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The rabbit muscle glycogen phosphorylase system consists of a complex

set of interacting macromolecules and ligands. In vivo it is responsible for

the regulated phosphorolysis of glycogen. This thesis describes some new
approaclies, based on the use of spectroscopic techniques, to the study of the
regulation of the system,

Chapter 1 describes the components of the system; brief accounts of

the properties of phosphorylase, phosphorylase kinase, phosphorylase phosphatase
and other associated macromolecules are included. In addition some of the
interesting unsolved problems concerning the system are raised. How does the
structure of phosphorylase depend on the ligands that are present? What is

the role of the pyridoxal phosphate cofactor in phosphorylase? What is the
significance of the multiple aggregation states observed for phosphorylase?

How do the enzymes that are involved in the phosphorylase cascade system
interact with each other? Are the properties of these enzymes altered when

they operate in the glycogen particle fraction or in the intact cell?

-

Chapter 2 introduces the spectroscopic techniques which have been used

to investigate these problems. Fluorescence, ESR, and NMR methods are
outlined and their relative merits are assessed. The applicability of these

techniques to the problems outlined in Chapter 1 is critically estimated.

Chapter 3 describes the reaction of phosphorylase b with various
reagents, some of which have spectroscopic properties that make them useful
as probes of enzyme structure. It is shown that up to two sulphydryl groups

per phosphorylase subunit can react rapidly with iodoacetamide, 4-chloro-7-



nitrobenzofurazan, iodoacetamidosalicylic acid or 5,5'-dithiobis-(2-nitrobenzoic
acid). In an attempt to clarify some of the inconsistencies that occur in the
literature concerning the reaction of phosphorylase b with various sulphydryl
directed protein modifying reagents, it is shown that these fost reacting
sulphydryl groups can be blocked by preincubation of phosphorylase with
cysteine or cystine,

The interactions of small regulatory ligands with phosphorylase, which
had been labelled with the fluorescent probe iodoacetamidosalicylic acid, are

discussed in Chapter 4. The quenching of probe fluorescence observed when

ligands bind to labelled phosphorylase is used to quantify the interactions and
to demonstrate cooperative effects between ligands, A description of a spin
label probe, which may be covalently attached to phosphorylase, and which
can also detect ligand induced changes in the enzyme is included. Experiments
to determine the cause of the ligond induced changes in the spectral properties
of the spin label and fluorescent probe are discussed. It is shown that when
AMP is titrated into spin labelled phosphorylase a, the spin label can deteci
conformational changes in subunits to which no AMP is bound. A method is
presented whereby the aggregation state ;f/phOSPhorylase during this titration
can be determined. If is demonstrated that when phosphorylase a is glycogen-
bound, more than two subunits may interact together,

The properties of phosphorylase .which' had been modified with 5 diazo-
1-H-tetrazole are described in Chapter 4. The spin label and fluorescent
probes can be attached to the modified enzyme. It is shown that this

modification, which specifically blocks a carboxy! group in the enzyme, weakens

the binding of glucose- 1-phosphate and glycogen fo phosphorylase.



Chapter 4 also contains a study of the interaction of a spin labelled
AMP derivative with phosphorylase. The effects of this derivative upon spin
and fluorescent labels covalently attached to phosphorylase are described. It
is shown that the spin labelled AMP derivative mimics IMP rather than AMP.

The phosphorus NMR signals obtained from the pyridoxal phosphate

cofactor in phosphorylase b and a are presented in Chapter 5. A two

component signal is seen for phosphoryluse b alone. This is interpreted fo
represent a slow interchange between two or more enzyme conformations,
Ligand induced changes in the spectra are also described and interpreted.

Chapter 6 discusses the changes in the ESR spectrum of spin labelled

phosphorylase during the b fo a coﬁversion. In contrast, it is shown that when
acetamidosalicylate phosphorylase b is converted to the a form no change in
probe fluorescence is observed. However when the conversion is carried out
in the presence of ligands, fluorescence changes occur which reflect
differential ligand binding to the two forms of the enzyme. Experiments
performed in the presence of glucose-6-phosphate directly demonstrate the
presence of an intermediate active form of phosphorylase which binds glucose-
é-phosphate tightly, unlike fully pEOSpf;érylcfed phosphorylase a. A method
is described to detect protein-protein aggregation. It is based on the quenching
of acetamidosalicylate fivorescence by nitrobenzofurazan when proteins labelled
with these two probes aggregate. The method is used to show the time course
of formation of tetrameric phosphorylase a from the dimeric species.

The extent -to which the rabbit muscle glycogen particle fraction can

simulate the environment experienced by phosphorylase in vivo is discussed in

Chapter 7. An investigation of the conformation of spin labelled phosphorylase
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in this cell free fraction, before and after transient activation, is described.
Changes in the ESR spectra of the spin labelled enzyme during calcium dependent
transient activation are correlated with changes in metabolite levels and
phosphorylase a activity. The transient activation is associated with a loss of
glucose-6-phosphate from phosphorylase b; newly formed phosphorylase a binds

2+ . C02+ concentration

the nucleotides ADP, AMP or IMP. Lowering the Mg
ratio during transient activation causes accumulation of ADP, Under these
conditions ADP binding fo phosphorylose a is potentiated. The chapter is
concluded with a brief comparison of the glycogen particles prepared from
normal and | strain mice.

An investigation of nucleotide inhibition of phosphorylase phosphatase in

the glycogen particle fraction is included in Chapter 8. It is demonstrated

that ADP and IMP inhibit the dephosphorylation of exogenously added and
endogenous phosphorylase a. Inhibition is wecker than that previously reported
for purified phosphatase and phosphorylase a.  Using spin labelled phosphorylase
a, it is demonstrated that in the glycogen particle fraction, ADP inhibition of

phosphorylase phosphatase is not a consequence of the tight binding of ADP to
phosphorylase a. It is shown that ;ncorporafion of phosphatase into the
glycogen particle fraction causes large changes in some of the properties of
the enzyme,

Chapters 1-8 deal with purified enzymes and cell-free systems. In
contrast, Chapter 9 presents data from experiments with intact iissues., It is
shown that phosphorus NMR can provide information on the concentrations,

coordination and interconversion of phosphorus-containing metabolites in intact

muscle. The shape of any particular signal indicates the number of



environments in which the corresponding compound finds itself, and is therefore
a monitor for compartmentation of that compound. The multicomponent line-
shape of the signal of inorganic phosphate intrinsic to muscle, or of phosphate
'dialysed’ into the tissue indicates some form of compartmentation of this jon.
The creatine phosphate resonance, in contrast, has only ore component, The
complexity of the inorganic phosphate line-shape is dependent on the integrity
of the tissue. / The origin of these effects is discussed.

Chapter 9 is concluded with a comparison of the phosphorus NMR

spectra of red and white muscle and a discussion of the observed differences.
Spectra of rabbit semitendinosus muscles exhibit o resonance which is not
observed in spectra of rabbit whife——leg muscles. It is shown that this resonance
is due to the presence of a phosphodiester., A partial purification of this
metabolite is described but the exact nature of the compound is not defined.

The thesis is concluded with Chapter 10 which presents an assessment

of the likely state of phosphorylase b and o in vivo.  The discussion is not

solely restricted to phosphorylase activation; the mechanism whereby

phosphorylase activity is suppressed in resting muscle is critically discussed,
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Chapter 1

THE GLYCOGEN - PHOSPHORYLASE SYSTEM

", ...the highly developed situation is, by definition, low in
opportunities of porticipation, and rigorous in its demands of
specialist fragmentation from those who would control it".  (2)

The rabbit muscle glycogen phosphorylation system consists of a
complex set of interacting molecules. A full understanding of its operation
and regulation requires not only a thorough characterisation of each component,
but a clear picture of how these components interact and cre influenced by the
physiological environment, Whilst the conventional methods of enzyme assays,
freeze clamp, isotope labeiling and chemical analysis, can provide much basic
information, it is clear that direct methods for studying unperturbed molecules
in this system are needed. This thesis presents an attempt to investigate fhe
enzymes concerned with glycogen breakdown with techniques which use speciral
data fo convey detailed molecular information,

This chapter outlines the present state of knowledge of the glycogen
phosphorylase system, highlighting some of the points where there is
uncertainty and ignorance, and the ensuing chapter introduces the spectroscopic

techniques, pointing to their usefulness in approaching the outstanding problems.



A. Historical

In the 1931 issue of the Journal of Biological Chemistry, Carl
and Gerty Cori wrote, "The observation that more muscle glycogen disappeared
after epinephrine injection than could be accounied for as lactic acid,
suggested that a substance intermediary between glycogen and lactic acid
accumulated in muscle under these conditions", (3) This deduction gave
impetus to a series of studies which, tweniy five years later, had laid the
foundations of our current knowledge of the glycogen phosphorylase system,
Prompted by the discovery, by Emden, of hexese phosphates in muscle extracts
(4,5), the Coris isolated and synthesised gluccse- 1-phosphate (6). By 1938,
"The formation of glucose-1-phosphate and its conversion to glucose-6-phosphate
had been shown to be the initial steps in the degradation of glycogen to
lactic acid" (7,8) and hence the existence of phosphorylase and phospho-
glucomutase was deduced (Fig. 1.1).  Study of phosphorylase acﬁ.vity in
tissue extracts revealed, for the first time, an allosteric effect - AMP and
IMP stimulated the formation of glucose- 1-phosphate from glycogen and
inorganic phosphate (8,9, 10).

Shortly afterwards, the crystallisation and preparation of phosphorylase
were described (11,12). According to the preparation, two distinct forms of
phosphorylase could be isolated. One form, the a form, crystallised readily
and possessed activity in the absence of AMP. The other form, phosphorylase b,
was more soluble a'nd was inactive unless AMP was present, It was shown that
tissues contain an enzyme which could convert ’rhe/_q form to the b form (13).

Hence the idea that an enzyme could exist in two interconvertible forms

became established,



Glycogen + P
\ phosphorylase

N ,'ff
K4

Glucose- |- phosphate

phosphogluco mutase

¥
Glucose - G-phosphate

Glycolysis

Figure 1,1 Glycogen provides sugar phosphates for Glycolysis

hormone muscle
proteins
N
\
\ia )
l ) A kinase c 24 é nerve
-~ kinase a -
S o eI
7
{ R'A
N\ | |
phosphoryiase
\‘/ i
Glycogen
phosphorylasc
liinase A |- "‘“‘? \L Z\L
/ 4
” /‘
(;‘yco!ysis
Figure 1.2 Switching on Glycogenolysis Scheme illustrating calciim
and cAMP Tinduced activation of the glycogen phosphoryiuse
system (I = inuctive form of enzyme, A = active form ol

enzyme)



Fischer and Krebs extended these observations when they demonstrated
that the b to a conversion required ATP and Magnesium ions (14,15). This
led to the discovery of phosphorylase kinase and the realisation that the
b to a conversion proceeded by the covalent attachment of a single phosphate

group onto one serine residue in each subunit (16,17,18).

B. The Phosphorylase Cascade System

Glycogen is the main energy storage polymer in white muscle,
Glycogenolysis utilises the energy stored in the bonds of this polymer io
produce the high energy compound, ATP. In order to provide energy when
muscle confracts and to conserve energy when muscle relaxes, glycogenolysis
must be controlled. Our understanding of this regulation is based upon the
results of a large number of research groups whose work has developed and
expanded the early observations of the Coris. A brief summary of current
dogma is included here.

As is most logical, the first step of glycogenolysis, the phosphorylase step,
is regulated (Fig. 1.2). In the re;fing‘-muscle, phosphorylase, which is
glycogen-bound, is assumed to be inactive and is in the b form
(unphosphorylated). The main pathway for activation involves phosphorylation
by ATP, catalysed by phosphorylase kinase. The activity of this latter enzyme
is totally dependent upon the presence of calcium ions (19). Nervous
stimulation of muscle leads to release of calcium from the sarcoplasmic

reticulum, the increase in sarcoplasmic calcium concentration (about 2 x 10—6M)

being sufficient to stimulate both phosphorylase kinase activity and muscle



confraction (20,21) (see Fig. 1.2). ATP energised pumping of calcium out
of the sarcoplasm causes muscle relaxation and deactivates phosphorylase kinase.
Phosphorylase phosphatase then converts phosphorylase a to b, and further
glycogenolysis is prevented.

Phosphorylase kinase activity is also enhanced when it is phosphorylated
by cAMP dependent protein kinase (62). When adrenaline stimulates muscle,
sarcoplasmic éAMP levels are raised, cAMP dependent protein kinase is
activated and phosphoryiase kinase is phosphorylated., Hence glycogenolysis
in muscle may be stimulated by hormonal as well as nervous signals (22,23,24)
(see Fig. 1.1). This sequence of effectors and enzymes is often referred to as

10

a cascade because < 10 M adrenaline in the plasma can produce levels of

8

M cAMP in the sarcoplasm which can activate ]O-8M cAMP dependent

protein kinase and hence 4 x 10—6M phosphorylase kinase and 8 x IO—SM

107

phosphorylase.

C. Phosphorylase

(i) Reaction Catalysed

The reaction catalysed by phosphorylase in vivo is:

glycogen(n) + Pi <—> glucose- 1-phosphate + glycogen (n-1).

Although the equilibrium of the reaction catalysed by glycogen phosphorylase
is 4:1 in favour of glycogen synthesis, the low level of glucose-1-phosphate
in the cell (due to the phosphoglucomutase equilibrium being 17:1 in favour
of glucose—é—phosPhatg) and the high concentration of phosphate, ensure thdf

the reaction catalysed by phosphorylase in vivo is glycogen breakdown, A



separate enzyme system involving UDPG is available for glycogen synthesis

(25,26).

(ii) Aggregation

Although under most conditions phosphorylase b exists as
a dimer of subunits, e-ach of molecular weight 100,000 (27), AMP and divalent
metal ions inauce aggregation to a tetrameric form (28). In contrast,
phosphorylase a, whilst normally tetrameric, is disaggregated to dimers by
glucose, maltose or maltoheptaose. On the basis of this result, it has been
suggested that glycogen-bound phoiphorylase is always dimeric (29,30).
However, as it is difficult to obtain definitive evidence concerning this point,
the number of subunits which may interact together in vivo is open to doubt.

Ultracentrifugation and probe studies show that aggregation is a slow

process, lagging behind the conformational changes associated, say, with the
b to a conversion (31). However, the nature of the bonds responsible for
aggregation and the arrangement of subunits in the aggregates are not known,

Phosphorylase, at low concentrations, may be reversibly monomerised

Cad

-

if incubated in an imidazole citrate buffer. Monomerisation causes loss of

enzymic activity and facilitates resolution of the cofactor, pyridoxal

5' phosphate (32).

(iii)  Effectors
Undoubtedly one of the fascinating features of this enzyme
is the way it interacts with a variety of ligands, Thus besides the substrates

(Pi, glucose—l—phosphc.fe and glycogen) many nucleotides, sugar phosphates and



metal ions bind to it., Some of these (notably AMP and IMP) are activators,
others like ADP, ATP and glucose-6-phosphate are inhibitors. Substrates,
activators and inhibitors show various forms of cooperativity (both homotropic

and heterotropic) and the two types of phosphorylase (o and b) show distinct
differences in their ability to interact with these ligands. Table 1.1 summarizes
some of the information available about these interactions, Clearly some of the
ligands shown;’canno’r be biologically relevani and have only been studied to
elucidate the specificity of binding and effector efficiencies. Nevertheless the
complexity of the system is already obvious and many other variables (Table 1.11)
have to be taken into account. In order to evaluate the physiological
significance of these effects, it is ‘necessary to know the dissociation constant

of each ligand for each form of phosphorylase, the nature of any homo- or
heterotropic effects and the concentration of each ligand in the tissue concerned,
taking account of any compartmentation,

As phosphorylase activity can be regulated by covalent modification,
many workers have found difficulty in understanding the reasons for the
existence of such a large range of non-covalent effectors, These effectors may
be merely remnants of an imperfect regulatory order, discarded by evolution in
favour of regulation by covalent modification. Alternatively, regulation by
covalent modification and non-covalent effectors may have distinct important
complementary roles, If this is the case, it is necessary to establish the
relotion between the two modes of regulation, It is also necessary to estimate
the importance of allosteric interactions in the maintenance of any physiological
effects of small ligands. In phosphorylase most homotropic effects are weak

(e.g. allosteric activation of phosphorylase b by AMP is described by o Hill



Table 1.1

The Interaction of Various Effectors with Phosphorylase

Effector + Phosphorylase b + Phosphorylase a
no ligand no activity 50-60 units/mg activity *
AMP activates to 80-90 units/mg * (12)
IMP activates (97) binds but no effect on
activity
ATP,ADP inhibit AMP induced bind tightly but no effect
activity (98) on activity
G-6-P strong inhibitor (98) weak inhibitor
Phosphate, G-1-P (76) substrates - bind weadkly to both forms of
phosphory lase
Glycogen (106) substrate - very tight binding to
: Phosphorylase a and b
UDPG (99) inhibitor - binds to the G-1-P site
Gluconolactone (100) inhibitor - supposedly a transition state
' analogue
Glycerophosphate (101) affects binding of other ligands

* ot 30°C. 1 unit = 1 umole of phosphate released per minute, under

standard assay conditions
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coefficient of only 1.2 - 1,3) whereas heterotropic effects are strong (e.g.
Glucose—]-phos[ohate can tighten the binding of AMP to phosphorylase b by a
factor of up to 8). Hence it is possible that the critical interactions are those

within, rather than between, subunits.

(iv)  The Pyridoxal Phosphate Cofactor
Each phosphorylase subunit contains one molecule ¢f
pyridoxal 5' phosphate, covalently attached to phosphorylase by an imine
bridge to a specific lysine residue (33,34). Although removal of the cofactor
causes inactivation of phosphorylase (35), reduction of the imine bridge with
borohydride results in an active adduct (36).

"Reconstitution experiments with chemically modified pyridoxal analogues
have helped to define the functionally essential features of the coenzyme (37).
One observation of particular interest is that a monomer containing
pyridoxal-5'-phosphate monomethy! ester confers activity on an inactive
monomer containing unmodified cofactor whilst itself remaining inactive, when
the two monomers are hybridised together in a dimer (38). This suggests that
the phosphate may have a direct catalytic function in the enzyme,

The unusual fluorescence properties of this group have been variously
interprefed os being due to interaction with a nucleophilic group and a
hydrophobic pocket (42,43). Such an environment does shift the emission
maxima of pyridoxal-shiff bases in the theoretically predicted direction. The
observation that looiide ions cannot quench pyridoxal fluorescence efficiently
by a collisional mechanism is also consistent with this, Spectroscopic

observations using absorption (39,40) and fluorescence quenching techniques

10
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(41) have indicated ligand induced changes in the environment of the
heterocyclic chromophore. For example, addition of glucose-6-phosphate
enhances the accessibility of the chromophore to I ions (41),
Despite this information, the role of pyridoxal phosphate in phosphorylase
is still a puzzle. Suggestions for a possible function have included:
a) the cofactor directly participates in the catalytic process
b) the cofactor is responsible for maintaining the tertiary or
quaternary structure of the enzyme
c) correct folding of the polypeptide chain after it has been
synthesised requires the presence of pyridoxal phosphate
d) phosphorylase has a seconc'l enzymic activity dependent upon
pyridoxal phosphate (which has never been discovered)
e) the cofactor is important in regulating the amount of
phosphorylase present in the tissue
f) the presence of pyridoxal phosphate is the result of an olden
evolutionary deployment which has become obsolete but has not

been reversed.

Whilst evolutionary pressure to conserve pyridoxal phosphate would
tend to exclude some of these explanations, no firm conclusions can be

reached without more evidence.

(v) The Serine Phosphate
Proteolysis, by trypsin, of phosphorylase a results in a
cleavage of the amino-end of the molecule: the resulting hexa-peptide

contains the serine residue that is phosphorylated in the kinase catalysed
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phosphorylation of the enzyme and is rich in basic amino acids (18,44).

The presence or absence of phosphate on this serine residue determines the
conformation, activity and behaviour of the enzyme. Clearly this region of
the enzyme must also have a recognition site for both phosphatase and
phosphorylase kinase, However, the location and relation of this site to other
parts of the enzyme is unknown,

/
1]

(vi)  Crystallographic Studies

As phosphorylase is an enzyme of large molecular weight,
structural studies present considerable difficulties. These have bean
complicated by the fact that the most common crystal form of the enzyme
contains the tetramer (45) (which is the predominant form of phosphorylase
a and b af high concentrations, in the presence of AMP), Although the early
electron microscopic studies suggested that the enzyme dimer was asymmetric
more recent observations on the crystalline enzyme have suggested that the
two subunits are identical (46). This is entirely consistent wiﬂw al"l the
chemical data available to date (47) and is confirmed by the recent X-ray
crystallographic work on the enzyrﬂé. ’jfhis was made possible by the
discovery of a new tetragonal crystal form of phosphorylase 13 (48) which
contains one monomer per asymmetric unit and in which two monomers are
related by a crystallographic dyad axis to form the dimer. These crystals will
grow in the presence of IMP or without any ligands, but not in the presence
of AMP, The crys.i‘allographers' 6A resolution model shows that the molecule
is ellipsoidal (with approximate dimensions of 127 A X 632 x 633\) and

relatively compact. It also reveals the position of the  heavy atoms (in two
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mercury and one platinum derivatives) and a cavity on the enzyme surface
(49). Whilst further crystallographic studies are likely to show details of the
enzyme at higher resolution, they are unlikely fo reveal, in the near future,
any of the dynamic aspecis of the structure e.g. the nature of ligand induced

structural changes.

