclusion is supported by the finding that the >°S
content of S-sulfeonated phosphorylase b decreases from 1.3
to 1.0 moles per mole of phosphorylase b dimer after 48
hours, However, since the native enezyme also has a tendency
to form high molecular weight species in the absence of
reducing agent (Fig, 9A), some intermolecular disulfide

bond formation may also occur as a result of air oxidation

of -SH groups during the separation of S5-sulfonated phos-
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phorylase b from unreacted sulfite.

Battell et al, (25) found that 1.6 -SH groups per
molecule of phosphorylase § dimer react rapidly with iodo-
acetamide, with no loss of enzyme activity. More recently,
Zarkadas et al. (27) reported that, with freshly prepared
engyme, up to 3,1 -5H groups per molecule of phosphorylase
b could be reacted with iodoacetamide with no change in
enzyme activity. The observations of Zarkadas et al.
are confirmed by the data presented in this study (Table III).

It has been demonstrated that the reaction of o-iodoso-
benzoate with iodoacetamide-treated phosphorylase b results
in only a small loss of enzyme activity, Thias suggests
that o-iodosobenzoate oxidizes the same -53H groups of phos-
phorylase b which react rapidly with iodoacetamide, The
resultsof the alkylation of 5-sulfonated phosphorylase b
with 1—14C-iodoacetamide support this conclusion. These
data indicate that a molecule of 5-sulfonated phosphorylase
b has 1.6 to 2.0 fewer -5H groups available for rapid re-
action with iodoacetamide than a molecule of native enzyme.
It appears very likely, therefore, that the -SH groups of
phosphorylase b that are oxidized by o-iodosobenzoate and
sulfonated by sulfite are the same as those which react
rapidly with iodoacetamide,

Gold and Blackman (29) have presented evidence which
indicates that chlorodinitrobenzene reacts with the same

-3H groups of phosphorylase b that react rapidly with icdo-
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acetamide, Gold (28) found that dinitrophenylation of these
-3H groups results in a decrease in the affinity of the
enzyme for AMP and glucose-l-phosphate.

Kastenschmidt et al, (30) treated phosphorylase b with
DTNB, and isolated a dimeric species that contained up to
3.2 modified -SH groups. Kinetic studies of this modified
enzyme showed that homotropic cooperativity for AMP was
abolished, and the K; for AMP was i{ncreased, with no change
in maximum velocity. Treatment of the modified enzyme with
dithiothreitol caused a rapid release of thionitrobenzoate,
but several hours were required for the full return of
activity and the restoration of homotropic cooperativity
of AMP sites,

The data preasented here suggest a similarity between
s=-sulfonated phosphorylase b and the DTNB-treated enzyme
studied by Kastenschmidt et al. (30), S-Sulfonation of
phosphorylase b results in a three-fold increase in the
K, for AMP and a hyperbolic response to AMP, with little
change in the maximum velocity (Fig. 10).

After treatment of S5-sulfonated phosphorylase b with
dithiothreitol, the kinetic response of the engyme to AMY
becomes similar to that of the native enzyme. The K, for
AMP and the Hill coefficient for dithiothreitol-treated,
5-sulfonated phosphorylase b are comparable to the cor-
responding values obtained for dithiothreitol-treated native

phosphorylmse b, lHowever, dithiothreitol-treated, J-sul-
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fonated phosphorylase b has a Vpay equal to about 80% of
the value obtained for dithiothreitol-treated native phos-
phorylase b,

Since dithiothreitol-reactivated, S-sulfonated phos-
phorylase b has been shown to sediment as a dimer in the
ultracentrifuge, it is unlikely that the decrease in maximum
velocity is due to intermolecular disulfide bond formation,
It is possible, however, that some intramolecular disulfide
bond formation occura when S5-sulfonated phosphorylase b is
reactivated with dithiothreitel,

BEldjarm and Pihl (71) and Kolthoff (72) have shown that
mixed disulfides are intermediates in the reduction of
disulfides by thiola, and that the concentration of such
mixed disulfides can be high even in the presence of a large
excessa of thiol. Under appropriate conditions, unsymmetrical
disulfides can also be formed bv the reaction of thiols
with alkyl thiosulfates (73),