D. Phosphorylase kinase

This enzyme is responsible for phosphorylation of phosphorylase b.
Apart from the recently demonstrated phosphorylation of troponin by this enzyme
(50), its action appears to be specific for phosphorylase or a large peptide
containing the key serine residue that may be isolated after proteolysis of
phosphorylase b (51). The enzyme phosphorylase b kinase has a molecular
weight of 1.26 x 106 and has a subunit structure of (a B'y)4 (52) or
[A B C2 ]4 (53). Ifs activity is completely dependent on calcium ions (which
it binds very tighily) and magnesium/ATP (19). Although the calcium /
substrate / enzyme complex has a very low activity at neutral pH, its activity
is 60-100 times higher at pH 8.4 (54). However the complex may be
activated at neutral pH by phosphorylation on the B/B and o/A subunits of the
kinase, Whilst two sites are phosphorylated, only one site need be
phosphorylated for activation of kinase at neutral pH (55).  Phosphorylase b
kinase may also be activated at neutral pH by proteolysis or auto-phosphorylation.,
Proteolysis, cleaving the o/A subunit, may be effected with trypsin or with a
calcium dependent proteinase (KAF) found in muscle homogenates (56-59),

In addition to binding sites for phosphorylase, calcium, ATP/magnesium



and magnesium, kinase contains binding sites for glycogen, cAMP dependent

protein kinase and kinase phosphatase,

E. cAMP dependent piotein kinase

Phosphorylation at both sites of phosphorylase b kinase is
catalysed by éAMP dependent profein kinase, This dimeric enzyme has a
regulatory and a catalytic subunit (60) - the regulatory subunit suppresses the
activity of the catalytic subunit, so the dimer is inactive. Binding of cyclic
nucleotide leads to dissociation of the dimer and release of the free catalytic
subunit, which, on release, becomes active (61) and may then catalyse the
phosphorylation of phosphorylase b kinase and glycogen synthetase (62). cAMP
dependent protein kinase is non-specific with respect to protein substrates and
it causes phosphorylation of a wide variety of proteins in a range of tissues
(63,64). As cAMP production in muscle tissue is a result of hormone
stimulation of membrane bound adenyl cyclase, it is easy to envisage how

hormone action activates the glycogen phosphorylase system,

F. Phosphatases

Just as cAMP dependent kinase phosPhorylofes phosphorylase b
kinase and glycogen synthetase, both these enzymes are dephosphoryla’red by
kinase phosphatase. This enzyme has been little studied but has been partially
purified (65). lts action on phosphorylase b kinase has been shown to be

dependent on the number of sites which hdave been phosphorylated. Under some

14
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circumstances, therefore, phosphorylase b kinase is resistant to phosphatose
action (66).
Phosphorylase phosphatase has been studied in more detail, lts action
on phosphorylase a is inhibited by AMP and IMP due to the binding of these
nucleotides to phosphorylase a (67). In addition, magnesium ions, EDTA,
glucose and glucose-6-phosphate affect phosphatase action (the latter ligand
activating ph:)sphafase) (68). It is possible to compare the effect of these ligands
on the dephosphorylation of phosphorylase a and a phosphopeptide containing the
key seryl phosphate obtained by partial proteolysis of phosphorylase a (18).
This allows one to deduce whether the effect of ligands is mediated by binding
to phosphorylase a or fo phospha’ra»sve‘e (69).
It is generally ossumed that active control of the glycogen phosphorylase
system is effected by the kinases and that the phosphatases play a passive role,

acting only to switch off components, after kinase activity has ceased, This

point is discussed in Chapter 8.

G. Glycogen

The glycogen molecule consists of chains of glucose units joined
by a 1 —> 4 bonds and branched by L 1 —>Bbonds. Each glycogen molecule
contains one "reducing" glucose residue and many non-reducing terminal
residues (4-ends), The number of 4-ends depends upon the degree of branching
by the chains i.e‘. the relative number of 1 —> 4 and 1 —> 6 bonds (see
Fig. 1.3). Glycogen is very highly branched and, on average, contains only

about 6-10 glucose units between branch points (70).
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Although phosphorylase degrades glycogen sequentially from the non-
reducing 4-ends, it connot breck 1 —>Bbonds or 1 —>4bonds less than 4
residues away from a branch point (71) (see Fig. 1.3 ). However, because of
the heavy branching of the molecule more than 10% of the polymer's glucose
residues are at non-reducing termini. Hence, no matter how large a glycogen
molecule becomes, a sizeable fraction of its glucose unifs is always available
for immediqte/ release as glucose- 1-phosphate, provided that active
phosphorylase is present

Glycogen isolated from rabbit skeletal muscle has an average molecular
weight of several million, and in the electron microscope appears as particles

of diameter 40 mu (72). It is envisaged that in vivo, the enzymes concerned

with glycogen metabolism cluster around the surface of the glycogen molecule.
However, it must be remembered that, because of the high degree of <hain
branching, there is much space inside the glycogen, which may be occupied
by water, It has been suggested that up to 4 grommes of water may be

associated with one gramme of glycogen (73).

H. The Glycogen Parficle Fraction

In vivo, the above components, together with the enzymes of
glycogen synthesis, interact together to create a functional unit whose
responses are geared to the needs of the cell. Many of these components,
in vivo, are associo’red with molecules of glycogen.

To facilitate the study of this unit, Meyer et al. (74) have developed

»

the preparation of a subcellular fraction from rabbit skeletal muscle, which

17
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contains, principally, glycogen and the enzymes of glycogen metabolism,
This preparation, the glycogen particle fraction, has been used to study the
enzymes of glycogen breakdown in an environment supposedly approximating

that found in vivo (75). A discussion of this fraction is included in

Chaopter 7.
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Chapter 2

THE METHODS

A. Can the problemsbe solved?

The introductory chapter outlined the glycogen phosphorylase

system, some ‘of the outstanding problems associated with its study and some
of the unanswered questions. Because most of these questions relate to the way
in which the components of the system interact and behave in intact tissue,
any real understanding requires many complementary pieces of data, some of
which are accessible and some of which may never be. The approach which
holds the promise of "most information™ is X-ray diffraction, which, in
principle, can provide the ccmplete structure of many macromolecules.
However, it is often impossible to apply the method to systems which bear any
relation to the real biological situation, Also, it may be that the key to the
understanding of complex bioorganisation will not be found at the level of the
detailed molecular coordinates of, say, poly-peptide chains. Whilst it is hoped
that this judgement is over pessimistic, the need for alternative ways of
defining structural features, binding, associations and conformational changes
at high resolution is apparent,

The problem is to describe the solution properties of components of the
system in such o way that the same parameters could be extracted from in vivo
experiments, For an enzyme like phosphorylase, this is a formidable problem

for two reasons, Its large size restricts the number of methods that can provide

meaningful information. about the molecule. More importantly, it is possible
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that the interaction or modification energies are distributed among a large
number of covalent or non-covalent bonds so that both the overall end local

changes in the enzyme will be small,

Spectroscopic measurements offer a possibility of studying aspects of
enzyme structure in a range of environments, They often enable one to detect
small conformational changes in enzymes, which can sometimes be related to
specific moleéular properties of the protein. Many spectroscopic measurements
in enzyme systems are very simple and empirical in that they rely on the
quantitation of a single spectroscopic parameter from one "reporter group"
positioned on o protein, Although total structure cannot be obtained from such
measurements, this simplicity and e;npiricism allows one fo monitor the
parameter in a range of systems, where more information-intensive methods,
such as X-ray diffraction analysis, are inoperative. Moreover, as measurements
can be made on opaque viscous samples containing high protein concentrations,
without gross perturbation of the system, daota can be obtained from
preparations which are more closely related in the in vivo situation than
dilute solutions of purified proteins.

This thesis is primarily concerned with the opplications of fluorescence,
electron spin resonance (ESR) and nuclear magnetic resonance (NMR) to the
understanding of the regulation of the rabbit muscle glycogen phosphorylase
system. This chapter outlines some of the spectroscopic methods which have

been used, and brief details of the methodology, potential and limitations of

each technique are given,



B. Chemical Modification of Enzymes

In most enzymes some amino acids may easily be chemically
modified, For example the nucleophilic properties of cysteine, lysine and
histidine residues facilitate reactions with a wide variety of reagents containing
carbon-halide bonds, Although many such reactions often cause inactivation
or denaturation of the enzyme, it is often possible to select conditions and
reagents so that a fully active or functional modified protein may be prepared.
A large number of protein modifying reagents which contain spectroscopically
useful groups are now commercially available e.g. fluorescent and spin label
probes, ! C and wF derivatives.  Hence, this type of reaction is the
starting point of many of the inves’t“i-gctions into the structure and function of
enzymes which are based on spectroscopic probe methods.

In many cases, the usefulness of "labelled" enzymes depends upon the
specificity of attachment of the probe to the protein, 'Whilst a protein
molecule may contain, say, thirty or more residues which could potentially
react with a given reagent under a particular set of conditions, very often,
modification is restricted to a small number of sites. Although steric effects
due to the tertiary structure of the 'protefin ére the cause of much of this
selectivity, the exact specificity of any reaction is likely to be caused by a
large number of interacting factors, which, in most cases, are not understood.
The specificity of any reaction may be investigated in two ways. Either, the
distribution of the label between the various sites on the enzyme may be
determined by protein chemistry or the kinetics of the reaction may be studied,

Whilst the former method is often more rigorous, the kinetic approach is more

practicable for the study of large proteins and labile reagents,



For example, the reagent 4 chloro 7 nitrobenzofurazan (Nbf-Cl) (1)

reacts specifically with the sulphydryl groups of phosphorylase (78).

Ci

The reaction is accompanied by a large change in the absorption and
fluorescence spectra of the chromophore and, hence, the rate and extent of
the reaction can be simply monitored. Alfernatively, if radioactively labelled
reagents (e.g. MC iodoacetamide) are used, the extent of any reaction can
be estimated from a measurement of the radioactivity incorporated into the

protein,

C. Fluorescence Methods

Proteins may be studied by fluorescence methods if light emission
can be observed from aromatic amino acids, substrates, cofactors or reporter
_groups which may be covalenily or non covalently attached. Two reporter
groups, Nbf Cl and lodoacetamidosalicylic acid (ISA), which may be covalently
attached to phosphorylose, are described in this thesis. Both react with the
sulphydryl groups of phosphorylase by nucleophilic displacement of a halide ion,

to give fluorescent adducts which are fully catalytically active.

22
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Fluorescence is a result of eleciron fransitions from excited states to
the ground state of a molecule. In principle, for any fluorescent molecule,
several parameters can be measured and in some cases these parameters can
give information about the environment around the fluorophore. For example
the relative positions of the excitation and emission wavelength maxima can
indicate the polarity of the environment. Measurements of fluorescence
polarisation and lifetime can reveal some of the motional characteristics of the
fluorophore.

An alternative use of fluorescence is to monitor changes in any parameter
as a function of some perturbant. Information about the system may then be

abstracted without a detailed physical interpretation of the observed parameter.

23
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For example, on excitation of acetamidosalicylate (SA) phosphorylase at

320 nm, fluorescence at 400 nm in observed. Moreover, this fluorescence is
quenched by up to 30% on addition of some ligands to phcsphorylase. This
provides a sensitive way of monitoring and quantifying ligand interactions
with different forms of phosphorylase (79).

Fluorescence measurements may also give distance information, The
fluorescence of any group may be quenched if its emission has spectral overlap
with the absorption of a second fluorescent group positioned nearby (81). The
efficiency of quenching increases as the distance between the two groups
decreases, The distance range over which quenching occurs is determined by
the overlap integral, the orienfc’rioﬁ of the two groups and the dielectric
constant of the medium. For example, from the excitation and emission
spectra of acetamidosalicylate (the donor) and Nbf (the acceptor) shown in
Fig. 2.1, it may be deduced that acetamidosalicylate fluorescence will be
quenched 50% if an Nbf group is placed 25-304 from it, provided that the
two greups have random averaged orientations (82,157). As well as the
quenching, a life time change in the donor group fluorescence and an increase
in the fluorescence of the acceptor group should be observed,

Fluorescence measurements can, in principle, be made on labelled
phosphorylase in a wide range of environments. However because of scatter
and inner filter effects, in practice, such measurements must be made in clear
solutions at low protein concentrations. Despite these problems, in some cases,
studies can be exfeﬁded to more cloudy solutions (containing, say, glycogen)

by the use of front face fluorescence or by measurement of fluorescence life

time (107).



Absorption

Emission
Absorption
~

Emission
\ “~

o A A e \z .
200 240 280 320 360 400 440 480 520 560 600
Wavelength (nm)

Figure 2.1 The absorption and emission bands of acetamidosalicylate N—ccei'y_§

‘cysteine (full Tines) and Nbf N-acetyl cysteine (broken lines).
The absorpfion and fluorescence spectra of the acetemidosalicyicic
and Nbf moieties when attached fo phosphorylase b are identical
to the specira shown in the figure. B

e < At s s .




It must be stressed that the above uses of fluorescence can often be

a matter of "trial and error", because there is no way of predicting which

fluorescent probes attached to which groups will "report" changes in any enzyme.

For example, when the above probes were attached to 5' adenylic acid
deaminase no ligand induced fluorescence changes were observed although it

was known that activity linked conformational changes were occurring.

D. Spin Label Probes

The spin label method, first introduced for the study of

macromolecules by McConnell and his associates (83), relies on the electron
spin resonance (ESR) properties of stable free organic nitroxide radicals of

i

the type:
©
0]
l 2]
N

I—CHgCO—NH N—O

iodoacetamide spin label

.

When a spin label is placed in a magnetic field, the magnetisation associated
with the free electron of the nitroxide group is distributed between two energy
levels. The energy difference (hy) between these two levels is given by:

hy = gB H
where g is the splitiing factor,

B is the Bohr magneton,

and H is the applied magnetic field.
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When microwave energy (of frequency, v) is applied to the system
the magnetisation associated with the electron is excited from one level to
the other and energy is absorbed. Because of coupling between the
magnetisation of the electron (spin quantum number = %) and the magnetisation
due to the nuclear spin of the nitrogen atom (spin quantum number = 1) each
energy level is further split into three sub-levels. Hence if the microwave
energy is scar;ned through a range around v whilst the applied magnetic
field is maintained at a constant value, H, three separate absorption bands
may be measured. In fact, in most ESR machines the frequency of the
rnicrowave source remains constant and the magnetic field is varied
continuously .

ESR signals consisting of three symmetrical lines are obtained from spin
labels, such as those shown above, wiich are tumbling rapidly in solution
(e« lO—H sec). However when motion is more restricted, the line shape is
considerably altered. This can be used to derive information about the
mobility of the labels. In addition, the splitting of the lines (i.e. the
separation of the three components in Hertz) is a measure of the polarity cf
the environment of the radical (845‘.’ In favourable cases, the ESR signal can
be used to obtain information about the orientation of the molecule with
respect to a loboratory axis related to the magnetic field (85).

The iodoacetamide spin label derivative shown above may be covalently
linked to phosphorylase by reaction with the sulphydryl groups of the protein
(90). When the px;obe is aftached to phosphorylase, the line shape of the

observed ESR spectrum is sensitive to the conformation of phosphorylase around

the probe, which in turn is determined by the state of activation of the
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enzyme (80). ESR spectra of labelled enzyme in the presence or absence of
AMP are shown in Fig. 2.2. Similar changes are seen when other ligands

are added to phosphorylase. These effects, originally discevered by Dr. N.C.
Price, and investigated in greater detail by Drs. J.R. Griffiths and R.A. Dwek
(88,89), were analysed by characterising each ESR spectrum by the ratio, R.
This is the ratio of the amplitudes of the low field and centre peaks in the
differentiated ;‘form of ESR specira. The ratio R was observed to change during
titrations with ligands, and if Ro was the ratio for the unliganded enzyme and
Roo was the ratio exhibited when the enzyme was saturated with any ligand,

the fraction of enzyme (X) binding the ligand when the ratio observed was Rx'

was taken as:

X = 'x 0 (101)

This method for handling data has been retained in this thesis. The
ratio method was originally developed because technical difficulties and
machine fluctuations made absolute peck heights difficult to measure
reproducibly. However subsequent siudies have revealed that during some
titrations both the centre peak and- low field peak amplitudes alter. Although
this apparently casts doubt upon the validity of using the observed ratio
changes as a proportionate measure of ligand saturation of labelled enzyme, it
is ecsy fo show that if the pr0portiondfe change in the centre peak height is

no more than 20% and the ratio R does not change by more than 40%, the

equation X ;'Rx - Ro is valid to within 10% (91) (see Appendix 3).

R -R

o8] o
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The advantage of ESR over fluorescence is that measurements can be
made with very opaque solutions without loss of efficiency (for exaniple, the
glycogen particle fraction). In addition, there are no technical problems
associated with experiments at high protein concentrations: ESR titrations
could easily routinely be performed with 70-80 uM spin labelled phosphorylase
(the physiological concentration). The two disadvantages of ESR as compared

to flucrescence are that continuous readout of probe paramefers cannot be

obtained and that more probe is needed to obtain spectra, As with fluorescence,

finding a useful combination of probe and point of attachment can be a matter

of "trial and error".

E. Nuclear Magnetic Resonance

NMR is similar, in principle, to ESR, However because the
magnetisation of nuclei rather than elecirons is studied it operates in different
field and frequency ranges. “When placed in a magnetic field, nuclei which
have spin quantum numbers # 0 orientate themselves with respect to the field.
They may then be displaced from this orientation by the absorption of energy,
which may be applied in the form of radiofrequency radiation (the displacement
is known os resonance). Nuclei in different chemical environments experience
different magnetic fields and hence resonate at different energies. Thus the
abcissa of an NMR spectrum represents a range of resonance energies and the
ordinate shows the number of nuclei resonating at each energy in the range.
An NMR spectrum presents an analysis of a molecule in terms of the different

magnetic environments around each atom,
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NMR spectra can be recorded by scanning radiofrequency radiation
through a range of energies and recording the absorption of energy at each
frequency. This method, known as continuous wave NMR, is, however, not
normally used, as most biochemical applications of NMR require the maximum
sensitivity of the technique. Signal/noise may be increased by the use of
Fourier Transform NMR. A brief description of this technique is included at
this point, as'; it is conceptualiy completely different to continuous wave NMR,
and as if is relatively unfamiliar to most biochemists. Excellent reviews by
Coxon (92), and Carrington and McLauchlan (94) are available.

The sample is piaced in a strong magnetic field. The magnetisation
vector of a nucleus in any parficuiér environment is orientated with respect
to the applied magnetic field and precesses around the direction of the field
(the z direction) with a particular frequency. This frequency is the
resonance frequency for the nucleus in that environment. Nuclei in different
magnetic environments have different resonance frequencies. In this state
there is no net magnetisation in the plane perpendicular to the z axis (the
x - y plane), However on application of a short pulse of radiofrequency
energy the magnetisation vectors from ﬂ‘:e orientated nuclei move away from
the z direction (see Fig. 2.3) and magnetisation may be detected in the
x - y plane, Each magnetic component is still precessing around the =z
direction with ‘a frequency equal to its resonance frequency. Hence, if the
magnetisation detector is placed along, say, the y axis, each magnetic
component is detected as a sinusoidal signal.  Moreover the sinusoidal signal

from each component decays with time due to (i) reversion of the

magnetisation from the x - y plane to the z direction (spin lattice

-



relaxation described by the relaxation time, T]) and (ii) individual nuclei
with the same frequency of precession around the =z axis eventually
randomising the direction of their magnetisation vectors in the x - y plane

(spin spin relaxation described by the relaxation time, T,) (see Fig. 2.3).

2)

Hence each nucleus in each different environment may give rise to a
damped sinusoidal magnetic oscillation at the detector, the frequency of
which is related to its resonance frequency. The decay of magnetisation
measured af the detector (the free induction decay) is the sum of the damped
oscillations from the many sets of magnetic cenires, expressed in the time
domain, Fourier transformation of the decay results in data which express the
intensity of each oscillation in fheyfrequency domain,

The spectra resulting from a Fourier Transform or a continuous wave
operation can therefore be identical. Fourier Transform NMR is preferred as
free induction decays from successive pulses of radiation con be accumulated
more quickly than the energy range of a continuous wave spectrometer con be
swept, Signal/noise is thus increased by operation in the Fourier Trans{orm
Mode.

Many different nuclei may be observed by NMR, the biochemist finding
]H, ]QF, ]BC, 3]P and ]5N most useful. Proton NMR has been most studied
as, in principle, it can give readout from all the protons in a sample, thus

providing structural and dynamic information about any molecule. For each

resonance, several parameters can be measured,

1) Line position - the resonance position of any particular set of atoms
provides information about the chemical environment of that set, For example,

protons aftached fo an aromatic ring always resonate at a frequency removed



Figure 2.3
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The NMR Experiment

M . L L] . —T—‘_“-—— . .
net magnetization, m, exists in the =z direction,

A - o mognetic field Ho is applied to the sample in the =z
direction, The magnetization vectors from each nucleus orienicie
themselves with respect fo this field. Lines joining the iriangles
and the centre of the sphere represent individual magnetization
vectors - three such vectors, marked p are shown. The vecior
from each nucleus precesses around the =z axis with a frequincy
v - about 128 x 10® times per second in the case of phospiirus
nuclei if Ho is 7.5 Tesla. In this illusiration, all the nuciei are
in identical environments and all precess ot ¥ cycles per second,
There will be a slight excess of nuclei with vectors whose
orientations lie with rather than against Ho, Hence a resuliant
on, n There is no
resultant mognetization in any direction in the x-y plane (the
difference in populations between the two states of orientation o*
the vectors is greatly exaggeroted in this figure),
x,y and z refer to laboratory axes.
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C - A 100 jisecond pulse of radiaticn of frequency v is applied in
the x . direction (H;). This causes the orientation of each vector
to rotate by 90° around the x axis, as shown, The angle of
rotation is dependent upon the pulse length, Whilsi rotation is
occurring, each vector stiil precesses around the z direction with

a frequency v. Each vector will precess 12,900 times around the
z direction in 100 yseconds,

Rotation causes the resultant net magnetization vector to be

tioped out of the =z direction, After a 90° rotation the net vecior
PP : P

m, lies in the x-y plane and, like the vector from each nucleus,

precesses ai frequency v around the =z direction, A marnctization

detector which monitors, say, magnetization in the y direction
thus records a sinusoidal signal of frequency, v.

34



‘ Y
!8\
ESOON
g O
i
v 0O
- o1
E 0
n
8]
&
a)
[ ]
5
0

7
i
NS
N~

e
\

AN
iﬁ
<
52;

/
%Efooﬂocoﬂo

/
\

SPIN  LATTICE
RELAXATION =Ty
- N/

(assuming no Tp reinry2tina;

Py -~
F{L"—J%_ / 7
Mo /
zf:;:

D—>E - After H, radiation has been switched off, the individual
magnelization vectors return fo their original orientations. Hence
net magnetization (m) in the x-y plane diminishes and reappears in
the =z direction., The decay of net magnetization from the X=y
picihe due to this process is exponential and has a half tjme., T
tha spin-lattice relaxation time, T. may be scveral seconds.;
during this time the magnetization vector may precess 107 times
around the z direction,
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D->F- After H] is switched off,

vectors continue to precess around

the individual magnetization
z at a frequency, V. Provided

that each vector precesses at exactly v, the resultant magnetization

in the x-y plane, m, will remain constant,

Due to spin spin

‘nteractions and magnetic inhomogeneities, slight differences in v

occur between the vectors from different nuclel.

This causes a

gradual randomisation in the directions of the vectors end a decay

n the resultant magnetization in the x-y plane, m.

This decay is

exponential and is chovacterised by the spin-spin refoxction time

T... T., may be several milliseconds; during this time each
L. . . N

magnetization vector may precess 10® times around the z direction

(assuming ne Tq pelaxation )
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G-H-1 - This figure describes the T, process. It represents a
cross section of the sphere in D, containing the x-y plane.
Immediately after H, is switched off, individual magnetization
veciors are rofating at frequency v in phose around the 2 axis.
Cradually, as they lose coherence, the net magnetization vector
in the X~y plane is reduced. In | complete randomisation of the
vectors hos occurred ond the net magnetization in the x-y planc
is zero. During this process each individual vecior and the
resultant magnetisation, m, woy precess 107 - 108 fies around
the =z axis,

T, relaxation does not generate magnetization in the

2 direction,



from the resonance position of, say, the methyl protons of alanine (108).
Another example concerns ~ P resonances from phosphate groups. The
frequency of these resonances is dependent upon the state cf ionisation of the

phosphate and the nature of adjacent groups (109).

2) Intensity - the intensity of any particular resonance (defined by the
area under tne resonance and normally obtained by computer-aided integration
of a spectrum) is proportional to the concentration of nuclei responsible for
the resonance. Such information can be useful in defining the structure of
unknown molecules or for simple assay of compounds whose speciral

characteristics are known,

3) Relaxation Rates - The rate of return of the magnetisation from the
x - y plane to the original orientation may be measured. Relaxation can be
measured in terms of two parameters, the spin-latiice relaxation rate (T]) and
the spin-spin relaxation rate (T2). The width of a resonance in an NMR
spectrum is directly related to T2.
Relaxation rates are dependent upon the fluctuation of magnetic fields
in the vicinity of the nucleus and are related to T s the rotational
correlation time, T the exchange correlation time and T o the electronic
spin-spin correlotion time. These correlation times simply describe the time
scale of magnetic fluctuations due to molecular rotation, exchange from one

environment to another, or interactions with'neighbouring magnetic centres

(110).

4) Line Shape ~ Suppose that a nucleus can exist in two environments.

If half the nuclei are permanently in one environment and the remainder are
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in the other, two resonances may be seen in an NMR spectrum, If the two
resonances cannot be completely resolved a complex line shape will be observed.
Two components will also be observed if the nucleus is “{umping" from one
environment to another with a frequency much less than the frequency

separation of the two resonances (i.e. the nucleus is in slow exchange relative
to the NMR time scale). If the jumping frequency is much greater than the
frequency separation of the two components, a single line will be observed

(Fig. 2.4). Very complex line shapes can thus be produced by nuclei which
can "experience" several different magnetic environments and which are not in

fast exchange between these environments (24).

5) Splitting Patterns - Resonances from unique atoms in one envircament
are offen split into several components due to magnetic coupling with other
nuclei. The magnitude and extent of such coupling and the splitting between
the components produced can provide information about the arrangement of
atoms in molecules (95).

Allied to angular and distance dependent perturbation techniques (96)

proton NMR should, in principle, be able to provide much of the struciural

Ead

and dynamic information one would like to know about molecules in solution.
Of course there are a large number of theoretical and practical problems
associated with such analyses. On the theoretical side, the translation of

the above parameters into real molecular terms requires a great deal of complex
theory and supposition. On the practical side, firstly, most NMR experiments
require that each nucleus which is to be observed must be present at
concentrations grecfer'ihcn 1 mM (a concentration which is prohibitive for

some studies). Secondly. deuterium oxide, rather than water must be used as
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Figure 2.4

Line shape for jumping spin.

The ratio of the jumping rate to

the lina splitting takes the values (a) ]/]o (b) ]/5
€ 2/ (d) /2. (irom 84)
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a solvent, This requirement resiricts the use of proton NMR in the study of
fresh animal tissues and mal‘<es the study of a large range of systems very
difficult and expensive, Thirdly, as biological molecules are very complex
and contain large numbers of protons, the resolution available at realistic
magnetic fields is not sufficient to enable the separation of many of the
resonances.  This is particularly critical with large proteins (such as
phosphorylase), which tumble very slowly, causing the line widths of resonances
to broaden,

With the present theory and expertise available, many proton NMR
spectra are uninterpretable and much information is lost simply because of the
complexity of the spectra. Moreover the drawbacks of low sensitivity,
complexity and the need for the use of deuterated solvents prevent the study
of many molecules in their biological environments,

Many of these problems can be circumvented by the use of phosphorus
NMR. Although it has only ]/15 the sensitivity of proton NMR, it is
attractive because studies may be made in aqueous solution and the spectra are
relatively simple due to the small number of different chemical environments in
which phosphorus atoms are found. ™ In addition, the chemical shift range is
much larger for phosphorus than for protons (87).

The selection of phosphorus in preference to proton NMR sacrifices
potential information in favour of simplicity, adaptability and a view of some

situations not available to proton NMR, Chapters are devoted to phosphorus

NMR studies of the pyridoxal and serine phosphates in phosphorylase and to the

observation of phosphorus resonances from subcellular fractions and whole tissues.

Many of the studies described only take account of Resonance Frequency and
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Intensity measurements and are thus only quick easy assays of phosphorus
containing compounds. However some of the studies on whole tissue and

phosphorylase include a consideration of line width and line shape,

As the applications of phosphorus NMR described in this thesis have
only recently been discovered, many of the sets of observations reported here
are incomplete. However they are presented as, perhaps, one of the uses

of NMR that is most illuminating to the biochemist.
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Chapter 3

THE COVALENT ATTACHMENT OF PROBES TO PHOSPHORYLASE

One of the best ways of attaching reporter groups to proteins is by
utilising the reactivity of cysteine residues. A large number of fluorescent
and spin labelled reagents which con react specifically with sulphydryl groups
in proteins are available (111). Many measurements on labelled enzymes may
be m’ade without an accurate knowledge of the number or locations of
attac\ned probe groups. Hence the validity of most of the results in this thesis
does not depend upon absolutely specific labeliing of particular groups. In
confrast, measurement of the distance between probes on an enzyme surface
necessitates absolute specificity in the attachment of each probe to the
protein (112).

There has been o good deal of confusion concerning the number of
sulphydryl groups in phosphorylase which can react with modifying reagents.
The one fact on which most workers are agreed is thai of the 9 cysteine groups
per phosphorylase monomer, up to 4 can react with iododcetamide or DTNB
under conditions where the enzyme is not denatured (113-116). This is an
encouraging start as, obviously, the 2ase with which specific labelling can be
achieved decreases as the number of groups available for reaction increases.

It is at this point that confusion strikes the literature. Perhaps the most
reliable source of data is that of Madsen and his colleagues who, from a long

sequence of studies, found that 2 sulphydryl groups per phosphorylase monomer

reacted relatively rapidly with iodoacetamide without causing loss of enzyme
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activity. In addition, Madsen et al. found that 2 further sulphydryl groups
per monomer reacted more slowly causing loss of enzyme activity (117, 118,
47). Buc-Caron (119) observed a similar pattern of reactivity between DTNB
and phosphorylase b (i.e. two fast reacting groups and two slowly reacting
groups associated with loss of enzyme activity), However Kleppe and
Damjanovich (120) and Sanner and Tron (121) suggested that the fast phase of
reactivity accounted for only one sulphydryl group. Simultaneously Johnson
(122), Robinson (123) and Salmon showed that with iodoacetamide and Nbf-Cj
the fast reaction phase also consisted of only one group (78,124).

In ordei to resolve these conflicts, a series of studies on the reactivity
of the sulphydryl groups of phosphor—;/lase was initiated and is described in
this chapter. The observation which accounts for these discrepancies is that
phosphorylase will react with cysteine; a sulphydryl protecting reagent which
is often used in the enzyme preparation and is recommended in the procedure used
by most workers in the field (125). Reaction with cysteine leads to blockage
of one or more of the fast reacting sulphydryl groups of phosphorylase. Most
workers who have found only one fast reqc.ﬁng sulphydryl group have used
enzyme prepared in the presence of cysteine,

The following pages list the experiments performed to investigate this
problem. The kinetics of the reactions of the sulphydryl groups of phosphorylase
were investigated either by measuring the incorporation of radioactive reagent
into the protein, or by monitoring spectral changes that took place as the

reactions occurred.
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. The reaction of cysteine with phosphorylase

Fig. 3.1 shows the time course of incorporation of radioactive
cysteine into phosphorylase b, in the presence or absence of oxygen.
Radioactive 1l4C—cysfeine was added to a freshly prepared and neutralised
cysteine solution which was then incubated with phosphorylase. After various
times, aliquots were removed and passed down a small Sephadex G25 column
to remove freelcysteine. After determination of the protein concentratic:,
the amount of cysteine incorporated into phosphoiylase was deduced from
radioactivity measurements. Fig. 3.1 also shows results obtained when free
cysteine was removed by dialysis into 1% formic acid, aofter acidificaticn of
aliquots of the incubation mixture to pH 2 with equal volumes of 1% formic
acid, One cysteine group is incorporated per monomer, followed by slower
incorporation of another group. At tinie t = 4 hours the enzyrue was > 95%
active,

Phosphorylase labelled with about one equivalent of MrC cysteine waos
dialysed into a series of media containing thiols or protein unfolding reagents,
Radioactivity associated with the protein after dialysis was measured and s
expressed as a percentage of the original radiocactivity in Table 3.1,
Treatment with cold cysteine or 2 mercapto ethanol causes loss of radioactive
cysteine from phosphorylase. In contrast, radicactive cysteine is not lost from
the enzyme when it is dialysed into SDS or guanidinium hydrochloride
solutions at acid pH, where disulphide exchange is slow,

Together wit.h the fact that the presence of oxygen is necessary for

cysteine incorporation, these results indicate that it is likely that an - S-S -

covalent bond is formed between phos;ohory.lcse and the incorporated cysteine,

o

15 |
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Figure 3.1

6 718 21
time (hours )

Incorporation of M‘C cysteine into phosphorylase b

1.31 mM 14C cysteine was added to 106 uM phospherylase b
in TEA buffer pH 7.5, ot t = 0. Affer various fimes cliquots

were removed from the incubotion mixture. Unreacted 14C cysteine
was removed from some aliquots with a small Sephadex coluran (A),
To other aliquots; an equal volume of 1% formic acid wos added
and unreacted cysteine was removed by dialysis (o). 14C cysteine
incorperated into phosphorylose was monitored in each sample and

is plotted in the figure,

The closed symbols (A,e) show a similar experiment performed with
nitrogen saturated solutions,

All experiments in this chapter were performed at 20°C,
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Table 3.1

Treatment of MC cysteine phosphorylase b with various reagents

1 ml of 50 uM phosphorylase, containing 1 equivalent of MC cysteine, was
dialysed into 3 x 1 litres of various media, Radiocactivity associated with the

protein was determined before and after dialysis.

% of counts associated with

Dialysis Medium phosphorylase after dialysis

50 mM ftriethanolomine 100 mM KCI 100

pH 7.5

0.4M imidazole adjusted to pH 6,2 160

with cifric acid

2M Guanidinium hydrochloride pH 2.0 100
pH 7.5 3

SM urea pH 2.0 100
pH 7.5 2

1% sodium dodecy! sulphate ' pH 2.0 100
pH 7.5 7

50 mM triethanolamine pH 7.5 3.5

+ 2 mM cold cysteine

50 mM iriethanolamine pH 7.5 2

+ 5 mM B mercaptoethanol

50 mM triethanolamine pH 7.5 90

+ 1 mM Dithiothreitol




Figure 3.2
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Incorporation of ~'C cystine into phosphorylase b

580 uM l4c cystine was added to 80.6 uM phosphorylase b in
TEA buffer pH 7.5, at t = 0, Afrer various times cliquots were
removed from the incubation mixture and unreacted '“C cysteina
and 14C cystine was removed with a small Sephadex cclumn,

14C half cystine incorporated into phosphorylase was monitored in
each somplc and is plofted in the figure.

The experiment was performed using air-saturated (o) or nitrogen-

saturated () buffers at 20°C,
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At room temperature and 1 atmosphere, the concentration of oxygen
dissolved in buffer is only about 200 uM (126). Hence kinetic analysis of
Fig. 3.1 could‘give misleading conclusions as the level of oxygen present
could become depleted during the course of the reaction.

The experiment was, therefore, repeated using radioactive cystine.
This was prepared by adding a solution of 1 mM cystine at pH 7.5 to
radioactive cysteine. From the data shewn in Fig. 3.2, it is apparent that two
half cystine groups are rapidly incorporated per phosphorylase monomer, The
course of the reaction is unaifected by the presence of oxygen,

The reaction of cysteine with phosphorylase may proceed by two

mechanisms

(i) Cysteine slowly oxidatively dimerises tc cystine which then reacis with

phosphorylase by disulphide exchange.

(i1) Cysteine and a sulphydryl group of phosphorylase oxidatively react

directly together,

In view of the rapid reaction of phosphorylase with cystine it is
impossible to define whether the second mechanism occurs exclusively and
‘whether the first cysteine that is incorporated into the enzyme blocks one
unique sulphydryl group per monomer or is shared between the two fast

reacting sulphydryl groups.



B. The Reaction of lodoacetamide with Phosphorylase

Fig. 3.3 shows the time course of the reaction which occurred

when 6.42 mM iodoacetamide was incubated with 100 uM phosphorylase b.
Aliquots were removed from the reaction mixture at various times and equal
volumes of 1% formic acid were added. After dialysis and a redetermination
of the protein concentration, the radioactivity associated with phosphorylase
was measured, " 1.7 - 1.8 sulphydryl groups per monomer reacted rapidly with
iodoacetamide under these conditions, At t = 1 hour, the enzyme was > 90%
active.

Fig. 3.4 shows ¢ similar experiment performed at lower iodoacetamide
concentrations, where the reaction was sec;ond order with respect to
~ iodoacetamide and phosphorylase. The data were analysed using o PDP 11
computer programme written by Mr P.J. Seeley. The programme takes the
equation:

- dA = k(S - SADA 4 ky (S - SAA + ky (S - SADA ...

di 3

where, dA is the rate of removal of iodoacetamide
dt
A is the concentration of iodoacetomide present ot time, t

So is the initial concentration of each sulphydryl group,

17 ks

n groups react with iodoacetomide with 2nd order rate constants of k

ky ween ko

and SA], SA2, SA

s SAn are the concenirations of iodoacetamide which

3

have reacted with each of these groups at time, t.

The operator estimates values of k], ko, k, .... and selects a time

2" 73

increment At, which is small compared to the half time of the fastest reacting
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Figure 3.3

time (hrs)

The reaction of lododcetamide with phosphorylase b

6.42 mM '4C iodoacetomide was added to 100 pM phosphorylase b
in TEA buffer pH 7.5, ot t = 0, After various times, aliquot.
were removed from the reaction mixture and the reaction wa:
stopped by the addmon of an equol volume of 1% formic acid
After dialysis the 14¢ acetomide incorporated into *)hOSphO”y"%‘
was assayed and is plotied in the figure.
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Figure 3.4

The reaction of lodoacetamide with pheosphorylase b

672 LM iodoacetamide was added to 90 pM phosphorylase b

- the experimental procedure was as described in Fig. 3.3.

The continuous line represenisa curve simulated by the PDP ||
programme described in the text, assuming that 4 groups /
phosphorylase subunit react with iodoacez‘am{de with rate constaois

of 105, 50, 0.2 and 0.2 I. moles™! min~ ',
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group. The computer now calculates dSAl/dt , dSAZ/dt, dSAC”/d,r

dSAn/dt for the time increment 0 fo 0 + At taking A as Ao' the initial
conceniration oi" iodoacetamide, SA], SA2, SA3 SAn and A are then
calculated for time t = At, The calculation is now repeated for the time
increment At to 2 At and new values of SA], SA2, SA3 SAn and A are
calculated for t = 2 At. The programme thus computes the reaction time
course of the incorporation of acetamide into phosphorylase assuming rate
constants k], k2, k3 kn' This is displayed on a multichannel analyser
where it can be compared to the experimental data. The continuous line in
Fig. 3.4 is such a comparison.

The data in Fig. 3.4 cannot be analysed in terms of a unique pair of
rate constants, Sets of pairs of rate constanfs ranging from k] = 120
M i) k, = 0 M min! 1o k, =8 M min” | k, = 80
'M-] min_] fit the data equally well,

Whilst the actual values of the rate constants are not important, it is
obvious that the reaction must be analysed in terms of two rather than one
fast reacting groups per monomer. If enzyme which had been incubated with

cysteine was used in these experiments, Tess than two acetamide groups per

monomer were rapidly incorporated,

C. The Reaction of Nbf-Cl| with phosphorylase

Fig. 3.5 shows the time course of the reaction of Nbf-C| with
phosphorylase b, under conditions where the reaction is kinetically pseudo

first order with respect -to Nbf-Cl, The number of Nbf groups incorporated
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Figure 3.5 The reaction of Nbf-Cl with phesphorylose b

At t = 0, 371 uM Nbf-Cl waos added to 10 WM phosphoryle:s b
in TEA buffer pH 7.5 plus {0) or minus (&) 1 mM AMP, The
number of Nbf groups per phosphoryluse subunit  was caleulated
at ecch time point from 420 nm, absorption measuremenis,
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per phosphorylase monomer was calculated from measurements of the increase in
optical density at 420 nm characteristic of the formation of S~ Nbf adducts,
taking an extinction coefficient of 1.3 x 104, as reported by Salmon (124)
and Birkett et al, (127).

The reaction, which involves the simultaneous modification of four or
more sulphydryl groups, cannot be unambiguously analysed. The situation is
complicated by a slew denaturation of the enzyme after 3-4 Nbf-Cl groups
per monomer have reacted. Because of the cloudiness produced by this
denaturation, the curve in Fig. 3.5 does not converge to an "infinity value"
and, therefore, in order to make a kinetic analysis the later points have to
be discarded and an estimate of fheJend point has to be made. The curve
can be fitted to various sets of k values, using the PDP 11 programme
described in section 2,B. If end points of between 3.0 and 4.0 groups are
assumed, all possible computer fits necessitate the existence of about two
groups peir monomer which react an order of magnitude faster than any other
group.

This is confirmed by the \experiment described in Fig, 3.6. The reaction
of Nbf-Cl with unmodified phosphorylase and phosphorylase with 1.9 acetamido
groups aftached per monomer was studied. From the figure it is apparent that
the incorporation of 1.9 acetamide groups per monomer (as described in the
previous section - Fig. 3.3) blocks the "fast phase" of the reaction of
Nbf-C| with phosphorylase. The difference between the two curves in

Fig. 3.6 is thus fhé time course of incorporation of Nbf-Cl into the rapidly

reacting groups of phosphorylase, and is shown in Fig, 3.7. A semi logarithmic
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Figure 3.6 The reaction of Nbf-Cl with phesphorylase b (¢) and (Acefc:mido)] 0

phosphorylase b (4)

Conditions are descrived in the legend to Fig. 3.5.
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Figure 3.7 The reaction of Nbf-Cl with the two rapidly reacting grougs
of phosphorylase b

Data was obtained from subtraction of the two curves shoven in
Fig. 3.6.
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Figure 3.8 Semi logarithmic plot describing the reaction of Nbf-C| with i!

two ropidly reacting groups of phosphorylase b

Data obtained from Fig. 3.6. n, = 1.95.
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plot of the data from Fig. 3.7 is shown in Fig. 3.8. This shows that the fast

phase of the reaction of Nbf-Cl with phosphorylase may ke described in terms

of 1.95 groups per monomer reacting with a rate constant of 300 M—]min_].

It is difficult to analyse the slow phase of the reaction shown in Fig., 3.6 as

the number of groups involved cannot be accurately determined. However if it

is assumed that 2 slowly reacting groups are present which react at the same
-1

speed, rate constants of 35 M min—] are obtained.

Several cautionary points must be made about this analysis.

(i) It relies upon the likely proposition that the 1.6 - 2.0 groups per
monomer which react rapidly with Nbf-Cl are the same as those which react
rapidly with iodoacetamide,

(if) The estimate of the number of rapidly reacting groups falls in the range
1.6 - 2.0 ond is always slightly less than the integer 2. This may be due to
a 10% error in the subunit molecular weight of the enzyme or in the
extinction coefficient of the S - Nbf adduct. Alternatively, slow oxidation

of the rapidly reacting sulphydryl groups may take place aofter sulphydryl
protecting reagents have been removed,

(iii) It is impossible to distinguish between two groups reacting with one rate
constant and two groups with slightly differing rate constants,

(iv)  These analyses assume that chemically identical cysteine residues in
different subunits have similar reactivities and that all simultaneous reactions
proceed independently,

(v) It is assumed that the extinction coefficient of the S - Nbf moiety is

the same for all groups on the protein.

Despite these reservations, the conclusion that the reaction of Nbf-Cl
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with phosphorylase is best described in terms of 1.6 - 2.0 rapidly reacting
sulphydryl groups per monomer, seems inevitable. This conclusion was confirmed
by a further experiment. From Fig. 3.5, it is apparent thot AMP affects the
reaction of Nbf-Cl with phosphorylase, primarily by reducing the rate of
reaction of the “slowly reacting” set of groups. Fig. 3.9 shows the course of
the reaction of Nbf-C| with unmodified phosphorylase b and phosphorylase b
with 1,9 acetémide groups per monomer incorporated, both in the presence of
AMP. Again, the incorporation of 1.9 acetamide groups per monomer blocks
the fast phase of the reaction. The difference between the two curves (shown
as the dotted line in Fig. 3.9) represents a fast reaction phase of 1,70 groups
per monomer,

An alternative opproach to the determination of the number of groups
in the rapidly reacting set is to plot the data from Fig. 3.5 semi-
logarithmically (Fig. 3.10) according to the method of Freedman and Radda
(129). As sinéle straight line plots are not obtained it is evident that the
data do not describe single pseudo first order rate processes. If it is assumed
that either reaction can be described in terms of two sefs of groups, the
extrapolations shown indicate the nomber of groups reacting in each fast set,
Using these extrapolations, values of 1,75 and 1.60 groups in the fast reacting
set are obtained, with and without AMP respectively. These values are in
reasonable agreement with the other m<.athods of analysis,

In the introduction fo this chapter, it was noted that workers who had
used enzyme prepared in the presence of cysteine had found only one sulphydryl
group in the first reaction phase. The reaction of Nbf-C| with phosphory lase,

into which known amounts of cysteine had ‘been incorporated, was therefore
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Figure 3.9 The reaction of Nbf-Cl with phosphorylase b in the presence of &M%

The reaction of Nbf-Cl with phosphorylase b (o) and (Ace"rornido).l 9
phosphorylase b (A) was monitored as described in the legend *o °°
Fig. 3.5. The difference between the two curves, represeniing

the modification of the two fast reacting groups of phosphorylase,

is also plotted (&).
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Figure 3,10 Semi logerithmic plot describing the reaction of Nbf-Cl with

phosphorylase b

Dato from Fig. 3.5 is plotied semilogarithmically assuming n_ = 4,
Data is shown for the experiment with (&) or without (&)

1 mM AMP,
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Figure 3.11  Correlation of M'C"cysm‘e'ine residues incorporated into
phosphoiylase b and the number of groups blocked to reaction

with NbLf-C]

14C cysteine was determined in phosphorylase samples faken from

the experiment described by Fig. 3.1. The kinetics of the recction
of Nbf-C| with each sample were examined under the conditic
shown in Fig. 3.5. The reduction in the number of fast reacting
groups, due to the cysteine incorporation, was deduced and is

shown in the figure.
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Figure 3.12  The modification of phosphorylase b with DTNB

At t = 0 22.8 pM phosphorylase b was added to a solution of
1 mM DINB in 50 mM Tris 1 mM EDTA pH 8.2, Groups modified

were quentified from optical density meosurements at 412 nm,



studied. Incorporation of cysteine into phosphorylase causes a reduction in the
number of "fast phase" sulphydryl groups which react with Nbf-Cl, Fig. 3.11
correlates this reduction with the number of cysteine groups incorporated per
monomer, Within experimental error, a 1:1 correlation exists between the
number of cysteine groups attached to phosphorylase and the reduction in the

number of groups reacting with Nbf-CI,

D. The Reaction of DTNB with Phosphorylase

The time course of the reaction of DTNB with phosphorylase b
is shown in Fig. 3.12. The numbe; of half DTNB groups incorporated per
monomer was calculated from the increase in absorption at 412 nm associated
with the reaction, using a molar extinction coefficient of 1.36 x 104 (128).
Rapid reaction of two sulphydryl groups per subunit is observed.