When intermolecular disulfide bonds are formed by
oxidation of the rapidly-reacting -5H groups of phosphorylase
b, the enzyme is almost completely inactivated. If inter-
molecular disulfide bond formation can markedly lower the
maximum velocity of phosphorylase b, it is possible that
intramolecular disulifide bond formation might account for
the small reduction in Vpgy observed for dithiothreitol-
treated, S-sulfonated phosphorylase b,

On the other hand, the concentration of o-icdosobenzcate
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used to inactivate phosphorylase b was in excess of the
amount required to oxidize 2.8 -S5SH groups per molecule to
the corresponding disulfides. It is possible, therefore,
that some -S5H groups are oxidized to higher oxidation
states than disulfide, (e. g. RSO, , R:-SO-CR, or R-50,°SR),
and that such modified groups are responaible for the lower
Vmax observed in dithiothreitol-treated, S-sulfonated
phosphorylase b, Another possibility is that some amino
acid residue at the active site of the ensyme is partially
oxidiged and this results in a small decrease in the
maximum velocity of the S-sulfonated engyme,

On the basis of the kinetic data presented here, it
appears likely that the -5H groups of phosphorylase b, that
are oxidized by o-iocdosobenzoate and subsequently sulfonated
are the same as those that react with DTNB. The effects
of UTNB treatment and S-sulfonation on the K, for AMP and on
the homotroplc cooperativity of AMP sites in phosphorylase
bk are almost identical. These effacta can be completely
reversed by dithiothreitol in both DTNB-treated and S5~
sulfonated phosphorylase b,

Gold (29) presented evidence which indicates that
chlorodinitrobenzene reacts with the same -3H groups of phoa-
phorylase b which react rapidly with iodoacetamide. The data
presented here suggest that these rapidly-reacting -5SH groupse
can be oxidised to the corresponding disulfides and sub-
sequently sulfonated with sulfite., Furthermore, 5-sulfonated
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phosphorylase b shows a kinetic response to AMP which is
almoat identical with that shown by the DTNB-modified
enzyme astudied by Kastenschmidt et al. (30). It appears
likely, therefore, that all of these reagents modify the
same rapidly-reacting -SH groups of phosphorylase b,

However, modification of these -SH groups with dif-
ferent reagents produces different effects on enzyme
activity, Reaction of phoaphorylase b with 0,001 M
iodoacetamide does not cause any significant change in
engyme activity (25). Reaction with DTNB (30), chloro-
dinitrobenzene (28, 29), and sulfite (after oxidation) causes
a decremase in the affinitv of the engyme for AMF and alters
the homotropic cooperativity of AMP sitea. Dinitrophenyl-
ation with chlorodinitrobengzene, and S-sulfonation, also
lowers the V_ .. of phosphorylase b slightly.

On the other hand, oxidation of an average of 2.8
-3H groups per molecule of phosphorylase b to the correspond-
ing disulfides causes almost complete inactivation of the
engyme. Since glycogen, glucose-l-phoaphate, and AMP do
not provide any significant protection against ¢o-iodoso-
bengoate-inactivation of the engyme, it is unlikely that
amino acid residues at the active site of phoaphorylase b
are modified,

It is apparent that modification of the rapidly-react-
ing -SH groups of phoaphorylase b with different reagents

causes different effects on enszyme activity. 1t is likely
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that these effects are allosteric in nature and result from
changes in engyme conformation, The ability of S-sulfonated
phosphorylase b to associate under conditions in which the
native enzyme is a dimer, supports this conclusion,

Battell et al. (25) have suggested that the -SH groups
of phosphorylase b that react rapidly with iodoacetamide
may be involved in regulating the activity of phosphorylase
b in vivo., The results reported here support this hypothesis.

It ia known that in resting muscle, phosphorylase is
present mainly in the b form (74), and the engyme has very
little activity, even though sufficient AMP is present for
activity (75). The results presented in this study suggest
that this lack of activity may be due to the formation of
intermolecular disulfide bonda in phosphorylase b.