Two sets of authors have previously reported that only one sulphydry!
group per monomer reacts rapidly with DTNB (120,121), [t is interesting to

note that both sets of authors used enzyme which had been prepared in the

presence of cysteine.

E. The Reaction of lodoacetamide Spin Label with Phosphorylase

At the same fime as the above studies, the incorporation of

iodoacetamide spin label into phosphorylase was investigated by Drs. J.R.

Griffiths and N,C. Price (90). Their results, included here for completeness, are

based upon the analysis of the time course of incorporation of MC labelled
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reagent into phosphorylase. In triethanolamine buffer ot pH 7.5, two fast

reacting and two slowly reacting groups were found with rate constants

k] = 150 M—]min—], k, = 15 M—]min—] and k3, k4 = 0.1 M_] min—].

2

F. The Reaction of lodoacetamidosalicylic acid (ISA) with phosphorylase

"'This was followed by monitoring the increase in fluorescence
due to the formation of the thioacetamidosalicylate adduct. Fig. 3.13 shows
the increase in fluorescence observed when ISA is added to unmodified
phosphorylase or phosphorylase with 1.9 acetemide groups attached. The effect
of incorporation of 1.9 acetamide g;oups into phosphorylase is to remove the
initial fast reaction of ISA with the protein. Of course, this does not prove
that 2 SA moieties are added to the enzyme during this fast phase., However
if 2 equivalents of ISA are incubated with phosphorylase b for 24 hours and
the iodide produced is removed by dialysis, no fast phase in the kinetics of
incorporation of jodoacetamide or Nbf-C| into di SA iabelled phosphorylnse is
observed. This indicates that the fast phase fluorescence increase in the
reaction represented in Fig. 3.13 isf'due’.tc; the addition of about 2 SA moieties
to phosphorylase.

The difference between the two curves in Fig. 3.13 represents the
fluorescence increase due to the reaction of ISA with these two fast phase
groups. A semi logarithmic plot of this difference is shown in Fig, 3,14, The
most simple explanation of these data is that the fast phase of the reaction is

LI

due to one group reacting with a rate constant of 3400 M~ " min " and

-1

another group reacting with a rate constant of 700 /V\-] min



—arbitrary units

fluorescence

Figure 3.13
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Fluorescence at 400 nm upon excifation at 320 nm v
monitored continuously as a function of time,
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G. Summary

The reactivity of the sulphydryl groupsof phosphorylase towards
a variety of reagents has been studied. The reactions of these reagents were
analysed in terms of two components, o fast phase and o slow phase. The fast
phase accounts for the reaction of up to 2 sulphydry! groups per subunit .
Incorporation of cysteirie into phosphorylase, probably via an - S-S - bridge,
can block some or all of the fast phase recctivity.

In view of the complexity of the analysis, it is difficult to give
unambiguous values for the reote constants of the groups in the fast reacting
phase. The relative values of the rate constants for the two groups depend
upon the reagent used. Sets of values which are consistent with the above
data are shown in Table 3,11,

Considerable care must be taken in the analysis of results which require
specific labelling of phosphorylase as the enzyme docs not, as was once
thought, contain only one highly reactive sulphydryl group per monomer. If
one equivalent of any reagent reacts with phosphorylase, it will distribute
itself between the various reactive groups. The nature of this distribution
will depend upon the rate constants™for the reaction of these groups with the

reagent,
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Chapter 4

THE INTERACTION OF LIGANDS WITH PHOSPHORYLASE

A it e e e i s . e i e —— o e et e . o e — —— — o e — o — ———— " — — —— — — —— —— — —— — — p—— o e A

A, Measuring dissociation constants of enzyme ligand complexes

The interaction of a number of ligands with phosphorylase is
important in the regulation of glycoger breckdown (75). However there are
a number of difficulties in defining the importance and extent of such
interactions under physiological conditions, Firstly, while extensive kinetic
and some equilibrium binding studies have pointed to the possibility of
multiple effector and substrate binding sites, the nature of the interactions between
different ligands is not fully understood (101, 130, 131). Although, in principle,
it should be possible to quantify all the ligand interactions using established
methodology, in practice, the complexity of the system, experimental
difficulties and the tedium of conventional techniques have prevented such
definition. Secondly, the a and b forms of phosphorylase have different
affinities for given ligands. There is evidence that during the conversion of
phosphorylase b fo ainfermediate forms; which have additional regulatory
properties, exist (132). Finally, there is the possibility that the interactions
are altered by protein-protein contacts which only occur in the glycogen
particle fraction (133).

Clearly a simple rapid method of detecting ligand binding to

phosphorylase is required. Covalently bound probes whose spectral properties
alter as ligands bind to phosphorylase provide such a method. The two probes

which have been used in these studies are acetamidosalicylate and the



acetamide spin label, both of which were described in Chapter 2.
Acetamidosalicylate phosphorylase b was prepared by incubation, at
room temperature, of one equivalent of ISA with phosphorylase in
friethanolomine KCI buffer at pH 7.5 for 20 hours, followed by dialysis to
remove iodide and unreacted reagent. Acetamidosalicylate phosphorylase b

20 value of 8.38S.

On excitation at 320 nm (Fig. 2.1) the salicylate label has a

is a fully active dimer which sediments with an S

fluorescence emission maximum ot 400 nm. Binding of glucose 1-phosphate
(but not glucose or glycogen) and effector ligands to the labelled enzyme
reduces the intensity of salicylate emission. In titrations with varying amounts
of ligands the fluorescence changes can be used to obtain apparent binding
constants for substrates and effectors. These binding constants together with
the limiting fluorescence quenching produced by the ligands are summorized in
Table 4.1. Fluorescence titrations utilising the quenching of Iiéhi‘ emission
from acefumido-salicylate~phosphorylase b by ligands were carried out using
0.1 mg/ml enzyme (1 uM). As the minimum concentration of ligand added

in most titrations was 20 uM, it could be assumed that the free ligand
concentration was equal to the total lig’oﬁd conceniration added. However,
during the titration of AMP into labelled phosphorylase d, because binding

is very tight, concentrations of ligand in the range 1-20 uM were added,
Hence this assumption could not be made and the exact value for the apparent
binding constant could not be calculated. In other cases, the apparent
binding constants shown (Table 4.1) are the values of the total ligand

concentration required fo produce half of the total fluorescence quenching.

Corrections were made for dilution of the enzyme during titrations.  About
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Figure 4.1
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Fluorescence changes as AMP binds to acetomido-salicylate-
phosphory lase _l? in the presence of various glucose- 1-phosphate

concantrations. 50 mM iriethanolamine - KCl buffer pH 7*5‘,—

1 1M aceiomido-salicylate-phosphorylase b at 18°C.  Concentration

of glucose-1-phosphate: 0 (e), 5 mM (4), 10 mM (3),
15 mM (o) and 20 mM ().



20% of the fluorescence emission (excitation 320 nm: emission 400 nm) of
acefamidosalicylate phosphorylase b is due to protein fluorescence. Control
titrations were therefore performed using unlabelled phosphorylase to check
that the fluorescence changes seen with thc lobelled enzyme were not due to
changes in protein fluorescence,

Fig. 4.1 shows the change in 400 nm fluorescence when labelled
phosphorylase b and a are titrated with AMP, While the limiting quenching
is the same in both cases, the titration curves demonstrate tighter binding of
AMP to the latter form of the enzyme, in agreement with earlier equilibrium
dialysis experiments (130,134). The heterotropic interactions between
glucose- 1-phosphate and AMP are demonstrated by the fluorescence titrations
shown in Fig. 4.2. One ligand tightens the binding of the other, in contrast
to the interaction between glucose-6-phosphate and AMP, where glucose-
6-phosphate weckens the binding of AMP (135).

2,4 Dinitrofluorobenzene modified phosphorylase has been reported not
to bind AMP, but to bind sugar phosphates in the same way as the native
enzyme (136). Phosphorylase desensitized in this way was prepared by a
modification of the method of Ba'L'Jr;ﬂerf et al. (i37). 20 mgs/ml phosphorylase
b (in 50 mM triethanolamine - 100 mM KCI buffer, pH 7.5) was incubated
with 10 mM 2,4 dinitrofluorobenzene for 45 minutes at room temperature,
Excess reagent was removed by dialysis. After addition of 20 mM 2-mercapto-
ethanol the solution was warmed to 30°C for 60 minutes. After removal of
2-mercaptoethanol .by dialysis the 2,4 dinitrofluorobenzene modified

phosphorylase was labelled with the acetamidosalicylate group (as described

above). Addition of AMP, ADP, ATP or IMP causes no change in the



fluorescence of the probe whilst the quenching by glucose-1-phosphate and
glucose-6-phosphate is unaltered, as are their apparent binding constants to
the enzyme. This result confirms that the AMP binding site of phosphorylase
b may be blocked without affecting the sugar phosphate binding sites.
Glucose-6-phosphate weakening of AMP binding to phosphorylase b is therefore
not a result of simple competition for one binding site.

Table ’4.| shows that the binding of the substrates, phosphate and
glucose- 1-phosphate to phosphorylase is relatively weak and that the inhibitor,
glucose-6-phosphate, binds tighter than the activator, AMP. It is interesting
fo note that ADP, which inhibits AMP induced activation of phosphorylase b,
also binds relatively tightly. Compared to phosphorylase b, phosphorylase a
binds nucleotides. more tightly and glucose-6-phosphate less tightly. This
point will be iterated several times throughout this thesis, as the regulation
of phosphorylase activity by ligands depends upon the relative amounts of
nucleotides and sugar phosphates bound,

At this point, it is necessary to make several reservations about this
simple use of fluorescence. The apparent dissociation constants were deduced

from the concentration of ligand required to produce half of the fluorescence

change.

(i) Because of the possibili'ty of cooperative effects, multiple
binding sites or multiple enzyme conformcﬁ‘ons, it is unlikely that the values
obtained represent ‘dissociation constants for simple equilibria.

(ii) With the instrumentation available at present, studies of

acetomidosalicylate phosphorylase attached to glycogen could not be made.

75



In addition measurements had to be made at very low protein concentrations.
(iii)  The exact values of limiting quenching vary from one labelled
enzyme preparation to another by up to 25%. This is because small differences
in the amount of label attached to phosphorylase cause variations in the
relative amounts of protein and acetamidosalicylate fluorescence. However,
within experimental error the apparent dissociation constants do not vary.
This experimental error can be up to 20% because of the difficulties asscciated
with the measurement of very small fluorescence changes.
Despitethese reservations, the method provides a simple, quick way of
monitoring enzyme-ligand interactions, and has considerable advantages over

more conventional techniques.

B. The Use of Spin Labelled Phosphorylase

Similar titrations may be performed with spin labelled
phosphorylase, using the changes in the ESR ratio, R, to defect ligand
binding. These ltiirotions have been undertaken by Drs. J.R. Griffiths and
R.A. Dwek. Their results, which are listed in Table 4.1l, are in good
agreement with the results from titrations monitoring acetamidosalicylate
fluorescence. There are only two major discrepancies. When detected by
the fluorescent probe, the binding of ir?organic phosphate to phosphorylase b
and IMP to phosphorylase a appear to be much tighter than when monitored
by the spin label probe. Possible explanations for these observations include
the existence of muiﬁple binding sites for these ligands in the enzyme or a
non-linearity in probe response during sequential ligand binding to an

oligomeric phosphorylase molecule. For example, with one probe, the spectral



Table 4.1l

Dissociation constants and limiting ESR ratios of various ligands for spin

labelled phosphorylase b and a complexes, (From (101) )

Phosphorylase b

Phosphorylase a

Ligand Apparent KD (mM) ESR ratio Apparent KD (mM) ESR ratio
None - 0.68 - 0.58
AMP 0.085 0.52 0.002 0.51
& 0,010
ADP 0.131 0.63 0.035 0.51
ATP 3.0 0.64 0.88 0.52
IMP 2.0, 0.70 6.50 0.69
Phosphate 6.1 0.55 0.48 0.49
G-6-P 0.031 0.44 5.90 0.50
Glycerophosphate 3.6 0.58 - 0.56
UDPG 4.0 0.65 13.0 0.49
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change observed when one ligand molecule binds to a dimeric phosphorylase
molecule may be less than one half of that seen when two ligand molecules
bind to the enzyme dimer. With the other probe, the full spectral change

may occur after only one ligand molecule has bound to an enzyme dimer.

C. The probe response to ligand binding

/

" The preceding discussion has been concerned with the offinity
of binding of ligands te phosphorylase, investigated by the use of probe
methods. It is now necessary to discuss the effects of these ligands on
phosphorylase and the "view" these probes have of the enzyme before and
ofter ligand binding.

It is a fundomental assumption of most theories of enzyme regulation
that the interaction with the modulator ligand leads to an isomerisation
(conformational change) in the protein structure. The main concern of the
various theories has been to account for the observed cooperativities (positive
or negative) between identical or non-identical ligands (homotropic and
heterotropic cooperativity). The two most widely discussed theories formulate
cooperative inferactions in terms of structural changes which involve a
conc.:erfed change in all subunits or a sequential change that depends on the
extent of ligand occupancy of the subunits (138,139). While these two
models differ in many important features, they have one aspect in common.
That is that the structural equilibria between the different states con be
described by a reléﬁvely small number of well defined unique conformations
of the enzyme. In many cases this type of description has succeeded in

accounting for the observed thermodynamic equilibria and kinetic behaviour of



regulatory enzymes. At the same time if is possible that the "distinct"
conformational models should only be considered as the best approxiinations one
can make on the basis of available structural evidence. An alternative, but
not necessarily contradictory view, considers that the multiplicity of
interactions and the variety of effects that are observed for some enzymes
wshow that multimer proteins are unlikely to be limited to a very small number
of conformations" (140). At any moment during any titration, phosphory lase
may be interconverting between a large number of conformations and the ESR
ratio or fluorescence intensity observed from probe molecules may be an
average of many different interactions. Henceit is not nossible to assign much
structural meaning to the observed spectral parameters. Investigation of
multiple conformations may be facilitated by the fact that different methods
give an average in different fime domains. The next chapter describes how
NMR measurements may be exploited to give a simple ‘demonstration of
conformational multiplicity.

When a ligand binds to phosphorylase, the protein adopts a new set
of conformations. The effects of ligands on the various probes which have
been attached to phosphorylase arémlisterd in Table 4.111. The changes could

occur for several reasons:

(i) When phosphorylase adopts a new set of conformations, the
amino acids around the probe molecule alter their conformation and changes in
the speciroscopic properties of the probe are seen. For example, the difference
‘n the ESR ratio observed for spin labelled phosphorylase b and a must be due

to an effect of this kind.
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Table 4,111

The effect of ligands on the various probe parameters of phosphorylase b and a

(From 79, 101 and 124)

Ligand " % Quenching of % Quenching of NBD  ESR ratio
Acetamidosalicylate fluorescence
fluorescence

Phosphorylase b

None - - 0.68
AMP 20 10 0.52
ADP 15 - 0.63
ATP 14 no effect 0.64
IMP 14 no effect 0.70
G-1-P 12 5 0.65
G-6-P 12 24 0.44
UbPG no effect no effect 0.65
Glucose no effect no effect 0.68
Glycogen - - 0.65
Glycerophosphate 14 - 0.58
Phosphate 14 - 0.55

Phosporylase a

None - - 0.58
AMP 21 - 0.51
G-1-P - - 0.58




(ii) The ligand could interact directly with the motion of the probe,
causing speciral changes. Whilst there is no proof that this does not take
place, there are several reasons for supposing that it is unlikely. It is
difficult tc see how the binding site for so many ligands could be close to,
say, the acetamidosalicylate group. It is unlikely that the spectral changes
seen with the spin labelled enzyme are due to direct interaction of ligands
with the probé because IMP, which binds to the same site on the profein
as AMP, causes very little change in the ESR spectrum.

(iii)  The spectral changes could be the result of aggregation changes
following ligand binding. As aggregation changes are slow and speciral
changes occur instantaneously, this can l;e discounted (31). In additicn,
glucose, which reverses all aggregation changes, does not alter the effects
of ligands on the ESR and fluorescent label spectral parameters.

Two attempts have been made to prove whether changes in label
spectral parameters reflect conformational changes or the actual presence of
ligand. In both cases an experiment was designed to attempt to observe a
change in the spectral readout of a label attached to a subunit to which no

perturbing ligand was bound.

D. Do probe molecules report conformational changes or direct interaction

with ligands?

(1) Using a labelled subunit with the AMP binding site blocked

The probe acetamidosalicylate was attached to
phosphorylase b in which the AMP binding site had been blocked by

2,4 dinitro fluorobenzene (FDNB). Subunits of this species were then

—)
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Figure 4.3 The preparation of hybrid labelled phosphorylase

O represents a phosphorylase b subunit and @ represents «
phosphorylase a subunit, represents an FDINB blocked AMP
binding site in phosphorylase b and ¢ represents an SA prcoe
molecule. The figure is described in the text. '



Table 4.1V

Species activity
(% of maximum possible)

83

is SA fluorescence

quenched by AMP?

.
FDNB modified inactive no
SA ppb

FDNB modified 90% yes
SA ppa activity stimulated 30% by AMP

FDNB modified ppb 90% yes
mixed with unlabelled ppb activity

and converted to a form stimulated 30%

by AMP




hybridised with native phosphorylase which contained no label and an AMP
binding site, The hybridisation was performed by conversion of a mixture of
FDNB blocked SA phosphorylase b and unmodified phosphorylase b to the a

form. After phosphorylation, it was hoped that "mixed" tetramers would be

formed (see Fig. 4.3). In these mixed tetramers, the probe acetamidosalicylate

would only be attached to subunits whose AMP binding site was blocked.
Hence, any AMP induced change in acetamidosalicylate fluorescence would
be indicative of a conformational change transmitted to the probe via the
subunit interface as AMP bound to a neighbouring unmodified subunit,
Unfortunately, it was impossible to reach any such conclusions from the
result. This was because a product whose 400 nm fluorescence was quenched
by AMP was obtained when FDNB blocked SA phosphorylase b was converted

to the a form, in the absence of unmodified phosphorylase. Conversion of

FDNB blocked SA phosphorylase b fo a appears to generate an AMP binding

site which is "seen" by the fluorescent probe (see Table 4,1V).

(ii) How many subunits can one ligand molecule influence?

AMP binding to phosphorylase a is very tight., Hence,
if a high concentration of, say, spin labelled tetrameric phosphorylase a is
titrated with AMP, at the beginning cf the titration, most of the AMP will
be enzyme bound. During the titration the ESR ratio changes from RO to Roo'
At any point in the fitration, when the ratio observed is R, the proportion of
enzyme subunits "influenced" by AMP is R - Roo/ R, = Ry+ Hence the

concentration of subunits "affected"” by AMP can be calculated,

The ratio,n = the concenfration of subunits affected by AMP ,

the concentration of AMP added

g4



will be a measure of the MINIMUM NUMBER OF PHOSPHORYLASE SUBUNITS
WHOSE CONFORMATION IS ALTERED BY ONE AMP MOLECULE.
n will equal the number of subunits affected by onc AMP molecule

only if three conditions are fulfilled:

a) all the AMP is bound
b) no tetramer has more than one AMP molecule bound
c) the ESR ratio (RS) shown by a subunit whose conformation is

altered by an AMP molecule bound to a neighbouring subunit, is equal fo

the ESR ratio shown by a subunit which has an AMP molecule bound to it (Roo)'

Even at the beginning of the titration, conditions {(a) and (b) wiil not
be wholly fulfilled. Any deviation from these conditions will cause n to
fall below the actual number of subunits affected by the binding of one AMP

molecule. Hence n is the MINIMUM number of subunits whose conformation

is altered by one AMP molecule.

During titrations of AMP into spin labelled phosphorylase a, as the
concentration of AMP increases, n decreases. It is useful therefore to
define n, as the value of n extrapolated to zero AMP concentration,

Measurements of n and h_ can be exploited in two different ways,

1) As n_ con never be greater than the number of subunits in the
protein, it is a measure of the lowest possible number of subunits in the

enzyme oligomer,

2) If the value of n or n, is greater than 1, the spin label must
be detecting conformational changes ‘which occur in a subunit due to the

presence of an AMP in another subunit of the oligomer.

§5



Resuits of a typical titration of AMP into spin labelled phosphorylase a

Table 4.V

ppa AMP R n
concentration (UM)  concenfration (uUM)

58.7 0 0.694 -

57.7 3.9 0.652 3.05
56.8 7.7 1 0.628 2.39
55.9 11.4 0.608 2,07
55.0 16.9 0.577 1.87
54.15 22.3 0.549 1.76
53.3 52.0 0.530 0.82
52.5 198 0.502 0.22
51.8 975 0.500 0.05
51.0 1740 0.490 0.03
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Data from a titration of AMP into spin labelled phosphorylase a are
shown in Table 4,V. They indicate that one AMP molecule can affect at
least 3.05 phosphorylase subunits, This must mean that the spin label can

detect a conformational change in a subunit where AMP is not bound.

E. How many subunits interact in phosphorylase a?

The opening chapter expounded some of the unknowns concerning
the aggregation state of phosphorylase. Whilst it is known that glucose
disaggregates tetrameric phosphorylase a to dimers, the state of aggregation
of phosphorylase a when bound to glyccgen is uncertain, Clearly, the
experimental approach outlined in the previous section offers the possibility of
investigating this problem. A determination of n, under different conditions
was, therefore, made in order to derive information about the state of
aggregation of phosphorylase a.