The activation of phosphorylase by AMP, and by the
conversion of phosphorylase b to phosphorylase a_is well
known (1). Phosphorylase is rapidly activated at the
onset of muamcle contraction, and activation is asscciated
with the conversion of phosphorylase b to phosphorylase a
(76). However, the increase in glycogenolysis which occurs
in anoxic muscle appears to¢ result mainly from activation
of phosphorylase b (77, 78)., Morgan and Parmeggiani (78)
have attributed the activation of phosphorylase b under these
conditions to increased levels of AMP, and decreased levels
of ATP and glucose-6-phosphate. However, Helmreich and

Cori (75) have shown, from measurements in vivo, that a 60-
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fold increase in phosphorylase activity occurs during
muscle contraction under anoxic conditiona, while only
a 2-fold decrease in the ATP/AMP ratio is observed, This
decrease in the ATP/AMP ratio cannot account for the in-
crease in phosphorylase activity which occurs during
muscle contraction.

I-strain mice provide a useful tool for studying the
regulation of phosphorylase activity, since skeletal muscle
from these mice does not show any phosphorylase a activity
{79). This lack of phosphorylase a activity is presumably
due to a deficiency in phosphorylase b kinase (80),.

Danforth and Lyon (78) found that tetanic stimulation
of skeletal muscle from I-strain mice results in activation
of glycogenolysia, but the extent of activation is less
than that observed in control muscle, Helmreich and Cori
(74) have discuased these data, and suggest that, while the
converasion of phosphorylase b to phosphorylase a plays a
role in the activation of glycogenolysis during tetanic
stimulation of mouse skeletal muscle, a mechanism that
allows phosphorylase b to be activated during muacle
contraction must exist,

The data preasented here suggest that such a mechanisn

could involve the reduction of intermolecular disulfide bonds

in phosphorylase b.
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Summary and Conclusions

Phosphorylase b loses 95% of ite activity after ox-
idation with a three-fold molar exceas of o-1odosobenroate,
Inactivation is accompanied byaggregation of the engyme,
Dithiothreitol restores the activity of o-iodosobenzoate-
inactivated phosphorylase b to 92% of the control activity,
and causes re-formation of the dimeric structure which is
characteristic of the native engyme, These results suggest
that inactivation of phosphorylase b by o-iodosobensoate

is associa’ed with the formation of intermolecular disulfide

bonds,

Reaction of the oxidigzed enzyme with 3530-; leads to
LU=sulfonation of an average of 1.4 -5H groups per molecule
of phosphorylase h. After separation from the reaction
mixture, S-sulfonated phosphorylase b has 59 to 68% of
the control activity and sedimente primarily ae a dimer
in the ultracentrifuge, These results support the con-
clusion that o-iodosobenzomte causes the formation of inter-
molecular disulfide bonds in phosphorylase b,

The sulfhydryl groups of phosphorylase b that are ox-
idized by o-iodosobenzoate, and subsequently sulfonated
by sulfite, are identical with those that react rapidly
with iodoacetamide, This conclusion is supported by the
following: 1) lodoacetamide-treated phoephorylase b retains

7% to 85 percent of the control activity after reaction

with o-iodosobenzoate, 2) 3-sulfonated phosphorylase b
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has 1,3 to 2,0 fewer -SH groupa available for rapid re-
action with iodoacetamide than native phosphorylase b.

The activity response of S-sulfonated phosphorylase
b to AMT suggests that S-sulfonation of the rapidly-
reacting -5H groups of phosphorylase b causes a decrease
in the affinity of the ensyme for AMP, and nearly abolishes
the homotropic cooperativity of AMP sites. Oxidation of
the rapidly-reacting -5H groups of phosphorylase b by
o-iodosobenzoate leads to a 95% loss in enzyme activity,
while alkylation of these -SH groups with iodomcetamide
has little or no effect on enzyme activity. Apparently,
modification of the same -5H groups with different reagents
leads to different effects on enzyme activity,

Since substitution of the rapidly-reacting -35H groups
of phosphorylase b never leads to a complete loss of enzyme
activity, these -SH groups cannot be essential for enzyme
activity. The inability of AMP or substrates to protect
these -SH groups against oxidation by o-iodoscobenzoate
suggests that they are not at, or near, the AMP or substrate
binding sites.

Therefore, it ias likely that modification of the rap-
idly-reacting -SH groups of phosphorylase b indirectly af-
fects the enzyme active site, Accordingly, each modifying
agent causes a characteristic change in enzyme zonformation

which in turn causes the observed effects on enzyme activity.
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This hypothesis is supported by the following: a) It has
been shown that oxidation of the rapidly-reacting -SH
groups of phosphorylase b results in engyme aggregation,
b) S5-sulfonated phosphorylase b associates under conditions
in which the native engyme does not.