Spin-labelled phosphorylase a, prepared in an oxygen-free environment,
was titrated with AMP in different media. In Fig. 4.4 values of n,

calculated from the titration data, are plotted against the concentration of

-

AMP added. In triethanolamine bbffer the value for ng is greater than 2.5
which is consistent with phosphorylase a being a tetromer. Ir the presence of
glucose, phosphorylase a dissociates into dimers (29,30) and under these
conditions a value of n less than 2 is found, confirming that the parameter

n, is lower than the actual number of interacting subunits in the oligomer.
When phosphorylase a is in the presence of glycogen, under the conditions of
the experiment, more than 95% of the protein is bound to the glycogen. From

the titration data, in this case, n_ is between 3 and 4. This indicates that
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when phosphorylase o is bound to glycogen more than 3 subunits can interact
together ond that the enzyme is unlikely to be a dimer.

Fig. 4.5 shows ultracentrifugation data from spin-labelled phosphorylose
a prepared in nitrogen or air saturated buffers. Enzyme prepared in nifrogen
saturated buffers exists predominantly in tetrameric form (Fig. 4.5c) and only
a very small amount of higher aggregates. This enzyme can be wholly
dissociated in!’fo dimers with glucose.

In the case of enzyme prepared in the air, besides the tetrameric form,
higher aggregates are present (Fig. 4.5a). Neither the tetramer nor these
higher aggregates can be dissociated with glucose, In the presence of
B mercaptoethanol the higher aggregates disappear and only the teframer is
observed (Fig. 4.5b).  This result shows that the rcmaining free sulphydryl
groups in spin-labelled phosphorylase a oxidize in the air, giving disulphide
bridges between subunits. As a result, higher oligomers as well as tetromers,
are present, Glucose has no effect on the aggregation state of phosphorylase
a when the subL‘mits are covalently linked together. B-mercaptoethanol
reduces the disulphide bonds between the subunifs, removing the higher
aggregates of the enzyme and lec\;i”ng tﬂhe tetrameric form. When the spin-
labelled enzyme is prepared in nitrogen-safurated oxygen-free buffers, the
normal tetrameric form of phosphorylase a is obtained as the sulphydryl groups
do not oxidize.

Fig. 4.6 shows values of n as AMP is titrated info spin-labelled
phosphorylase a pre;pared in air-saturated buffers. ~ The value of n, is higher

than 25 in triethanolamine buffer and in the presence of glucose and glycogen.

This result shows that glucose does not cause dimers to form, in agreement
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Figure 4.4 Variation of n  with AMP concentration

AMP was titrated into 68 HM spin labelled phosphorylase a,
prepared in the presence of nitrogen saturated buffers, in 50 mMm
TEA, 100 mM KCI, 1 mM EDTA, pH 7.5 (&) or the same buffer
system containing 2% glycogen (o) or 100 mM glucose (A). The
other buffer system used was 0.4M imidazole adjusted to pH 6.4
with citric acid (e).
Throughout the titration, the ESR ratio was recorded, and n was
. deduced as described in the text.
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Voariation of n™ with AMP concentration

AMP was titrated into 572 uM spin labelled phosphorylase a,
prepared in the presence of air saturated buffers, in 50 mM
TEA, 100 mM KCI, ImM EDTA pH 7.5 (@), or the same butfer
system containing 2% glycogen (o) or 100 mM glucose (4).
The other buffer system used was 0.4M imidazole, adjusted to
pH 6.4 with citric acid. (&)



with the ultracentrifugation data. An interesting point to note is that,
although the interactions between the subunits in the enzyme prepared under
nitrogen and in the air arc different, the curves in Figs. 4.4 and 4.6 are
quite similar, suggesting that the disulphide bridges between the subunits in

the enzyme prepared in the air do not alter the cooperativity to a great extent.
These titrations, could not be performed in the presence of 8 mercaptoethanol
as sulphydry! protecting reagents reduce the spin label .

The titrations of spin-labelled phosphorylase a, prepared under nifrogen
and in the air, were aiso carried out in the presence of imidazole citrate
buffer. The results, given in Figs. 4.4 and 4.6, show that the value of n,
is around 1. At this high enzyme’concen’rraﬁon the presence of imidazole cifrate
does not monomerise phosphorylose. However the value for n_ of 1 indicates

that imidazole destroys the cooperative interactions between the subunits,

The  conclusions from this series of experimenis are:

(i) in glycogen-bound phosp|1oryla§e a at least 3 subunits can
interact with one another, exactly as in the absence of glycogen. The
results indicate that higher aggregates fbon dimers are possible in glycogen-
bound phosphorylase a. )

(i1) the cooperative interaction between the subunits that is detected
by the spin label probe is diminished by imidazole citrate,

(iii)  when spin labelled phosphorylase a is exposed to air, the
sulphydryl groups oxidise and higher aggregates are formed, due to the

formation of disulphide bonds between subunifs, but the cooperativity of the

system is largely unaltered.
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F. Spin labelled AMP - an activator of phosphorylase

A logical way to exiend these studies is to use effector or
substrate derivatives which are either fluorescent or spin lcbelled. In principle,
the spectroscopic parometers observed could be used to provide information
about the nature of the ligand binding sites or to detect conformational changes
at these sites resulting from the binding of other ligands to the enzyme (77,
141). In add"}iﬁon, using electronic energy transfer or spin-spin interactions
it should be possible to triangulate the ligand binding sites from the other sites
on the protein (142), One problem is that the introduction of bulky spin
labelled or fluorescent groups on to a iigand may grossly weaken binding of
the modified nucleotide to phOSphO;yldse or prevent the activity-linked
conformational changes from taking place.

This section introduces a spin labelled AMP derivative [Ném(2,2,6,6,
tetramethylpiperidin-4-yl-1-oxyl) adenosine 5' monophosphate ] (1) and its

diamagnetic analogue (1) and presents an analysis of their interaction with

phospherylase,
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The effects of these derivatives are compared to the effects of AMP
and IMP, which activate phosphorylase in different ways, AMP activates
phosphorylase b and tightens the binding of the substrate glucose- 1-phosphate
(97). 1t also stimulates phosphorylase a activity by 30%. In contrast IMP,
whilst not stimulating phosphorylase a, activates pl%os;ohorylase b. However,
IMP binds to phosphorylase b an order of magnitude wedker than AMP,
activates to o/;'IIy 60% of the AMP induced activity, and does not tighten
glucose- I-phosphate binding (97). Many other nucleotide analogues act like
IMP rather than AMP (143).

Fig. 4.7 shows the increase in phosphorylase b activity as the
concentration of the spin labelled ;\MP derivative is raised., Data are given
for assays at 16 mM and 100 mM glucose- 1-phosphate and activity is expressed
as a percentage of the maximum activity observed with AMP present, It is
evident that at both glucose- 1-phosphate concentrations the spin labelled
AMP derivative activates phosphorylase to only 60% of the maximum AMP
induced acﬂvify.. The figure also shows that the activity induced by IMP is
60% of the activation by AMP, With IMP, however, 60% activation only
occurs at 100 mM glucose- 1-phosphate, whereas with the spin labelled AMP
analogue 60% activation occurs at both 16 mM and 100 mM glucose- 1-phosphate.
From the curve it is evident that the concentration of the spin lobelled AMP
derivative required for 3 maximum activation is 150 + 20 uM at 16 mM
glucose- 1-phosphate and 60 + 20 uM af 100 mM glucose-1-phosphate.

Fig. 4.7 al.so shows the increase in phosphorylase b activity as the

concentration of the diomagnetic analogue of the spin labelled AMP derivative

is raised. Within experimental error, activation by the diemagnetic analogue



is identical to activation by spin labelled AMP,

Similar experiments were performed with phosphorylase a. Neither spin
labelled AMP nor the diamagnetic analogue cause any stimulation of
phosphorylase a activity. Again, this is similar to IMP; whilst AMP stimulates
phosphorylase activity by 30%, IMP causes no stimulation.

Fig. 4.8 shows the ESR spectrum of the spin labelled AMP derivative
in the presence of phosphorylase a. The sharp triplet ESR spectrum arises from
free labelled AMP, while the broad component is from the spin label bound to
the enzyme, The distance of the outermost peaks in this spectral component is
about 56 Gauss, indicating that the bound spin labelled AMP is almost
completely immobilised (84). The same ESR spectrum is found for spin labelled
AMP in the presence of excess phosphorylase b.

When AMP or IMP is added to solutions containing phosphorylose and
spin labelled AMP the broad ESR signal disappears, while the sharp spectrum
increases in infensity, suggesting that spin labelled AMP competes atf the
nucleotide binding site on the enzyme.

Fig. 4.9 gives the titration data as phosphorylase b or a is added to
spin labelled AMP, The parameter f in F|g 4.9 is defined by:

¢ - _hv

oo
where h is the height of the centre line of the ESR spectrum of spin labelled
AMP and V the sample volume. ho and V _ are the height and volume
before any enzyme is added. f may be interpreted as the fraction of free
spin labelled AMP,

In Fig., 4.9 there is a regular decrease of f with increasing amounts

of enzyme, showing the binding of spin labelled AMP to the enzyme. Since

hv / (1)

55



96

100+ 88
? B D’/—f o 2___‘ E _ OC
5 o= n A /’:““""“ 5
9 SO
_: i / AE/ &
B e

o /5
LA
g L. O /B‘g ('D
H
O

/ 1 1 [} S i i ] 1 | e

0 400 800

nucleotide added — pM

Figure 4.7 Nucleotide activation of phosphorylase b activity

Phosphorylase b activity™ is measured at varying concentrafions of

the spin labelled AMP derivative (0,®) or the diamagnetic analogue
(A) at 16 mM (:,A) or 100 mM (o) glucose- 1-phosphate
concentration. Activity is expressed as a % of the maximum AMP
stimulated activity. Points A and B represent phosphorylase b
activity at 2 mM AMP concentration and points C and D represent
phosphorylase activity at 15 mM IMP assoyed at 16 mM glucose-
1-phosphate (B and. D) and 100 mM glucose- 1-phosphate (A and C).
Assays performed at 20°C,
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Figure 4.9 Decrease in free spin labelled AMP concentration as

phosphorylase is added

f (the fraction of the free spin labelled AMP derivative) is shown
at increasing concentrations of phosphorylose b {e), phosphory!ase
a (4), and reduced spin labelled phosphorylose o (@). The :pin
labelled AMP derivative concentration was 100 uM in Fig, 4.%
and 20 uM in Fig., 4.9b. f was calculated as described in the
text, Triethanolamine - KCI buffer pH 7.0 was used.



the curve in Fig. 4.9b is much steeper than the curve in Fig. 4.9q, it is
evident that the binding of spin labelled AMP to phosphorylase a is tighter
‘than the binding of the spin label to phosphorylase b.

The dissociation constant Kp con be calculated from the titration data
by assuming that each enzyme subunit binds a single molecule of ligand and

that there is no interaction between the sites, giving

Kp = i t

Et is the total enzyme concentration and St the total ligand concentration,
Note that Eqn. (2) only gives good values for KD as long as the intensity of
the ESR spectrum of bound spin labelled AMP is negligible compared with the
intensity of the spectrum of the free spin label. The dissociation constants
with spin labelled AMP are 175 + 25 uM for phosphorylase b and 15 + 5 uM
for phosphorylase a.

When AMP or IMP are titrated into acetamidosalicylate phosphorylase b
or a, quenching of acetamidosalicylate fluorescence occurs.

Table 4.VI shows the apparent dissociation constants of the spin labelled
AMP derivative and phosphorylase E and a as calculated from measurements
using the ESR spectra of the spin labelled analogue or the fluorescence of
acetamidosalicylate covalently attached to phosphorylase. They are compared
to the literature values for AMP and II;AP.

The ESR spectrum from a spin label covalently attached to phosphorylase
gives information about the conformation of the enzyme (144). The spectrum
is characterised by the rat'ﬁ, R, described in Chapter 2. Table 4.VIl shows

the value R for spin labelled phosphorylase b and a in the presence of AMP,

E. - fS (2)
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Table 4.VI

Discociation constants for phosphorylase and nucleotides

Phosphorylase b Phosphorylase a
Spin labelled 175 + 25 uM * 15+5uM ™
AMP derivative 150 + 20 uM 15+ 5um”
AMP 70 uM (79) 10 uM (79)

85 uM (88) 2 and 10 uM (144)
IMP 5 mM (79)

. 6.5 mM (88)
2 mM (88)

*  yvalue deduced using ESR signal from spin labelled AMP derivative

+ value from measurements of the fluorescence of acetamidosalicylate

phosphory lase



Table 4.VII

ESR ratios shown by spin labelled phosphorylase in the presence of

saturating qua_hﬁﬁes of nucleotides (From (148) )

Ratio shown by: Spin labelled Spin labelled
phosphorylase b rhosphorylase a

No nucleotide 0.66 0.62

With diamagnetic 0.66 0.67

analogue of spin

labelied AMP

derivative (900 uM)

With AMP (1 mM) 0.52 0.51

With IMP (15 mM) 0.66 0.68

Values shown are subject to an error of + 0.01
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IMP or the diamagnetic analogue of the spin labelled AMP derivative. The
changes induced in the ESR spectrum by the analogue are similar to those
induced by IMP,
From this series of experiments several conclusions may be reached.
The spin labelled AMP derivative binds tightly to phosphorylase b and

a, Dissociation constants deduced by observing changes in the ESR spectrum

/

of spin labelled AMP agree with the constants obfained by monitoring the
changes in acetamidosalicylate fluorescence when spin labelled AMP is
titrated into acetamidosalicylate phosphorylase. Similar binding constants and
activation patterns were observed when spin labelled AMP was replaced by the
diamagnetic analogue. This indicates that the nitroxide part of the spin
labelled derivative is not crucially important in the binding of the derivative
to phosphorylase or in the ensuing conformational changes. Moreover binding
causes conformational changes in phosphorylase. The affinity of binding of
the derivative to phosphorylase is similar to that of AMP and stronger than
that of IMP. According to the probes used, the conformations induced in the
enzyme by spin labelled AMP are similar to those induced by IMP, Attachment
of the bulky spin label group fo the adenine nucleotide clearly alters its
interaction with phosphorylase but does not invalidate its use as a nucleotide

analogue,

G. The interaction of ligands with modified phosphorylase
The ability to specifically block any particular ligand binding
site on a large allosteric enzyme provides a useful tool in the study of that

enzyme. Although, the literature contains numerous descriptions of chemical



-
(=)
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modifications which alter the overall allosteric properties of phosphorylase,
FDNB is the only reagent which has been reported to affect just one allosteric
site,

In a search for medifications which specifically block other ligand
binding sites, the interaction of effectors and substrates with phosphorylase,
which had been modified with 5-diazo- 1H-tetrazole (DHT) was studied. The
incorporation of approximately 1 mole of this reagent per mole of enzyme
subunits gives complete inactivation as a result of modification of a specific
carboxy! group (145,146). Ligond binding to the modified enzyme was
investigated using the ESR and fluorescence fechniques outlined abbve, with
DHT modified phosphorylase characterised and provided by Dr. O, Avramovic-
Zikic,

The acetamidosalicylate group was introduced by incubation of DHT
phosphorylase with one equivalent of iodo&cetamidosclicylic acid.’ The
acetamido-salicylate fluorescence is quenched by AMP, IMP, glucose-6-
phosphate and glucose- 1-phosphate.  The apparent KD values are collected
in Table 4.VIll and are compared with the results obtained previously for
active phosphorylase b, Comparison of the apparent KD values for active
and DHT-modified phosphorylase b shows that the only significant difference
is in the binding of glucose-1-phosphate.  This is seen both by the change
in KD and by the decrease in the effectiveness of glucose- 1-phosphate in
tightening AMP binding.

The ESR spectrum of spin-labelled DHT-phosphorylase b is very similar

to that of the native enzyme ond addition of AMP causes a similar

immobilization of the spin label to that shown for the active enzyme. The



04

0T <
0L0°0 + 050°0
900°0 + 610°0
£00°0 + €80°0
W

ddo

q oso|Atoydsoyd=H@ 24p]A21|PS-OpIWRIIDY

-~

Z + ol
010°0 + 0¥0°0
€00°0 + 010°0
0L6"0 + 0£0°0

wuw
ddo

q oso|Asoydsoyd-ajo]Ao1|DS-OpIWDIBIY

ajpydsoyd-| -9509N| 9
aypydsoyd-9-s02n|H
ajoydsoyd-| -es0dn|9 Ww €7 + dWV

dWV"

punbi

. ( (6F]) wold) uisjoid paj|aqgp| syj jo 8dUdIsIION|} ayp|Aoi|bs

jo Buryouanb ayy Aq paulwisap q ospjAtoydsoyd paijipow JHQ 404 SPUDBI| SNOLIDA JO SIUDISUOD UOLLID0SSIP jusioddy

IHIA"¥ 8[9pPL



105

8°0 + Z'¥
800°0 + 4¥0°0
900°0 + &¥10°0
21070 + 680°0

wuw
ddp N

ddd 1HQ Q371139v1 NIdS

( (6¥]) woiy) sisAjpup |oqp| uids wouy paAilsp q asp|Atoydsoyd

¥'0+ 179
200°0 + £20°0
¥100°0 + 560070
¥00°0 + S80°0

wuw
ddp y

8dd (43717138v1

d

(%L'1) usbodh|D + WY

(Ww zg)
aypydsoyd-| -os02n|9 + WV
dWY
puobi

patjipoui dA11opUl A||po1A|DIDD pup q espjAoydsoyd oAlyoU Joj | SJUDSUOD uOlpIDOsSIp juainddp, jo uosispduwon)

X'y 8[9e}



o.pparenf dissociation constants derived from ESR measurements are collected
in Table 4.1X., These results show that, in agreement with the fluorescence
measurements, AMP binding and the AMP induced conformational change are
unaffected by the modification of phosphorylase b with DHT, At the same time
the heterotropic cooperativity between AMP ond glucose- 1-phosphate and AMP
and glycogen is diminished in the modified enzyme. This is evidenced by the
smaller effect of these two substrates in tightening AMP binding in the DHT-
enzyme than for native phosphorylase b.
Direct evidence for the decrease in the affinity of phosphorylase

b towards glycogen as a result of DHT-modification is given in Fig. 4.10.
The binding of glycogen to phosphorylase b can be followed by the large
increase in light scattering when enzyme ond glycogen are mixed (147).
This increase is practically abolished in the DHT-modified enzyme.

Meodification of phosphorylase b by DHT (in approximately 1 group
per enzyme subunit) does not interfere with the binding of the activators
AMP and IMP and of the inhibitor glucose-6-phosphate nor does it alter
the resulting conformational changes as defined by thz ESR spectrum of the
spin label, Modification does, however; influence the binding of the
substrates to different extents. There is a decrease in glucose- 1-phosphate
binding and a considerable effect on glycogen binding, Presumably as a
consequence of this, the heterotropic effect of the latter two substrates on

AMP binding is also diminished.



Figure 4.10

Light scatter — Arbitrary units
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Glycogen—mg/ml

Effect of glycogen on light scaftering in the presence of 10 pi
phosphorylase b(e-e),-10 uM DiiT-phosphorylase b (0 - 0 ) or
in buffer alone( w-w ). Buffer consisted of 50 mM

triethanolamine-HCI KCI (100 mM) and EDTA (2 mM) at pH 7.5.

Light scattering measurements were made on a Hitachi

spectrofluorometer - the excitation and emission wavelengihs were
set at 500 nm,
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Chapter 5

PHOSPHORUS NMR STUDIES OF PHOSPHORYLASE
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The study of enzyme conformation, by the use of covalently attached
spectroscapic probes, raises an interesting problem. Obviously, it is necessary
to attach the probe ai a position where it does not interfere with the
properties of ;he enzyme, However, it is also desirable that the probe be
positioned so that it can detect changes which are vital to the function of
the enzyme. The studies in the previous chapter assumed that, because probe
paramelers may be altered by very small perturbations, important conformational
changes in the enzyme could be detected, whilst the consequences of these
changes remained unaffected. An approach, which does not rely on these
assumpfions utilises the intrinsic spectral properties of phosphorylase. The
pyridoxal phosphate cofactor is an ideal target for such an approach, One
cofactor molecule is specifically attached to one lysine residue per
phosphorylase subunit and 1t contains the only phosphorus atom in phosphorylase b.
As it has been found in all glycogen phosphorylases studied to date, it,
presumably, has an important role m the enzyme,

This chapter described the use of high sensitivity phosphorus NMR

spectroscopy to observe both the state of pyridoxal phosphate in phosphorylase b

and a and the response of the cofactor to enzyme-ligand interactions,



A. Model Studies

Fig. 5.1 shows 3]P NMR spectra of a solution of pyridoxal
5' phosphate recorded at different pH values. A single resonance is observed
which, as the pH increases, moves to higher frequency. This pH induced
shift is a result of interconversion between the mono- and dianionic forms of
the phosphate group (93). The resonance of the dianionic form of pyridoxal
phosphate occurs 120 Hz from the resonance of the monoanionic form.

At pH values where significant quantities of both forms exist, a single
resonance is observed, with a line position intermediate betwcen the positions
found for the mono- and di-anionic forms. A single line is observed because
the fast exchange condition oppliesA (see Chapter 2) i.e. the rate of
interconversion of the two species is >> the frequency separation of the
resonances from the two species, The position of the resonance is an indication
of the relative amount of the two forms present, Hence pK values can be
deduced from such titrations,

If the two forms of pyridoxal phosphate could not interconvert, two lines
would be observed at positions corresponding to the frequencies of the mono-
anionic and di-anionic species. If"the‘ijéi:e of interconversion was < the
frequency separation of the resonances from the two forms, a complex line
shape would be produced (see Fig. 2.4).

In Fig. 5.2, the data from Fig.' 5.1 are presented graphically, together
with data from similar pH titrations of serine phosphate, pyridoxal phosphate
conjugated to ethanolamine, glucose-6-phosphate and AMP, As these molecules
all contain phosphate esterified to a methylene group their resonance

frequencies are similar,



110

0-5 kHz
1 1

\/wJ\A/V\r’“’ \f\f\/\/ VS

J AN
Y A e T a

i

i \J\/\/rv\/\\\j\\/ AVAN \f\/ J\""Z\g;

. r AV
/\»\j\,\,\jff\“"’i \/\/ \M\f\ ‘\/\ \/

-} s J/ \\'[\\/\, M

7-83

AN WY

s

W A, \ Wl

Figure 5.1 2.1 Tesla Phosphorus NMR Spectra of Pyridoxal 5' Phosphate
~ The spectra were recorded without proton irradiation with en
external deuterium oxide lock, The sample consisted of 30 mM
pyridoxal 5' phosphate in TEA, KCI, EDTA buffer at various
pH values,
v indicates the direction of increasing frequency in each spectiun,
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Figure 5.2 pH titrations of phosphorus containing compounds by
phosphorus NMR
Specira were recorded at 2.1 Teslg as in Fig. 5,1, Titration
data are shown for pyridoxal 5 phosphate (o), serine phosphate
(A), pyridoxal 5' phosphate in the presence

of 1.6 mM

ethanolamine (), AMP (@) and Glucose—é-phosphate (o).