The data presented in this study are consiastent with
the hypothesis that the rapidly-reacting -SH groups of
phosphorylase b play a role in regulating the activity of

this enzyme in vive.
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Table I

Tae effect of various compounds on the inactivation of
phosphorylase b by ¥n2+ and sulflte

eaction mixtures contained phosphorylase b, 5.0 x
10-6 M, 0.05 M sodium-p-glycerophosphate and 0.005 M
Nra003 at pH 6.7. Reactions were carried out in a 25 ml.
“rlenmeyer flask at 09C, The final volume was 2.0 ml.

Additions to the % Activity remaining
reaction mixture after 20 min?
None 39
MnSO4 omitted 100
MgSO4 replaced MnS0y 100
0o atmosphere? 9
N» atmosphereb 81
Mannitol, N.02 M 89

81liquots of the reaction mixtures were diluted 100-
fold in a buffer consiating of 0.1 M maleate, 0,002 M EDTA,
and 1 mg./ml. B3A (pH 6,5) for assay of phosphorylase b
activity, Activities are expressed as a percentage of the
zero time activity in each experiment.

bafter removing zero time aliquots, the reaction vessels
were flushed with oxygen or nitrosen and stoppered.
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Table II

The effect of reducing agents on native and o-iodoso-
benzoate-inactivated phosphorylase b

Phosphorylase b, 4.0 mg. T ml., was incubated with,
and without o-iodosobenzoate, 6.0 x 10-5 M, 1in a buffer
consisting of 0.05 M sodium barbital, 0,001 M EDTA, and
1.0 M NaCl (pH 8.0) for 10 minutes at 250C, At this time,
aliquote containing 200 4g- of phosphorylase b were
diluted to 1.0 ml. with 0.05 M sodium barbital 0,001 M
EDTA (pH 8,0), containing the indicated concentration of
reducing agent. After 30 minutes at 25°C, aliquote were
diluted 10-fold in 0.1 M maleate-0,002 M ZDTA-1 mg./ml.
B3A at pH 6,5 for assay of phosphorylase b activity,

Reducing agent $ Activity
Native o-iodosobenzoate
rhosphorylase b treated
phosphorylase b

None 100 6
Dithiothreitol, 0,002 M 105 97
Glutathione, 0,02 M 39 90
NaCN, D,02 M 104 10

NaoS0s, 0.02 M 103 76
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Table III

The effect of o-iodosobenzoate on 1-14C-iodoacetamide-
treated phosphorylase ©.

osphorylase b, which had been recrystallized from
0.015 M dithiothreitol was freed of AMP by gel filtration
on a Sephadex G-25 column which had been previously equil-
ibrated with 0.02 M sodium -p-glycerophosphate-0.0015 M
5DTA (pH 6.8), Phospgzrylaae b, 10 mg. per ml., was re-
acted with 0.001 M 1 C 1odoacetamide for 60 minutes at
300C, in 0,02 M sodium-p-glycerophoaphate-0,0015 M EDTA
at pH 6.8 (57). The reaction was terminated by addition
of miicaptoethanol to a final concentration of 0,05 M,
The C~labeled enzyme was passed through a Sephadex G-25
column which had been previously equilibrated with 0.05 M
sodium barbital-0,001 M ZDTA (pH 8,0), Phoaphorylase k,
or iodoacetamide-treated phosphorylase b, 1.0 x 10~5 M,
was reacted with o-iodosobenzoate, 3.0 x 10-5 M, for 10
minutes, in 0,05 M sodium barbital-0,001 M EDTA-I O M
NaCl at 25°C.

Moles of l4C-iodoacetamide % Activity after
_incorporated o-icdosobenzoate
- Mole of phoe orylase b treatment
None 7
3.2 gsa
3,0 738+

BActivities are expressed as a percentage of the
activity of iodoacetamide-treated phosphorylase b, which
had not been oxidiged with o-iodosobenzoate.

bafter reaction with o-iocdosobenzoate for 1 hour,
this enzyme retained 61% of the control activity,
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Incorporation of l-luc-iodoacetamide into native and
S—-sulfonated phosphorylase b

Phosphorylase b was S-sulfonated with non-radioactive
sodium suifite as descrived under Materials and Yethods.
After tne second amumonium sulfate precipitation, S—sulfonated
rhosphorylase b was dissolved in 1. 0 ml., of 0.02 M sodium-8-
LlycerophOSphaTe-O 0015 M EDTA (pH 6.8), and passed through
a Sephadex G=25 colum (0.9 x 23 cn. ) which had been pre-
viously equilibrated with the same buffer, Native phos-
phorylase b, which had not been oxldlzed with o-lodoro-
benzoate, was carried tanrocugh the same procedure. The
reactions T native and S-sulfonated phosphorylase b with
0.001 M 1-1%C-1odoacctamide were carried out for 60 minutes
in 0,02 M sodium-g-glycerophosphate-0,0015 M EDTA at pH 6.8
(57); enzyme concentrations ranged f{rom 2.7 mg. per ml. to
3.2 mg. per ml.

Moles of 140-1odoacetam1de
incorporated
Mole of phosphorylase b

Experiment Native enzyme S-sulfonated
number enzyme
1 2.7 1.4
2 3.2 1.2

3 2.7 1.3
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Table V

The effect of substrates and AMP on the_inactivation of
hosphorylase b by o-icdosobengoate

Phosphorylase b, 2.0 mg. per ml,, was inactivated with
o-1odosobenzoate, 3,0 x 10-2 M, in 0,05 M sodium barbital-
Q0.001 M EDTA-1.0 M NaCl (pH 8,0) at 250C, After 10 minutes
aliquots were diluted 100-fold with 0.1 M maleate-0,002 M
“OTA-1mg. per ml, BSA (pH 6,5) for assay of phosphorylase b
activity.

Additions to the % Inactivation®
reaction mixture

None 95
AMEP, 0,001 M 93
Glucose-1-vhoaphate, 0,02 N 96
Glycogen, 1% 93
uvlucose-l-phosphate, 0.N2 M 88

-+ AMP, 00001 M

Blnactivation of phosphorylase b is expressed as a
percentage of the control activity in each experiment,
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Table VI

The effect of dithiothreitol on the activity and 2250~
content of S-sulfonated phosphorylase b.

S>-sulfonated phosphorylase b, 1.0 mg. per ml,, was
incubated with 0,01 M dithiothreltol in 0.05 ¥ sodium-g-
glycerophosphate-0,001 M EDTA (pH 6,8) at 250C, The S-
sulfonated enzyme was prepared 2 daga prior to reaction
with dithiothreitol and stored at 4°C, At the {ime of
preparation, the enzyme contained 1.3 moles of °5S per
mole of phosphorylase b and its activity was 67% of the
control activity, At the indicated times, aliquots were
diluted 100-fold in a buffer consisting of 0.1 M maleate,
0,002 M EDTA, 0,002 M dithiothreitol, and bovine serum
albumin, 1 mg. per ml, (pH 6,5), for enzyme assay. Ensyme
activities were measured in the presence of 0,001 M
dithiothreitol,

Incubation time b Activity® Moles 25503°
(hours)

Mole of enzyme

0 59 1.0

1 79 0.42
2 80 0.35
4 84 0.21
5.5 80 0.15%

8Fngyme activity is expressed as a percentage of the
activity of native ensyme which had also been treated with
dithiothreitol,
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“IG. 1. Inactivation of phosphorylase b in the presence
of Mn”+ and suifite, Reaction mixtures contained phos-
phorylase ©, 5.0 x 10-6 M, 0,05 M sodium-A-glycerophosphate,
and 5.0 x 10-5 M MnS04, at pH 6.7 and 00C., with 0,005 M
Nas504 (e ) or 0.005 Nas503 (0 )., The final volume was
2,0 ml,, and the reaction was carried out in a 25 ml,
rlenmeyer flask, At the indicated timea, aliquots were
diluted 100-fold in a buffer consiating of 0,1 M maleate,
0,002 M EDTA, and 1 mg./ml, BSA (pH 6.5) for assay
of phosphorylase activity.
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F1G. 2. The effect of AMP and substrates on the in-
activation of phosphorylase by Mnd+ and sulfite.
Reaction mixtures contained phosphorylase b, 5.0 x 106 M,
0.05 M sodium-g-glycerophosphate, 5.0 x 10=7M Mn504,
and 0,005 M Na»503 ( ©) no additions, (><) also contained
0.025 M glucose-l-phosphate, (O) also contained 0,001 M
AMP, (o? also contained 0,025M glucose-l-phosphate and
0.001 M AMP, (@) aleo contained 1% glycogen. Reactions
were carried out at 00C., in a 2% ml, ¥rlenmeyer flask;
the final volume was 2,0 ml. At the indicated times,
aliquots were diluted in a buffer consisting of 0,1 M
maleate-0,.002 M EDTA-Img./ml. B5A (pH 6.5) for assay of
phoaphorylase activity.
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#1G, 3 Sedimentation velocity pattern of Mn2+ sulfite
inactivated phosphorylase b, Phosphorylase b, 3.0 x 10- ,
was inactivated by incubation in the presence of 5.0 x
10-4 M MnS04, and 0,005 M Nas503 for 70 min, at 00C, The
buffer was 0.05 M sodium-ﬁ-giycerophoaphate-o.001 M EDTA
at pH 6,7. The final volume was 2.0 ml., and the reaction
was carried out in a 25ml, Erlenmeyer flask, Ultra-
centrifugation was carried out in the same buffer at 20°C,
The direction of sedimentation is to the left. The picture
was taken 16 min., after the rotor reached a speed of