The pK values for the interconversion of the mono- and di-anionic
forms of these molecules are all in the range 5.5 - 6.5. Therefore, if these
molecules are free in solution at pH values above 7, the phosphate will be

in the dianionic form.
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B. The “'P NMR spectrum of phosphorylase b

3]P NMR spectra of phosphorylase b recorded on two

spectrometers each operating at a different magnetic field strength (7.5 Tesla
and 2.1 Tesla) are shown in Fig. 5.3. The figure also shows the resonance
positions of the mono- and di-anionic forms of amine bound pyridoxal
phosphate (P~ and P"), recorded on the same machines.

The most apparent feature of the spectra is that the signal arising
from a single phosphate residue per subunit has more than one component.
This observation implies that the phosphate residue of the coenzyme experiences
at least two different environments, i.e. that the phosphorylase b subunit has
a minimum of two forms (conformaﬁons),f which on the NMR time-scale are
not rapidly interconvertible. At 2?1 Tesla two peaks are resolved in the
phosphorylase b spectrum. They correspond in frequency to the resonances of
the dionion and monoanion forms of both pyridoxal-5'-phosphate and a
oyridoxal-5'-phosphate-butylamine conjugate. Assuming that these signals
correspond to two interconverting forms of the enzyme, a lower limit can be
placed on the 'lifetime', 7, for the interconversion from the theory of
chemical exchange. (7 is the reciprocal of the sum of the forward and

backward rate constants for interconversion.) At 2.1 Tesla (36.43 MHz) the
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Figure 5.3

129 NHz

2
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Phosphorus NMR Spectra of Phosphorylase b at 7.5 and 2.1 Tes'a

The spectra in Figures 3-6 were recorded at 20°C without poro;w
irradiation.  External deuterium oxide was used for the fieid-
frequency lock., P and P*" indicate the resonance positions of
the monoanionic and dianionic forms of the butylamine coniugaie
of pyridoxal phosphate (10 mM). vy indicates the direction of
increasing frequency in each spectrum,

The spectrum at 7.5 Tesla is that of a sample of 2.0 mM
phosghorylose b in 50 mM ftriethanolamine hydrochloride, 100 w4
potassium chloride, T mM EDTA, pH 7,78, Radiofrequency
radiation was applied as 18,102 45° pulses at intervalc of 2 s.
The 2.1 Tesla spectrum was recorded from a sample of 1.0 mA
phosphorylase b in the triethanclamine buffer system at pH 7 .50,
6700 70° pulses were applied at 8 s intervals From (152},



two peaks are separated by approximately 150 Hz and hence 7 (> 1/ 2T AV ),
where Ay is the frequency separation in Hz) must exceed about 1 ms. As the
qu of free pyridoxal phosphate is 6.2, a signal corresponding to the dianionic
form of the cofactor would be expected at ihe pH of the above experiments
(7.5). If the two components of the signal observed at 36.43 MHz do in fact
correspond to the two states of ionisation of the phosphate group, it is likely
that protfon exéhange requires a concomitant conformational change in the
enzyme, which is the raote limiting step in the interconversion between these
states,

Whilst throughout this chapter it is suggested that the two components of
the signal could correspond to the two states of ionisation of the phosphate
group, current data do not provide sufficient evidence.to prove this hypothesis.
The ideas forwarded here are the simplest explanations which fit the available
data.

Fig. 5.3 shows that the total width of the resonance is larger at
7.5 Tesla than 2.1 Tesla (approximately 900 and 200 Hz respectively. The
difference in the linewidths ai the two fieid strengths cannot be accounted for
by chemical exchange alone and must, at /t'he high magnetic field strengths
employed here, contain contributions from chemical shift anisotropy of the
phosphorus resonance ,as observed in other systems (150). Magnetic relaxation
due solely to anisotropy of the phosphate group generates a signal linewidth
which is proportional to the square of the applied magnetic field intensity and

hence accounts for the major proportion of relaxation at 7.5 Tesla, whilst

being subordinate to dipolar relaxation at the lower frequency (151).
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C. The Effect of Ligands

Addition of the activator AMP, or of the inhibitor glucose-6-
phosphate, results in a dramatic change in the NMR signal of pyridoxal
phosphate.  Fig. 5.4 and 5.5 show spectra of phosphorylase b in the presence
of AMP or Glucose-6-phosphate recorded at 2.1 Tesla and 7.5 Tesla
respectively,

The osgignments shown were deduced from spectra recorded at differing
relative concentrations cf ligand to enzyme. The pyridoxal phosphate resonance
of phosphorylase b saturated with glucose-6-phosphate consists predominantly of
one signal of frequency corresponding to that of the dianion form of pyridoxal
phosphate., The cofactor signal has a minor component at the monoanion
frequency. In confrast, in AMP-saturated phosphorylase b the major portion of
pyridexal phosphate magnetisation is at the monoanion frequency though there
may be some absorption at the dianion position which is obscured by the AMP
signal. Both effectors reduce the linewidth of the pyridoxal phosphate signal
as compared fo the unliganded enzyme. These results could be most simoly
explained by a reduction in the number of conformations accessible to the

phosphorylase-ligand complex.

D. Phosphorylase a

Phosphorylase b may also be activated fo the a form by
phosphorylation of a single serine residue. The phosphorus NMR spectrum of
phosphorylase a is shown in Figure 5.6. The composite signal from both the

seryl and pyridoxal phésphcfes is narrower (approximately 120 Hz) than the
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Figure 5.4 2.1 Tesla Phosphorus NMR Spectra of Phosphorylase b in the

Presence of Glucose-6-Phosphate or AMP

The upper spectrum is that of 1,11 mM phosphorylase b «nd 1.14 mM
glucose-6~phosphate in the triethanolamine buffer system (see Fig. 5.3)
at pH 7.8, 10,976 pulses were applied at 6 s inteivals,

The lower spectrum was recorded from a sample of 1.2 mM
phosphorylase b and 1.2 mM AMP in tricthanolamine buffer at

pH 7.5, and is tne accumulated magnetization from 10,164 pul:es
applied af iniervals of 3 seconds.
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7.5 Tesla Phosphorus NMR Spectra of Phosphorylase b in the

Presence of Glucose-6-phospnate or AMP

The upper specitrum is that of 1.11 mM phosphorylaze b and

1.14 mM glucose-6-phosphate in the tricthanolamine buffer system
(see Figure 5.3) at pH 7.89. 10722 45° pulses were applied at
6 s intervals,

The lower spectrum was recorded from a sample of 1,16 mM
phosphorylase b and 1.7 mM AMP in triethanolamine buffer at
pH 6.8, and is the accumulated magnetization from 144(:0 45°
pulses applied of intervals of 2 s,

Other details are given in Figure 5.3,
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_F_igure 5.6 2.1 Tesla Phosphorus NMR Spectra of Phosphorylase o and b

6800 pulses were applied at 10 s intervals to a 0,723 mM sample
of phospherylase a in triethanolamine buffer at pH 7.5 (80° pulses

. were used).
The phosphorylase b spectrum is the same as that shown in

Figure 5.3.
Other details are given in the legend to that figure.



signal from phosphorylase b alone and corresponds in frequency to the dianion
form of pyridoxal phosphate (or the amine conjugate). Assignments of both

phosphates to the single phosphorylase a resonance is based on an experiment

in which the intensity of the enzyme signal was compared to that of a standard

concentration of pyridoxal phosphate. The chemical shifts of the phosphates
correspond to the value for the pyridoxal phosphate in phosphorylase b in the

presence of the inhibitor glucose-6~phosphate.

E. Conclusions

Pyridoxal phosphate in phosphorylase b undoubtedly experiences
more than one ‘'chemical environment'., On the simplest assumption that the
two component signal seen for phosphorylase b alone at 36.43 MHz represents
a slow interchange between two enzymic conformations, an upper limit of
1 kHz can be given for the rate of exchange between these forms. Addition
of ligands (AMP or glucose-6-phosphate) shifts the pyridoxal phosphate into

one of the environments., There is apparently no direct relation between the

e

characteristics of the pyridoxal phosphate resonances and enzymatic activity, in

view of the fact that activation by AMP or by covalent thSphorylaﬁon produce

opposite changes in the spectrum,
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Chapter 6

In skeletal muscle, phosphorylase b to a conversion is responsible for
the initiation of glycogen breakdown. Incorporation of one phosphate /
phosphorylase /monomer from ATP//\Ag_H- to the enzyme is catalysed by the
calcium activated enzyme phosphorylase b kinase and lecks phosphorylase in
an "active conformation". Although this favours the fcrmation of tetrameric
enzym.e, adoption of the tetromer aggregation state is noi necessary for
activity (102). Phosphorylase a can binél all of the ligands which are
effectors of phosphorylase b yet with different affinities. For example the
nucleotides ATP, ADP, and AMP bind more tightly to the a torm than to the
b form whereas glucose-6-phosphate binds more weakly.

It has been suggested that during the b to a conversion, hybrids
consisting of one phosphorylated and one non phosphorylated subunit are
transiently produced. These hybrids (the ab form of phosphoryluse), have
properties characteristic of phOSpho'rylas; _I? and a. Like phosphorylase a, they
exhibit AMP independent activity and like phosphorylase l:), this activity is
inhibited by ImM Glucose 6 phosphate, To date the 9__[3 form has been
detected solely by activity measureme.nfs (153-156). In this section, it is
shown that the spin label and fluorescent probes, described in Chapter 2,

can detect the b to a conversion and provide further evidence for the

existence of the g_lg form.



A, Studies using Spin Labelled Phosphorylase

The characteristic ESR ratio of the spin label probe differs for
phosphorylase b and a (R = 0.68, R_ = 0.60), reflecting the difference in
the conformation between the two forms. The lower ratio exhibited by spin
labelled phosphorylase a cannot be due fo aggregation as addition of gluccse
does not affect the ratio, whilst converting tetrameric phosphorylase a fo a
dimeric form. The difference in the ratio shown by phosphorylase b and a moy
be used to follow the kinetics of b fo a conversion (see Fig. 6.1). During
the conversion of phosphorylase b to a, the ab form of phosphorylase is
transiently produced. Careful measurements over the first few minutes of the
conversion show a transient lag in the ESR ratio change,behind activity
changes. The most likely interpretation of this observation is that the ratio
shown by the ab form is close to that of phosphorylase b, the reaction
sequence being:

ppb —> ppab —> ppa

ESR ratio 0.68 ca 0.68 0.60

Using this assay procedure, the activities of different forms of phosphory lase

kinase at different pH values may be deduced. If non-phosphorylated kinase

is used, a lag in the production of phosphorylase is seen due fo auto-activation

of kinase (158).
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Figure 6.1 Changes in the ESR ratio on conversion of spin labelled

phOSp'ﬂOF’y’lQS’e b to a (120 pM phosphorylase b, 2.9 mm AP,

9.8 mM Mg?¥, 7.5 uM Ca?t plus activated phosphorylase kinase).
The full curve wos calculated assuming only the b and a forms
were present, ' - -



B. Differential ligand binding to phosphorylase a and b

Acetamido-salicylate-phosphorylase b may be converted into the
active a form; - the conditions for the conversion are: 5 uM labelled
phosphorylase b, 1 nM phosphorylated-phosphorylase kinase, 5 mM MgClz,
5uM CaC12 and 50 uM ATP in 50 mM triethanolamine-HCI buffer containing
100 mM KCI at pH 8.2. Under these conditions the interconversion takes
about 5 min and no change in the salicylate fluorescence is seen, When the
interconversion is carried out in the presence of 25 uM AMP a decrease in
salicylate fluorescence is observed due to the tighter binding of AMP to the
a form, the uptake of AMP by the newly formed labelled phosphorylase a
resulting in fluorescence quenching( Fig.6.2). Conversely, addition of
glucose-6-phosphate (400 uM) to the reaction mixture produces an enhancement
in the salicylate fluorescence during the b to a conversion (Fig. 6.2). This is
because glucose-6-phosphate is released from phosphorylase a, being weakly
bound to phosphorylase a compared to phosphorylase b. The rate of the
interconversion (as assayed by the appearance of phosphorylase a activity) is
unaffected by AMP and glucose-6-phosphate at the concentrations used in the
experiments described above.

The fluorescence charige in the presence of AMF followed exactly the
same time course as the appearance of activity, while when glucose-6é-phosphate
was present there was o considerable lag before the expulsion of the inhibitor,
This clearly implie§ that glucose-6-phosphate binds fo a form of the enzyme
which is already active but cannot be phOSphoryla;é a, i.e. that during the
interconversion hybrids are formed which are s:till subject to inhibition by

glucose-6-phosphate but bind AMP cs tightly, or nearly as tightly, as the
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completely phosphorylated form.

In activity assays (where activities are measured by taking aliquots of
the reaction mixture and diluting them so that essentially no glucose 6-phosphate
or AMP is present in the assay mixture) this lag does not appear. If the
aliquots that are taken from the reaction mixture are assayed at 100 mM
Glucose 1 ph'osphci'e,. in the presence or absence of glucose 6-phosphate (1 mM),
it is found ﬂ;\at glucose 6-phosphate inhibits activity only during the first few

minutes of the conversion, This confirms the observation of Hurd et al. (153)

who suggested that the intermediate singly phosphorylated phosphorylase dimer
binds glucose é-phosphate (and AMP) relatively tightly. The fluorescence
experiments provide a direct demonstration of this, since the lag seen in the
fluorescence change in the presence of glucose 6-phosphate corresponds to the
time period during which glucose 6-phosphate inhibition is present. The
fluorescence method, however, provides anmore accuraie measure of the time
course for the appearance of a form of phosphorylase which is active but still
binds both glucose é-phosphate and AMP,

Fig. 6.2 also shows that the initial velocity of the conversion at

pH 8.2 is three times faster than at pH 6.8, The exact ratio of initial

velocities at the two pH values varies with the phosphorylase concentration,

C. The Conversion of Phosphorylase b to a Catalysed by Non-phosphorylated

Kinase

Conversions were also studied at pH 6.8 and 8.2 using non-

phosphorylated phosphorylase b kinase (Fig. 6.3). At pH 6.8 in the presence

nNo



of AMP or glucose 6-phosphate the change in the fluorescence of labelled
phosphorylase during the conversion showed a lag phase that corresponded to

a similar delay in the appearance of phosphorylase a activity.  Increasing

the amount of kinase in the reaction mixture diminished the duration of the

lag while addition of cyclic AMP or preincubation of kinase with phosphorylase
and ATP did not abolish the lag. Preincubation of kinase with ATP,
magnesium on‘;l calcium abolished the lug phase in the activity changes.

At pH 8.2 the changes seen were similar io those observed when
phosphorylated phosphorylase b kinase was used. In the presence of glucose
é~phosphate the lag phase was still apperent but it was nof present when
fluorescence was followed in the presence of AMP or in the activity assays.

The ratio of the initial activity of non-phosphorylated kinase af pH
8.2 to that at 6.8 was over 100, Table 6.1 summarises these observations,

The continuous assay method for phosphorylase kinase described here
has facilitated the study of non-linear progress curves more precisely than was
possible with the previous technique based on phosphorylase a activity
measurements. The disadvantages of the fluorescence method are the need to
use phosphorylase concentrations much I;wer than that of AMP and glucose
é~phosphate and the need to mdintain o low ADP concentration, The method
is also very susceptible to interference by contaminating enzymes such as
5'-adenylic acid deaminase and ATPases, While the pH 6.8 to 8.2 ratios
for the activity of phosphorylated kinase are similar to those reported by
Cohen (52) in the .ccse of non-phosphorylated kinase at pH 6.8 it is evident

that autophosphorylation is appreciable (161) over a short time period even at

low ATP concentrations. This effect is distinct from the lag phase observed
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Table 6.1

Summary of the various lag effects during the conversion of phosphorylase b
to a seen using the fluorescence of acetamido-salicylate-phosphorylase in the
presence of AMP or gIUCOSG,é—phOSphOfe at pH 6.8 and pH 8.2 using
phosphorylated or non-phosphorylated phosphorylase b kinase

50 mM friethanolomine - KCI buffer pH 8.2 and pH 6.8 at 18°C were used
with no EDTA present, 5 uM acetamido-salicylate-phosphorylase b, 1.0 nM

phosphorylase b kinase, 5 mM MgCl,, 5 uM Cc:CI2 and 50 uM ATP, with

2[
25 uM AMP or 400 uM glucose 6-phosphate present were concentrations used

to follow the conversion by salicylate fluorescence,

—

Kinase pH Fluorescence assay Activity assay
(+ glucose 6-phosphate
+AMP +glucose or AMP)

6~phosphate

Activated 6.8 no lag lag no lag

8.2 no lag lag no lag
Non- 6.8 lag lag lag
activated - 7

8.2 no lag lag no lag




by Kim and Graves (162) as preincubation of the kinase with phosphorylase b
does not affect the activation lag period. Because of the contribution of
avtophosphorylation to activity, care must be token when defining the pH 6.8
activity of non-phosphorylated kinase. The pH 8.2 to 6.8 activity ratios of
over 100 are only seen when kinase is ropidly prepared since trace quantiﬁés
of profeolyﬁc_enzymes. will also activate phosphorylase b kinase causing the
ratio to dr0p:

It has been suggested (52) that, in vivo, the low pH 6.8 activity
observed with non-phosphorylated phosphorylase b kinase is not sufficient to
account for the rapid phosphorylase a production in glycogen particles
following flash activation with caI;ium, magnesium and ATP and in muscle
tissue on electrical stimulation {163),

It is possible that in vivo and when in glycogen particles, the activity

of phosphorylase kinase, when bound to glycogen (51) or other proteins, is
increased, It is however difficult to relate the activity of non-phosphorylated

kinase  seen here to that in vivo because of the high concentration found in

muscle and the possibilities of phosphorylation during electrical stimulation,

D. The Kinetics of the Formation of Phosphorylase a Tetramers

The rate of formation of the phosphorylase a fetramer has been
previously followed using a ncn-covalent: fluorescent probe 2-(N-methylanilino)-
naph’rhalene—é—sulp.honate (31). The use of this probe depended on a detailed
comparison of the sedimentafion behaviour of the different aggregation states

of the enzyme with the fluorescence characteristics of the probe, Another
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method utilises the fact that the fluorescence emission band of the acetamido-
salicylate group on phosphorylose overlaps with the absorption band of the Nbf
group which can also be attached to the enzyme (Fig. 2.1), If the two probes
are closer than 3.0 nm aport, from theoretical considerations one may expect
energy transfer to take ploce between them, with a consequent quenching of
the acetamido-salicylate fluorescence. When a solution of acetamido-salicylate
phosphorylase b (0.1 mg/ml) is mixed with Nbf phosphorylase b (0.2 mg/ml)
no significant change in salicylate fluorescence is observed, After converting
this mixture to phosphorylase a a 30% quenching of salicylate fluorescence is
observed which can be reversed by the addition of glucose (50 mM), Glucose
is known to disaggregate phosphorylase tetramers and does not affect the
fluorescence of acetamido-salicylate-phosphorylase a (Table 4.1), No change
in acetamido-salicylate fluorescence is observed if acetamido-salicylate-
phosphorylase a (0.1 mg/ml) is added to Nbf-phosphorylase a (0.2 mg/ml).
Quenching associated with the interconversion therefore can be attributed to
energy ftransfer in the hybrid fetramers of phosphorylase a. Fig. 6.4 shows
the kinetics of the production of this quenching as phosphorylation takes place,
using activated phosphorylase kinase at ’pl-if8.5. The time course of the
appearance of the quenching lags considerably behind that of the dctivity
chtanges, but corresponds to the results obtained using the non-covalent probe.
The heterologous pro‘rein—pro‘rei.n interaction between phosphorylase b
kinase labelled with Nbf and phosphorylase l) labelled with iodoacetamido
salicylic acid has also béen observed (112).  Nbf phosphorylase b is titrated

into kinase labelled with 6-7 acetamidosalicylate groups per o By wunif, As

the two proteins aggregate, the Nbf groups on the phosphorylase come close
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to some of the acetamidosalicylate groups on the kinase, causing a quenching
of salicylate fluorescence. A useful control is to repeat’ the experiment with
kinase labelled only with 2-3 acetamidosalicylate groups per afy unit. Very
little quenching is observed, as the first few acetamidosalicylate groups which
attach to _phosphorylase kinase are too far from the phosphorylase-attached
Nbf groups to be quenched. It would be interesting to perform such
experiments u;ing phosphorylase a and phosphorylase phosphatase,  Using this
method it may be possible to see the interaction between phosphorylase

kinase and phosphatase suggested by Bot et al. (159).

It is linportant fo note that these methods report proximity of proteins
and not, primarily, the effect of o"ne protein on the conformation of the other.
Efforts with this system fo observe conformational changes in one protfein as
a result of binding to another have proved abortive to date (160).

This section shows how the application of relatively simple and
empirical probe techniques can give useful information about a set of enzyme
inferactions and interconversions, In the next section an attempt is made to
show how these methods may be applied to the phosphorylase system, when

found in a more complex environment,
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Chapter 7

PROTEIN-GLYCOGEN COMPLEXES - AN APPROACH TO
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In the previous sections it was shown that in solution phosphorylase
exhibifs complgx behaviour showing a multiplicity of conformations,
interactions with a variety of ligands and several different possible modes of
regulation of its activity, All these properties of the system raise interesting
enzymological questions but, as in any field of enzymology, can only point fo
their possible biologicai significqncg. The biochemist is often forced to use
teleological arguments to support the importance of his studies by assuming
that no specific behaviour is accidental but is "designed" by the process of
evolution to meet a particular biclogical problem. While this is a convenient
argument for justifying a study on isolated systems (which undoubtedly has a

value in its own right) the experimental problems in demonstrating the relation

between in viiro and in vivo observations remain formidable.

In attempting to understand the regulation of glycogen metabolism in vivo

we are fortunate in having a "half-way-house". Meyer et al. have demonsirated

that a particulate fraction can be prepared from rabbit skeletal muscle which is
rich in glycogen and contains phosphorylase, phosphorylase kinase and a number

of other enzymes associated with phosphorylase control (74). In these “"glycogen

particles" transient activation of phosphorylase b takes place on addition of
Mg/ATP provided ﬂ;ai‘ Ca'™ fons are present (164). Whilst there is little direct
evidence that phosphorylase and the other enzymes in the cascade are bound to
glycogen in vivo, the high concentration o-f glycogen in muscle and the tight

binding of phosphorylase to it make this likely., The glycogen particle fraction



can be prepared by three methods - direct centrifugation, acid precipitation
and acetone precipitation, The components of a typical fraction prepared by
the acid precipitation method are listed in Table 7.1. In different preparations
the glycogen / phosphorylase / glycogen synthetase ratio remains roughly
constant, reflecting tight binding of phosphorylase and synthetase to glycogen.
Electron microscopy shows the fraction obtained by the acid precipitation
method as o mixture of densely staining particles of glycogen and sarcoplasmic
vesicles (165). Zonal centrifugation of the mixture led to a separgtion
yielding two fractions, One contained particles of glyccgen cnd associated
prote.ins (30-40 my diometer) and the other contained the sarcoplasmic vesicles,
to which smaller particles of glyCOge;n were attached (10-20 mu diameter).
Incubation of the latter fraction with glucose- 1-phosphate led to synthesis of
glycogen. Electron microscopy showed that the newly formed glycogen was
attached to the membrane-bound glycogen particles (166). The free glycogen
particles contained phosphorylase, phosphorylase b kinase and glycogen
synthetase but the latter was not present in the membrane-bound glycogen
particle fraction,

In whole muscle tissue glycogenwas seen in particulate deposits, whose
size was the same as those particles seen in the glycogen rich fractions. Some
of the densely staining particles of glycogen were associated with parts of the
sarcoplasmic reticulum in ordered arrcys.(165),. All these observations suggest
that the glycogen particles prepared by acid precipitation are similar to those
in the infact tissue.