60,000 rpm,
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FIG. 4. Inactivation of phosphorylase b b¥ Cu?*, Re-
action mixtures contain Ehoaphory ase b, 1.0 x 10~ y, O3 M
imidazole-HCl, 1.0 x 10-5 M EDTA, at EH 7.2 and 23°C, with
1.5 x 10-5 M CuS04 (0), and 1.5 x 10~5 M Nap504 (@), Aliquots
were diluted 100-fold in a buffer consisting of 0.1 M
maleate, 0,002 M KDTA, and 1 mg./ml. BOA (pH 6.5) for assay
of pheoaphorylase activity,
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FIG., 5. The stoichiometry of o-iodosobengoate in.
activation of phosphorylase b. Reaction mixtures contained
phosphorylase b, 1,0 x 10-3 ¥, 0,05 M sodium barbital,

7,001 M “pra, T.0 M NaCl, and o-iodosobenzoate at pH 8.0,
After incubation for 10 min. at 250C,, aliquots were diluted
100-fold in a buffer consisting of 0.1 ¥ maleate, 0,002 M
EDTA, and 1 mg./ml. BJA (pH 6.5) for assay of phosphorylase
activity.
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FIG, 6, Sedimentation velgcitz patterns of native
and o-iodosobenzoate-inactivate 08 pno ase b, -
centrifugation was carried out at 48,000 rpm and 20°C,
Jedimentation proceeds to the left, Phosphorylase b,
4,0 mg. per ml,, was oxidized with o-iodosobenzoate, 6.0
x 10> M, for 10 min. in 0.0% M sodium barbital-0.001 M
mDTA-1.0 M NaCl (pH 8.0) at 259C,, and treated as described
below immediately after inactivation, (A) Native and
o-iodosobengoate-treated phosphorylase b were subjected
to gel filtration on a Sephadex G-25 column (0.9 x 23 cm.),
which had been previously equilibrated with 0,05 M sodium
barbital-0,001 M “DPTA-1,0 M NaCl (pH 8,0); wltracentri-
fugation wus carried out in the same buffer, Upper pattern:
phosphorylase b, 3.3 mg. per ml, Lower patterm: o-1)>doso-
benzoate-inactIvated phosphorylase b, 3.5 mg. per ml, The
icture was taken 16 min., after the rotor reached apeed,
?B) Aliquots of o-iodosobenzoate-treated phosphorylase b
were incubated with and without dithiothreitol at 25¢C., for
30 min., before ultracentrifugation. The buffer was 0.05 M
sodium barbital-0.001 M HDTA-0.9 M NaCl (pH 8.0). Upper
pattern: o-icdosobenzoate-inactivated phosphorylase b, 3.6
mg. per ml,, with 0.002 M dithiothreitoel. Lower pattern:
o-iodosobenzoate-inactivated phosphorylase b, 3.6 mg, per ml.
The picture was taken 39 min., after the rotor reached apeed,



64~

FIG. 7. The effect of sulfite on the sedimentation
velocit attern of o-lodosobensoate-inactivated phos-
phorylase b, Phosaphorylase b, 4.0 mg, per mi., was
reacted with o-iodosobenzoate, 6.0 x 102 M, for 10 min,
in 0.05 M sodium barbital-0.001 M EDTA-1.0 M NaCl (pH 8.0)
at 259C., Immediately after oxidation, the inactivated
engyme, 3,2 mg. per ml,, was incubated with 0,01 M sodium
sulfite for 30 min, at 259C, The buffer was 0,05 M sodium
barbital-0,001 M IDTA-0.8 M NaCl at pH 8.0, Ultra-
centrifugation was carried out in this buffer at 56,000
rpm and 20°C. The direction of sedimentation is to the

left, The picture was taken 34 min, after the rotor
reached speed,
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FI1G. 8, Titration of native (® ) and S—sulfon%ted io )
phosphorylase b with DINB. The reaction corditiona for
titrations, and the method of preparation of 5-sulfonated
phosphorylase b, are deacribed under Materials and Methods.
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FIG, 9, GSedimentation velocity patterns of native
ani C-sulfonated phosphorylase b, with, and without,
dithiothreitol. Phosphorylase b, 4.0 mg. per ml., was
oxidized with o-iodosobenzoate, 6.0 x 10-5 M, for 10 min,
in 0,05 M sodium barbital-0.001 M BEDTA-1,0 M "NaC1 (pH 8.0)
at 750 C,; the volume was 3.0 ml, U-5ulfonation of phos-
phorylase b was carried out as described under Materials
and Methods. TPhosphorylase b which had not been oxidiged
with o-iodosobenzoate was taken through the same procedure,
Ultracentrifugation was carried out in 0,05 M sodium-8-
glycerophosphate-0.001 ¥ “DTA (pH 6.8). (A) Samplesa of
native, and U-sulfonated phosphorylase b were stored at 407,
for 48 hours before ultracentrifugation, Upper pattern:
J=gulfonated phosphorylase b, 4,0 mg. per ml. Lower pattern:
native phosphorylase b, 4,0 mg. per ml, The picture wasm
taken 33 min, after the rotor reached speed. (B) Aliquots
of the enzyme solutions used for Fig. 9A were treated with
n,00% M dithiothreitol for 1 hour at 2%9C,, before ultra-
centrifugation. The buffer was 0.05 N sodium-g-glycero-
phosphate-0,001 M EDYA (pH 6.8}, Upper pattern: 05-
sul fonated phosphorylase b, 2.7 mg. per ml. Lower pattern:
native phosphorylase b, h.? mg. per ml, The picture was
taken 37 min, after the rotor reached apeed. Ultracentri-
fugatlon in (A) and (B) was carried out at 56,000 rpm and

Q00C.; the direction of sedimentation ias to the left.
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#1G, 10, QDouble-reciprocel plots of the activation
of native (@) and S-aulfonated { A phosphorylase b by AMP,
Activity measurements were carried out in 5.8%5 M sodium-$~
glycerophosphate-0,003 M EDTA buffer (pH 6,.,8), containing
0.6% glycogen, 0.048 M glucose-l-phosphate, and various
amounts of AMP at 230C, The engyme concentration was 25 xg.
rer ml, G5-Culfonated phosphorylase b was prepared as
described under Materials and Methods,
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PI1G. 11. Hi?l §lgjg for the activation of pnative (@ )
and u-sulfonated {© ) phosphorylase b by AMP, The data were

taken from Fig, 10.
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“IG, 12, Hill plots for the activation of dithiothreitol-
treated, natlve {0 ) and dithiothreitol-treated, S-sul-
fouated (@) osphorylase b by AMP., Wative pﬁbapﬁbrylaae
b, 1.5 mg.per mi., and S-sulfonated phoaphorylase b, 1.5 mg,
per ml.,, were incubated with 0,01 M dithiothreitol for 17
hours in 2,0% M sodium-g-glycerophosphate-0,001 M EDTA
(rH 6.8) at 230C, At this time, aliquote were diluted 1:12
in 0.008 M sodium- -glycerophosphate, 0,003 M EDTA, C,002 M
dithiothreitol, for aesay of phosphorylase activity., Act-
ivity measurements were carried out in 0.008 M sodium-g8-

lycerophosphate-0,003 M EDTA-0,001 M dithiothreitol buffer
pH 6.8), containing 0,6% glycogen, 0.048 M glucose-1-
rhosphate, and various amounts of AMP at 230C, The enzyme
concentration was 25 Ag. per ml,
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