Membrane-bound carbohydrates are not uncommon. In pigeon retina

tissue all the cells' glycogen is intimately dssociated with highly ordered arrays

W

w
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Table 7.1

The Contents of a Typical Glycogen Particle Fraction

Glycogen (20 mg/ml)
Phosphorylase b (70 u M)
Phosphorylase b kinase (4 u M)
Glycogen synthetase (4 uM)

Phosphorylase phosphatase

Kinase phosphatase

cAMP dependent kinase kinase

C02+ dependent kinase activating factor (KAF)
Sarcoplasmic reticulum ATPase

AMP deaminase

Myokinase

Phosphoglucomutase

Creatine kinase

Glucose-6-phosphate (400 uM)

IMP (10 & M)

The preparation of the fraction is described in Appendix 2 G.
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of endoplasmic reticulum (1). Lipid-sugar complexes have been shown to be
important in the initiation of synthesis of bacterial peptido-glycon (167, 168)
and plant cell wall cellulose (169). Further evidence for membrane/glycogen
complexes in muscle has been inferred from electron microscopic examination
of tissue samples from patients suffering from thyrotoxic periodic paralysis (170).
In such cases, it is observed that glycogen was actually enclosed by the
sarcoplasmic r/e’riculum and subsarcolemmal blebs filled with glycogen were
formed, thus impairing the function of the membrane and, hence, the muscle.

Utilising kinetic measurements, some properties of the enzymes in the
glycogen rich particulate fraction have been shown to be different from those
of the purified enzymes (164, 171-173). These studies, which have been
previously reviewed (75, 133) sliowed that the system was clearly amenable to
more detailed structural and mechanistic studies,

The initial papers concerning glycogen particles raised a number of
questions: (i) do small metabolites bind to phosphorylase b and so regulate

its activity in the glycogen protein complex, (ii) does either form of the

enzyme undergo a protein-protein interaction with any other component of the

-
e

complex and  (iii) do small metabolites bind to phosphorylase a and modify

its properties?  Since the glycogen particle fraction is an opaque, viscous
suspension which is not accessible to normal spectroscopic methods, most studies
have used enzyme activity as their only probe. All three of the questions are
to some extent concerned with the conformation of the enzyme. The results
described in this chpfer cenfre around the use of spin labelled phosphory lase
to investigate the conformation of the enzyme when in the glycogen particle

fraction,
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A. The Contents of the Glycogen Particulate Preparation

The contents of a typical glycogen particulate preparation are
listed in Table 7.1 Precise details of each assay are included in Appendix 2
Section G. It is interesting to note that:

(i) The ratio of phosphorylase kinase activity at pH 8.2 to that at
pH 6.8 is 8-12, indicating that 10-20% of it is activated either by proteolysis
or phosphorylation (52).

(i1) The glycogen F;arﬁculate fraction shows a high 5'-adenylic acid
deaminase activity. Little activity was found in the supernatant after the
fraction was centrifuged down during the preparation, This is in accord with
the results of Brody and Costello (176), who found that 5'adenylic acid
deaminase behaved as though it were particle bound, Possibly it binds to
elements from the sarcoplasmic reticulum which sediment with the glycogen
particulate preparation, The high level of this enzyme prohibits the study of
the effect of AMP on the system as 1 mM AMP is converted to IMP in less
than 15 seconds in the glycogen particulate preparation.

The experiments described in this chapter rely upon two cdditional
sets of observations. The first is that g.iyc;;gen particles take up externally
added phosphorylase (174). In order to show that labelled phosphorylase was
taken up by glycogen particles and that it could displace the native
phosphorylase from the particles, the élycoggn-rich fraction was centrifuged in
the presence of labelled phosphorylase b. By comparing the label concentration
with the phosphorylase activity in the supernatant it was possible to deduce the
amount of labelled enzyme taken up and the amount of native phosphorylase

displaced. Since the spin label moiety on' phosphorylase is slowly reduced by



glycogen particles, in these experiments,phosphorylase labelled with a
fluorescent probe (4-iodoacetamidosalicylic acid) was used. This lahel binds
to the same sulphydryl group as the spin label and the acetamidosalicylate-
phosphorylase b has identical enzymic properties to the spin-labelled enzyme.
Different concentrations of fluorescent acetamidosalicylate-phosphorylase b were
added to a glycogen particle suspension and centrifuged for 100 min at 80,000 g.
The supernatont was removed from the glycogen particle pellet and the amount
of acetamidosalicylate-phosphorylase b in the supernatant was deduced from
fluorescence measurements. The overall phosphorylase concentrations in the
supernatant and the pellet were derived from measurements of activities of
diluted aliquots of each fraction, A plot of the amount of labelled
phosphorylase b bound to glycogen particles vs. the concentration of added
lobelled enzyme is shown in Fig. 7.1. When 50 uM labelled phospherylase b
is added, 95% of it is taken up into the glycogen particles. At high
concentrations of labelled phosphorylase b, native enzyme was displaced from
the particles, demonstraiing that extrinsically added phosphorylase takes up the
positions on the pariicle originally occupied by intrinsic phosphorylase b.

The additionally bound phos’phor);‘ld;e may contain any one of the
covalent labels described in Chapter 3. Thus one is in a position to make
specific spectroscopic observations on the bound enzyme. For technical
reasons so far, these have been restricted to using ESR measurements on spin
labelled phosphorylase.

A second set of observations utilises 3]P NMR. This technique allows
quantification of the levels of the different phosphate containing compounds in

the glycogen particles and the changes in these levels during transient
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activation (175). By coupling these observations with activity measurements,

insight can be gained into the various interactions in glycogen particles.

B. ESR ‘measurements

The ESR spectrum of spin labelled phosphorylase b bound to

glycogen particles is similar to that of the free enzyme but the value of R
(see Chapter 2) is generally lower. If however glycogen particles are
extensively dialysed, removing all small ligands, the ratio returns to the same
value as was found for phosphorylase in the presence of glycogen. In contrast
spin labelled phosphorylase a bound to dialysed glycogen particles exhibits
a ratio significantly different to that from enzyme in a simulated glycogen
medium. Table 7.1l lists the ESR ratio exhibiied by various spin labelled
phosphorylase-ligand complexes in the glycogen particle fraction and in a
simulated glycogen particle medium (i.e. a medium consisting of phosphorylase,
glycogen, sugar phosphates and nucleotides in concentrations similar to those
found in the glycogen particle fraction), Apart from the anomalous ratio seen
with unliganded phosphorylose a, the conformation of the enzyme as reported
by the ESR ratio is the same in the glycogen particles as in the simulated
medium. By ftiirating ligands into spin labelled phosphorylase attached to the
glycogen particles, it is possible to deduce the relevant binding constants.

It must be remembered that the spin label probably samples only a
localised conformation of phosphorylase and it is conceivable that two identical

ESR ratios could be obtained from different forms of the enzyme. Nevertheless,

the results show thot, as judged by the spin label, the conformation of



Table 7.11
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Ratio Exhibited by Spin Labelled Phosphorylase in the Presence of Saturating

Amounts of Different Ligands in the Glycogen Particle Fraction and in a

Simulated Glycogen Particle Medium Consisting of 2% Glycogen and 400 M

Glucose-é~phosphate in Triethanolamine Buffer pH 7.0

Spin Labelled Phosphorylase b Spin Labelled Phosphorylase a

Ligand added Ratio in Glycogen Ratio in  Ratio in Glycogen  Ratio in

Particles Simulated Particles Simulated
Medium Medium

No ligand added 0.48 0.45 0.70 0.58

(before dialysis)

No ligand added 0.65 0.65 0.70 0.58

(after dialysis) *

Glucose-6~phosphate 0.48 0.45 0.50 0.50

added (11.7 mM)

IMP added (21.2 mM) 0.69 0.69 0.69 0.69

ADP added (11.7 mM) 0.62 0.63 0.52 0.51

ATP added (27 mM) 0.64 - -

0.62

*  Measurements made after the glycogen particles / simulated medium had

been dialysed into triethanolamine buffer pH 7.0 to remove glucose-6-

phosphate.



Table 7. 1|
The Anomalous Ratio in Modified Glycogen Particles
50 M spin labelled phosphorylase a was added to samples of variously treated

glycogen particles. After addition, the ESR ratio was recorded as a function

of time and exirapolated to time zero.

treatment Ratio (at t = 0)

Control particles 0.70
1 mg/ml trypsin for 3/4 hour followed 0.69
by 1 mg/ml {rypsin inhibitor
1 mg/ml pronase for 1 hour 0.60
particles dialysed into 50 mM TEA, 0.69
100 mM KCI, 1 mM EDTA pH 7
heat treated particles 0.60
(50°C for 10 minutes)
1.2 Glucose added 0.61
particles dialysed into 5M urea. 0.60

Urea was then removed by dialysis
into TEA buffer pH 7

particles diluted 10 times 0.61
intc TEA buffer pH 7




phosphorylase in the presence of IMP, ADP, ATP and glucose-6-phosphate is
the same in a solution of purified glycogen as in the glycogen particle
fraction, Preliminary studies indicate that incorporation into the glycogen
particle fraction does not grossly alter the affinity of phosphorylase for these
ligands (177).

It is not yet clear why spin labelled phospherylase a exhibits an
anomalous ESR; ratio in the glycogen particle fraction, The most obviors
explanation is that the effect is due to an interaction between phosphorylase
and o macromolecular component in the glycogen particles such as a protein
or glycogen, Since the anomalous ESR ratio cannot be produced by adding
purified proteins or‘ccrbohydrofes to spin labelled phosphorylase a, it could
be that the change in conformation is due to an interaction with one or more
as yet unpurified proteins on the surfuce of the glycogen.

Table 7.111 lists the ESR ratio observed when spin labelled phosphorylase
a is added to glycogen particles which have been variously treated. The
anomalous ESR ratio is observed in dialysed or trypsin treated particles but is
not observed in pronase freated or diluted glycogen particles. Interestingly
the presence of IM Glucose removes the anomalous ratio. Possibly this is due
to the high concentration of glucose competing phosphorylase a off the surface

of the glycogen. Glucose has no effect on the ESR ratio of spin labelled

phosphorylase a in the simulated glycogen particle medium.

142
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C. C02+ Dependent Transient Activation

Fig. 7.2 shows a series of 3]P NMR spectra recorded during a

calcium dependent transient activation of the glycogen particle fraction,
Phosphate-containing ligand concentrations have been deduced using similar
spectra recorded during transient activations under a variety of conditions.,

At this stage ii is important to mention two points. The first is
technical und relates fo the way the data were collected in the kinetic
experiments. In order to reduce the time necessary for accumulating the
spectrum at each point, a relatively rapid pulse sequence was used in the
Fourier transform mode. This can result in truncation eriors and consequently
a systematic eiror in the absolute concentrations of the substrates, But for
each substrate the time course of the reaction will follow the true variation
in concentration,

The second point is that only in cases where the ligand is in rapid
exchange between the free and bound forms is "total" ligand measured. In
the slow exchange situation the resonances of the bound ligands would be too
broad to be observed under the conditions of the experiments described above
(although in fact it is possible to sfudy‘bﬁou‘nd ligands by 3]P NMR). Since it
is not yet known which of these conditions is applicable in the glycogen
particle and since the measured ligand concentrations are in considerable excess
over the concentrafions of the enzymes,to the first approximation, the
measurements represent free ligands, To relate these to the way the small

molecules modify the enzyme functions(and in particular those of phosphorylase)

it is necessary to correlate the NMR observations with activities and the ESR

measurements,
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during calcium dependent fransient activation N

5 mA N\OCI?, 2 mM CaCl,,, 20 uM spin labelled phosphorylose b
and 27 mih ATP (added a§2t 0) were added to the glycogan
particle fraction, Each spectrum is 50 scans with a pulse interval
of 3 seconds. Spectra were recorded at 129 MHz with a sweep
width of 5 KHz. Peck | is due to glucose-6-phosphate, |1 to
AMP and IMP (NMP), 1l to inorganic phosphate, 1V and V io

" ADP,
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Fig. 7.3 shows the time course of changes in phosphorylase activity
throughout transient activation, Changes in the ESR ratio (R, see Chapter 2
section D) from added spin labelled phosphorylase b and associated changes
in the concentrations of phosphate-containing small ligands, deduced from
spectra similar to those shown in Fig. 7.2 are also shown in Fig, 7.3. The
measurements illustrated in Fig, 7.3 were made concurrently on identical
samples. A Illorge ATP concentration was used to extend the duration of
transient activation and to ensure that the concentrations of metabolites would
be high enough to be chservable during the .process.

It is evident that rapid ATP utilization leads to a small transient
accumulation of ADP and a large rise in nucleotide monophosphate levels,
Unfortunately, AMP and IMP resonances have the same chemical shifts and
using phosphorus NMR it is impossible to separate these two components in a
mixture. However, from the high level of 5'adenylic acid deaminase (which
catalyses an irreversible reaction (198)) it is clear that no sustained
accumulation of AMP concentration could take place. The nucleotide
interconversions which take place during transient acrivation in the glycogen

particle fraction are:

M92+ dependent ATPase

ATP > ADP + Pi
b+ ATP phosphorylase S ADP + opa phosphorylase S b + P
PP2 + kinase PP2 phosphatase PP2 + Hi
2 ADp < myokinase > AMP + ATP
AMP 5'-adenylic deaminase S IMP + NH

3



Figure 7.3

FLASH ACTIVATION OF PHOSPHORYLASE IN GLYCOGEN PARTICLES
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Changes in ESR ratio, phosphorylase a activity and ligand

concentrations during Ca2t dependcnt transient activation at

high Mg“T and ATP concentration

42 UM spin labelled phosphorylase b was added to a glycogen
particle suspension (in the tiiethanolomine buffer described in

the Appendix J. - 25 mM MQCIQ, 2 mM CaCl,, and 27 mM
ATP (aodded at t = 0) were used for fransient activation, The upper
graph shows changes in the ESR ratio (8) and phosphorylase a

activity (o) (expressed as a % of moximum phosphorylase a activity).
The lower set of curves show the relative concentration of each

metfabolife throughout aclivation as detected by 3Tp NMR: NP
is the sum of the "concentrations" of AMP and IMP, which ccnnot
be separated by this technique. Phosphorus NMR spectra were
recorded at 129 MHz. Sweep width 5 KHz; pulse interval 3 s.
Each specirum was 50 scans,-

Other experimental detfails are given in Appendix 2G.

P
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The inorganic phosphate level rises rapidly due to the degradation of
ATP but then falls as a result of the breakdown of glycogen by phosphorylase a.
Glucose- 1-phosphate and hence glucose-6é-phosphate are formed:

phosphoglucomutase

o >  G-6-P
+ Mg

Glycogen + Pi <———> G-1-P <

The concentration of glucose-1-phosphate remains low as the eguilibrium of the
reaction catalfysed by phosphoglucomutase is 17:1 in favour of glucose-6-phosphate.
The glucose-1-phosphate resonance in the NMR spectrum occurs as a small
shoulder slightly downfield of the inorganic phosphate resonance, and cannot

be measured accurately,

The glycogen particulate preparation, even when prepared using the
triethanolamine buffer system described above, contains 300-500 u M glucose-6-
phosphate and phosphate, Since the dissociation constant of glucose-6-phosphate
and phosphorylase b is 50 uM, phosphorylase b in the glycogen particulate
preparation will have glucose-6-phosphate bound to it. This is indicated by
the ESR ratio from spin labelled phosphorylase b in this medium (Fig. 7.3 and
Table 7.11). The ratio (0.48) is characteristic of the phosphorylase b -
glucose-6-phosphate - glycogen cor‘f;p!eg rather than the phosphorylase b
glycogen complex which is formed ofter addition of phosghorylase to the
dialysed glycogen particulate fraction .(Table 7.10).

Addition of ATP, M92+ and C02+ causes 80% conversion of
phosphorylase b to a in 7 minute. This active phosphorylase a level is
maintained for 10 r;minufes. When the ATP has been exhausted, dephosphorylation
and reconversion to phosphorylase b takes place. Although the phosphorylase b

to a conversion occurs within & minute of addition of ATP, the ESR ratio does
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not rise to the value choracferistic’ of phosphorylase a in the glycogen particle
mixture until 7 minutes after the initiation of transient activation (Fig. 7.3
and Table 7.11).

Over the period 1-10 minutes activity measurements indicate that 80-90%
of the phosphorylase is in the a form whereos the ESR ratio exhibited by the
spin labelled phosphorﬂase is variable. This is due to alterations in the
ligand binding; to phosphorylase a during this period. The binding constants of
phosphorylase a for glucose-6-phosphate, ADP and IMP are 6 mM, 35 uM and
6 mM respectively (11). Because glucose-6-phosphate binding to phosphorylase
ais 120 times weaker than to phosphorylase b, phosphorylation is associated with
a loss of glucose-6-phosphate from the enzyme. From a comparison of the
characteristic ESR ratios for the various phosphorylase a ligand complexes and
the relative metabolite levels at various stages of the transient activation
cycle, the following sequence of ligand/enzyme interactions is proposed:

ppb . G-6-P —> ppa . ADP —> ppa . IMP —> ppb . G-6-P

ESR ratio, R = 0.48 R =0.52 R =0.69 R =0.48

In this treatment it is ossumfd that nucleotides compete for the same
site on phosphorylase a as has been demonstrated for the isolated enzyme (101).
Thus the rise in the ESR ratio between 2 or 6 minutes (Fig. 7.3) is due to an
increasing concentration of phosphorylase _q/IMP complex (R = 0,.69) replacing
the phosphorylase a/ADP complex (R = 0.52). Since a large amount of ATP
(25 mM) is added in the experiments a high concentration of IMP is formed in
the later stages of iransient activation,eventually s::turaﬁng phosphorylase a.

There was no eviderce of formation of phospho-dephospho phosphorylase

hybrids (the ab form) during transient activation, This species is active in the



absence of AMP but, like phosphorylase b, is inhibited by glucose-6-phosphate
(153). No inhibition was caused by 1T mM glucose-6-phosphate when the
active form of phosphorylase from a fransiently activated glycogen particle
suspension was assayed at 75 mM glucose- 1-phosphate, It is concluded that
the ab form of phosphorylase does not accumuiate, even during the early stages
~of transient activation.

Fig. 7'.,:4 shows a typical fransient activation at low ATP concentrations.
Changes in phosphorylase activity and in the ESR readout from added spin
labelled phosphorylase were recorded. The lag of the ESR response behind the
rise in phosphorylase activity is smaller than that observed in Fig. 7.3.
Because of the difficulty of obfainiﬁg ESR spectra in the first two minutes of

transient activation, it is sometimes impossible fo observe this lag at very low

4 3

ATP concentrations. By analogy with the experiment at high concentrationsone can

interpref this lag as due to transient binding of ADP to newly formed
phosphorylase a. At this and lower concentrations of ATP, the IMP formed will
not be sufficient to saturate all the phosphorylase a but since the ESR ratio
from unliganded and IMP bound phosphorylase ¢ in the glycogen particles is
identical, the ESR spectrum gives no def?r;i’;ive indication of the presence of

unliganded phosphorylase a (Table 7.1l).

D. Transient Activation at Lower M92+/C02+ Ratios

Whilst it has been shown that the transient phosphorylation of

phosphorylase b is physiologically significant, the rapid turnover of nucleotides

in the glycogen particle fraction is not, Tissue ATP, ADP, AMP and IMP
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dependent transient activation at low ATP concentrations

50 uM labelled phosphorylase b was cdded to a glycogen particie
suspension, Tronsien! activation was initiated by the addition of
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levels alter on excitation of muscle but do not "drain" to IMP as in Fig. 7.3
(179). In vivo the myokinase equilibrium is maintained whereas in the
glycogen particle fraction, this equilibrium is displaced by the action of
5'-adenylic acid deominase. As no specific 5'adenylic acid deaminase inhibitor
is available, an attempt to find less direct methods to stabilize the nucleotide
levels in the glycogen particle fraction was made. Decreasing the magnesium
ion to cclcium;' ion ratio in the tronsient activation mixture causes stabilization
of the nucleotide levels,

Fig. 7.5 shows the nucleotide turnover in glycogen particles flash
activated with 27 mM ATP 5 mM M92+ and 2 mM Ca’™. Compared to Fig. 7.3,
it is clear that the ADP level is stabilized. The activation of phosphorylase b
is somewhatslower than in Fig. 7.3, but there is a very much longer lag in the
rise of the ESR ratio. This is due to the longer maintenance of the phosphorylase
a.ADP glycogen complex before ADP is replaced by IMP.

The change in the metal ion concentrations also leads to a reduction
in the rate of glucose-6-phosphate production (compare Fig. 7.3 , Fig. 7.5
and 7.4). This is because phosphoglucomutase activity is reduced at the
higher Cc:2+/lv\92+ ratio (29). In F'i"g. 76 changes in metabolite levels during

e . 2+ 2+
transient activation at almost equimolar Ca™ and Mg~ levels are shown,

Under these conditions the ADP level is stabilized even longer than in Fig, 7.5.
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E. Does transient activation in the glycogen particle fraction tell us

anything about transient activation in vivo?

It is generally accepted that there are two distinct mechanisms
of phosphorylase regulation; covalent phosphorylation and interaction with
regulator ligands. Correlation of NMR, ESR and activity measurements, shows
that under a variety of effector conditions, covalent phosphorylation is
associated wit/h a change in occupancy of the various ligand binding sites on
phosphorylase. The continuous variation in ligand binding can then provide
additional fine control of enzyme activities and thus modify the relation between
ATP availability and the time course of the transient activation, -

The ligand composition of tf;e glycogen particle fraction during transient
activation is not similar to that in the physiological environment, Even under
conditions of severe exercise, the concentration of adenine nucleotides is not
greatly reduced by 'draining' to IMP (179). This chapter, however, demonstrates
that in the glycogen particle fraction, any nucleotide which accumulates can
bind to phosphorylase a. Binding of AMP and ADP to purified phosphorylase a
is tight and positively cooperative. The d?ssocicﬁon constants are 10 and 2 uM
for AMP and 35 uM for ADP (101:'144)’... Since muscle AMP levels are in the
range of 50-400 uM and ADP levels range up to 1 mM (180), it is likely that
in vivo phosphorylase a binds these effectors. Parmeggiani and Morgan have
suggested that phosphorylase _l3 in-resting muscle is inhibited by ATP and
glucose-6-phosphate (181). Thus it is likely that the phosphorylase b toa
conversion in vivo 'is associated with expulsion of glucose-6-phosphate and

ATP ond a take-up of ADP and AMP, Although it is well known that

nucleotides inhibit phosphorylase phosphatase activity in purified enzyme systems

54
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by binding to phosphorylase a (173), it has been suggested that such inhibition
does not take place in the glycogen particle fraction (171). Chapter 8 is a
detailed discussion of the relation between nucleotide binding to phosphorylase

a and phosphorylase phosphatase inhibition in the glycogen particle fraction.

F. Ligand Induced Changes in Phosphorylase Conformation without Activation

Transient phosphorylation of phosphorylase b in the glycogen
particle fraction is a C02+ dependent effect. If no C02+ is present, no
phosphorylation takes place. However, added ATP is slowly hydrelysed to ADP
by magnesium dependent ATPases infthe fraction, Subsequent conversion of
ADP to AMP ond IMP ensues. Glucose-6~phosphate is competitive with AMP,
ADP, ATP and IMP binding to phosphorylase b (101, 89). However, AMP and
ADP bind more fightly to phosphorylase b than IMP and ATP and hence have a
greater tendency to reverse glucose-6-phosphate binding.

Fig. 7.7 shows the change in the ESR ratio when ATP and magnesium
ions are added to spin labelled phosphorylase b in the glycogen particle

fraction. The transient rise in the ESR ratio is associated with the accumulation

of ADP that is subsequently converted to IMP,

G. Trypsin Treatment of Glycogen Particles

The effect of limited trypsin attack on the glycogen particle
fraction was examined, A suspension of glycogen particles was incubated with

trypsin (1 mg/ml) at 250. After 45 minutes two equivalents of trypsin inhibitor
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Figure 7.7 Changes in activity (&) and ESR ratio (A) on addition of A;”i

and MgC|2 to glvcogen particies

50 uM spin labelled phosphorylase b, 10 mM MgC!2 and 3 m:iA
ATP (as at t = 0) are added to a glycogen particulate suspension,
Phosphorylase a activity (A) and the ESR ratio (A) are monitored.
Points A-D represent: A,D - the characteristic ESR ratio for
phosphorylase b / glucose~6-phosphate cemplex and B,C the ratio
for the phosphorylase b/ ADP complex (see Table 7.2),
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The chonge in ESR ratio and phosphorylase a activity beicre (A)
and after (A) treaimeni with frypsin as described in the toxt,
110 uM spin labelled phosphorylase b is transiently activarcd by
the addition of ¢ mM MgCl2 2 mM —COCIZ and 15 mhi ATP

(at t = 0). Phosphorylose d activity is expressed s % of maximun,
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were added. After the treatment, phosphorylase and myokinase activities were
absent whereas phosphorylase b kinase, phosphorylase phosphatase and 5'-adenylic
acid deaminase activities remained. 110 u M spin labelled phosphorylase b was
added to the trypsin treated particle suspension and the mixture was transiently
activated. Fig. 7.8 shows the activity changes observed and the associated
changes in the ESR ratio before and after frypsin treatment,

Full ph,OSphorylose b to a conversion takes place in both cases within
% minute. However with the trypsin treated glycogen particle fraction the ESR
ratio indicates the presence of the phosphorylase a. ADP comnplex rather than
the phosphorylase a.IMP complex (as in the case of untreated particles).

Because, after frypsin treatment, myokinase activity is inhibited, the ADP

formed after phosphorylase kinase activity is not converted to AMP and IMP,

H. | strain mice glycogen particles

A comparison of the properties of spin labelled phosphorylase
when incorporated in the glycogen/protein complexes of normal and | strain
mice was made. Lyon has reported a straiQ of mice deficient in phosphorylase b
kinase activity (182). Cchen and 'Croher; Eave demonstrated that muscle extracts
from | strain mice contain a protein similar to phosphorylase b kinase but
without activity (183). Hence the phosphorylase in their glycogen/protein
complex may only be non-covalently activated, although some authors have
reported trace kinase activity (184). Glycogen/protein fractions from normal
and | strain mice have been isolated by using a scaled-down version of Meyer's

acid precipitation method (74).

The glycogen particulate fraction from normal mice is similar to that from
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rabbit except that the level of phosphorylase phosphcfasé in it is very low,
Transient activation of mouse phosphorylase is calcium dependent in this fraction.
The spectral readout from added spin labelled rabbit muscle phosphorylase b in
the mouse and rabbit glycogen fraction during activation is similar, The only
major difference is that the anomalous ratio from phosphorylose a in the mouse
fraction persists because of the low phosphorylase phosphatase levels., When
rabbit muscle/spin labelled phosphorylase a is added to the particle suspension
and a simulated medium it is seen that the ratio in the particle suspension rises
fo a higher value than that in the simulated medium. The rise to an "anomalous"
ratio, however, is slow compared to the immediate change with rabbit muscle
particles (see Fig. 7.9). /

In the | strain mouse glycogen particles, phosphorylase cannot be
transiently activated. If is interesting that spin labelled phosphorylase a added
to these glycogen particles does not give rise to the "anomalous” ratio found
with normal particles, Presumably this is a reflection of the fact that | stiain
mouse particles have a different gross structure from ordinary mouse glycogen
particles. Thus phosphorylase a bound to | strain mouse glycogen particles
does not "see" the same molecular%infer.octions as phosphorylase a oftached to
normal mouse glycogen,

From the studies on glycogen particles it is clear that their properties
are not simply the sum of the properties of the component parts. Clearly
incorporation of certain components into the fraction does confer special
prOperti.es upon fhe;e components, In order to understand the in vivo regulation

of the system it is clearly necessary to define the importance of these

inferactions.
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Chapter 8

THE CONTROL OF PHOSPHATASE ACTIVITY IN THt

The regulation of phosphorylase phosphatase activity in vivo and in

the glycogen particle fraction must now be discussed. It has already been
noted that in vitro phosphatase activity is inhibited by nucleotide binding to
the substrate phosphorylase a. As nucleotide binding to phosphorylase a is
very tight there has been some doubt as to whether such inhibition takes place

in vivo and in the glycogen particle fraction (172). A nucleotide-phosphorylase

a complex which wos resistant to phosphatase activity would be inconsistent
with the speed of a fo b conversion reported in glycogen particles and in
intact relaxing muscles (75).

Chapter 7 described experiments which showed that in circumstances
where nucleotide levels in the glycogen particles were stabilised,phosphorylase
a - nucleotide complexes were formed. It was, therefore, proposed that

in vivo, where nucleotide levels are stable, transient activation is not only

associated with phosphorylation of phosphorylase but also a flux of G-6-P off
the b form and a flux of tight binding nucleotides (AMP and/or ADP) on to
the a form. If indeed, nucleotide-phosphorylase a complexes are formed

in vivo, are they important in regulating phosphatase activity?

This chapter presents an examination of the effects of some nucleotides
on phosphatase activity in the glycogen particle fraction. In the case of
ADP, phosphatase inhibition is compared with ligand binding to phosphorylase

a by using the spin label technique described in the preceding chapter.



Several factors had to be considered before the appropriate measurements

could be made.

(a) The glycogen parficle fraction contains the contaminant enzymes,
myokinase, 5'-adenylic acid deaminase, phosphoglucomutase and sarcoplasmic
reticulum ATPase, It is therefore impossible to maintain concentrations of
AMP, M92+/ADP, M92+/ATP or glucose-1-phosphate in order to examine

y
their effect on phosphorylase phosphatase in the glycogen particle fraction,
Only the effect of ADP, IMP and glucose-6-phosphate on phosphatase activity
could be examined,
(b) Dephosphory lation of phosph_E)ryIase a added exogenously to the glycogen
particle fraction may be monitored. It is necessary to compare this process
to dephosphorylation of phosphorylase a produced by transient activation of
}fhe infrinsic phosphorylase b in the glycogen particle mixture. The comparison
must be performed under confrolled conditions as fransient activation initiates
a series of ligand fluxes. ADP formed after hydrolysis of ATP is converted to
AMP and IMls by the action of myokinase and 5'-adenylic acid deaminase.
(c) The commonly used buffer, glyce?rOphosphate, inhibits purified
phosphorylase phosphatase (67,68)5' A triethanolamine buffer system was
therefore selected for these studies.
(d) There are two alternative methods of monitoring glycogen particle
phosphorylase phosphatase activity. Release of radioa;tive phosphate from
exogenously added 32P labelled phosphorylase a or decay of AMP independent

phosphorylase activity may be monitored. Since with the former method, 'cold’

endogenous phosphorylase a is liable to produce apparent inhibition of
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phosphorylase phosphatase activity, the latter method was adopted.

A, The Dephosphorylation of Extrinsically added Phosphorylase a

Fig. 8.1 shows the time course of dephosphorylation of
phosphorylase a in glycogen particles, after transient activation with 1 mM
ATP., The 'rir;lqe course of dephosphorylation of an equivalent amount of
extrinsically added phosphorylase a is also shown. In koth experiments, the
magnesium and calcium ion levels were identical. The two rates of
dephosphorylation are within 10% of each other, indicating that exirinsically
added phosphorylase a is dephospho&lated at a rate similar to intrinsic
phosphorylase a (the T mM IMP formed from the 1 mM ATP used for the
transient activation of phosphorylase causes a slight inhibition of phosphorylase
activity).

Fig. 8.2 (curves A and B) shows the rate of dephosphorylation of
phospherylase” a, added to the glycogen particle fraction, at different ADP
and IMP concentrations, Inhibifion takes place as the levels of the two
nucleotides are raised, ADP being a more potent inhibitd‘ than IMP, Under
these conditions, a 50% decrease in the initial rate of dephosphorylation of
added phosphorylase a (or spin labelled phosphorylase a) occurs at 3 mM ADP
or 6 mM IMP. Fig. 2 curve C shows the rate of dephosphorylation of
phosphorylase a added to a glycogen particle fraction which hos been diluted
20 times, at different ADP concentrations. It is apparent that ADP inhibition
of phosphatase activity is sironger in the diluted glycogen particle fraction,

where dissociation of some of the components occurs. This is confirmed by the
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Glycogen particles containing 50 yuM phosphorylase were
transiently activated with 10 mM MgCl,, 2 mM CaoCl, ond
1 mM ATP (added af t = 0), Phosphorylase a activity was cssayed
at various time intervals (&) as described in Appendix 2 G,

25 pM phosphoryluse o wos added to a glycogen particle
suspension contfaining 10 mM MgCl. and 2 mM CcuCl2 at + = 0.
Phosphorylase a activity was assayed as above (T),
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At t = 0, 40 uM phosphorylase a was added to: (A) the glycogen
particle fraction containing various concentrations of IMP (e):

(B) the glycogen particle fraction containing various concentrations
of ADP (z): (C) the glycogen particle fraction diluted 20 times

" in 50 mM triethanolamine 100 mM potassium chloride, 1 mM EDIA

pH 7.0 buffer, in the presence of various concentrotions of

ADP (A).

Phosphorylase a levels were measured os a function of time in each
case, From the rate of disappearance of phosphorylase a, ths
phosphorylase phosphcetase activity was deduced and in cose 4, B
and C is expressed in the figure as a % of the phospherylese
phosphatase activity observed with no added nucleotide.
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Figure 8.3 Changes .in phosphorylase

phosphatase activity on dilutien of the

glycogen particle fraction

4C uM phosphorylase a wos added to various dilutions of the
glycogen particulate fraciion. Phosphorylase phosphatase activity
was measured,  Activily x dilution (i.e. net phosphatase activity)
is piotted as a function of dijution with (0) or without (:2)

2 mM ADP.  The glycogen particulate fraction was diluted into

50 mM ftriethanolamine, 100 mM pofassium chloride, 1 mM EDTA
buffer, pH 7.0,



experiment illustrated in Fig. 8.3. Net phosphatase activity in glycogen
particles at different dilutions was assayed with or without 2 mM ADP, The
proportion of phosphatase activity inhibited by 2 mM ADP at high dilution of
particles was érea’rer than at low dilution, In addition dilution was associated
with a net increase in specific activity of phosphorylase phosphatase.

Addition of 2% glycogen to the diluted glycogen particle fraction did not
overcome the'ADP inhibition of phosphatase activity, Similar results were
obtained using 5 mM IMP instead of 2 mM ADP,

To investigute the nature of inhibition of dephosphorylation of
phosphorylase by ADP in the glycogen particles, the experiment illustrated in
Fig. 8.2 was repeated using spin labelled phosphorylase a. Fig. 8.4 shows
the change in the characteristic ESR ratio (R) at various times after 40 uM
spin labelled phosphorylase a had been added to the glycogen particle
fraction in the presence of varying amounts of ADP. When no ADP is present
the ratio changes from that for unliganded phosphorylase a in the glycogen
particles (0.70) to that for phosphorylase b-glucose-6-phosphate complex
(0.48). When ADP is present, since glucose-&«phos,z'nate and ADP bind
competitively to phosphorylase b, the Fiﬁa»l-/rcﬁo is between 0,48 and 0.63
(the ratio for the phospherylase b-ADP complex). When ADP is present the
starting ratio (obtained from extrapolation to t = 0) is between 0.70 and 0,52
(the ratio for the phosphorylase a-ADP complex). As the exact value
reflects the amount of phosphorylase a~ADP complex present an apparent
binding constant for' ADP and phosphorylase a in the glycegen particle
fraction may be obtained. From experiments at seven different ADP

concenirations, a value. for the KD of ADP of 65 + 15 M was obtained.
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SPIN LABELLED PHOSPHORYLASE A
ADDED TO GLYCOGEN PARTICLES

o

O7he

t\

B

" A
L3 BNO ADP /

O-6po }‘ 840 M ADP
}Oo /

89 pM ADP

O
% |
(4d \\'; .
& \\
o5} )
, 5;3‘ 20 30

time {mins)

Figure 8.4 Changes in the ESR ratio when spin labelled phosphorylase a is added

to the glycogen particulate fraction in the presence of various
concenirations of ADP

40 pM spin labelled phosphorylase a was added (at t = 0) to the

glycogen particulate fraction containing no ADP (&), 82 uM ADP
(o) or 840 uM ADP (4). The ESR ratio observed is piotted os a

function of time.
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Since in the glycogen particle fraction, the Ki for inhibition of phosphatase
activity by ADP is 3 mM, it is cleor that, in contrast to the situation with
purified enzymes, the inhibition is not due to formation of a nucleotide-
phosphoryluse a complex. For example, of 840 uM ADP, over 95% of the
phosphorylase a is complexed to nuclectide and yet phosphatase activity is
less than 30% inhibited (Fig. 8.2 and Fig. 8.4). Unfortunately, it is
impossible to !}de’rermine a dissociation constant for. IMP and phosphoryloce a as
both non-liganded and iMP-binding phosphorylase a exhibit the same ESR ratio

in the glycogen particle fraction,

B. The dephosphorylation of phosphorylase intrinsic to the glycogen

particle fraction

A second approach which has been adopted is that of monitoring
the rate of dephosphorylation of phosphorylase a produced os a result of
transient activation in the glycogen particle fraction. Fig. 8.5 shows the
time course of transient activation of phosphorylase in the glycogen particle
fraction, in the presence of various concentrations of IMP, The
dephosphorylation phase of transient activation is slower at higher IMP
concentrations, After 3 minute, the added ATP has been exhausted and is
rapidly converted to IMP. Since the conversion of AMP to IMP catalysed
by 5'-adenylic acid deaminase is irreversible, it is clear that IMP is the
species inhibiting phosphorylase phosphatase activity,

A similar e%periment was carried out to examine the time course of

transient activation initiated by various concentrations of ATP (Fig. 8.6).

Previously it has been shown that net decay of phosphorylase a does not



[+

= &

< FANS

>

e &

Ny éﬂé\ )

-Q_ -

-

© °

|

>

‘G A

© &

ol A
.

(6}

)

8

>

O

Ken

o,

w

(@)

L

Q.
b cmamer o 14
O time —mins 1 2 3

Figure 8.5 Transient aclivation of the glycogen particulate fraction in the

presence of increasing levels of [MP

The glycogen particulate fraction wos transiently activeted with
2 mM CaCl,, 10 mM MgCl2 ond 1.2 mM ATP (added at t = ()
in the presence of no IMP (e), 2.6 mM IMP (&) and 10.4 mi4
IMP (z£), Phosphorylase a activity is plotted as a function of tine.
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Transient activation of the glycogen pearticulate froction with

increasing levels of ATP

The glycogen particulote fraction was transiently activated with
2.3 mM CG"‘IZ, 11.6 mM MgC|2 and 1.1 mM ATP (), Z.2 mM
ATP @), 4.4 mM ATP (e), 8.3 mM ATP (A) or 17 mM ATP (v).

Phosphorylase o activity is plotted as a funciion of time and is
expressed as a % of maximum possible activity,
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commence until the ATP supply has boen exhausiod (164),  The dephosphorlation
phose of trunsient activation is slower when activation has been initiated witn
higher ATP concenirations, This effect could be due to ADP, AMP or IMP
cecumulotion after ATP hydrolysis,

Fig. 8.7 shows the time course of transient activation at high
nucleotide concentrations in the prezence and cbsence of glucose-6-phesphicte,
Glucose-6-phosphate appears to stimulate phosphorylase phosphatase activity,
in agreement with the results of Mortenson et al, (67,65).

Transient activations have been carried out under conditions where
decay of ADP to AMP and IMP is inhibited. Raising the calcium ion
concentration and lowering the magnesium ion conceniration during transient
activation, leads to maintenance of the ADP [evel in the activation mixture
(see Chapter 7). Fig. 8.8 shows the time. course of transient activation
under different magnesium and calcium ion concentrations, While lowering
the magnesium to calcium ion ratio causes inhibiﬁown of phosphorylase b
kinose, the phosphorylase phosphatase activity in the mixture is also reduced.
The inset to Fig. 8.8 shows that lowering the magnesium fo calcium ion
ratio causes a siimulation of the aciivity of phosphorylase phosphatase on
extrinsically added phosphorylose a (in agreement with Martenson et al. (67,68)
who chow that magnesium ions inhibit phosphatase activity), This result
suggests that inhibition of phosphorylase phosphatase during transient
activation af low magnesium / calcium ratios is due to the ADP build up that
takes place. A similar resuit is described in Chapter 7 by Figs. 7.3 and
7.5, which show transient cctivation at two magnesium to calcium concentration

ratios. Lowering the magnesium to calcium ion ratio (Fig. 7.5) results in a
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The effect of glucose-6-phosphate on transient activation

The glycogen particulate fraction was transiently activated with
10 mM MgCl,, 2 mM CaCl, and 8.3 mM ATP (added at t = Q)
with (o) or without (8) 4.4 'mM glucose-6-phosphate.
Phosphorylase a acrivitywas measured as a function of time ond is
expressed os a % of maximum possible activity.
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ransient activation at different Mg +/ Ca”" ratios

The glycogen particulate fraction was transiently cctivated with

18 mM ATP (added at t = 0) and 9.6 mM MgCl, and 1.9 mM
CaCl, (8) or 4.8 mM MgC|2 and 3.8 mM CaClJ (A) or 2.4 mM
MQCI2 and 7.6 mM CaCl, “(e). Phosphorylase a activity is
plottéd as a function of time and is expressed as @ % of maximum
possible activity.

The inset shows the dephosphorylation of 50 UM extrinsically added
phosphorylase a in the glycogen particulate fraction in the presence
of 10 mM MgCl, and 2.1 mM CaCl,, () or 2.4 mM MgCl. and
7.6 mM CaCl g Phosphorylase & activily is expressed d& % of
initially added activity, B
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decrease of phosphatase activity. Fig. 7.5 also clearly shows the ADP

build up associated with the alteration in the metal ion concentrations.

C. Discussion and Speculations

This chapter demonstrates that incorporation of phosphatase and
phosphorylase into the- glycogen particle fraction alters some properties of
these enzymes. Firstly, incorporation of these enzymes into the glycogen
particle fraction weakens the inhibition of phosphatase activity by ADP and
IMP, Secondly, in the glycogen particle fraction, there is an overall
inhibition of phosphatase activity. In addition, it is evident that in the
glycogen particle fraction the ADP-phosphoryiase a complex is susceptible to
phosphatase action. With purified enzymes or in a diluted yglycogen particle
fraction (67, 185, 186) phosphatase activity is inhibited when nucleotides
bind to phosphorylase a, The ADP inhibition of phosphatase, observed in the
glycogen particles, must therefore be due to weaker ADP binding to a second
site on phosphorylase a or to direct ADP binding to phosphatase. The
dissociation constant for ADP and glycogen particle bound phosphorylase
is 65 uM and is significantly weaker than that obtained for ADP and purified
phosphorylase a in the presence of glycogen (35 uM (101) ).

It has been suggested that the apparent alterations in the properties
of phosphatase and phosphorylase as they are incorporated into the glycogen
particles are due to protein interactions in this multi-enzyme complex (135,
159, 187, 191'). For example Bot et al. showed that the apparent inhibition
of phosphatase in ‘the élycogen parficle is due to a specific interaction with

phosphorylase b kinase. (159). These experiments do not provide any explanation



for the dabove effects, but do emphasize the fact that interactions observed
using purified enzyme systems must be checked in a more 'life like' situation
before extrapolation to the cell. In the glycogen particle fraction the
activity of phosphorylase phosphatase, and hence the length of transient
activation, may be regulated by nucleotide or sugar phosphate levels. Whilst
it is likely that in vivo phosphorylase a binds. nucleotides tightly during
transient activation, this binding does not lead to the inhibition of phosphatase
activity, and thus rapid deactivation of phosphorylase a may fake place after
phosphorylase kinase is switched off,

Why is it necessary to inhibit phosphorylase phosphatase activity during

transient activation in vivo?  If phosphorylase kinase and phosphorylase

phosphatase both operated at their maximal activities in vivo, maintenance

of an adequate level of phosphorylase a even for a short time would require
too much ATP, A futile cycle would be produced, similar to that possible
between phosphofructokinase and fructose- 1-6~diphosphatase (188). Since
phosphorylase kinase in the particle fraction acts well below its maximum
specific activity, it is doubly important fo modulate phosphatase activity i
order to maintain phosphorylase o levels. Ideally the cell would adopt a
flip-flop mechanism turning off phosphorylase phosphatase when phosphorylase
kinase is active (i.e. when Ca?'+ is present) and vice versa, However, if
tight binding of nucleotides to phosphdylase a did inhibit dephosphorylation,

in vivo, it is difficult to see how dephosphorylation could ever take place

as the phosphorylase a~nucleotide complex would be locked in a phosphatase
resistant "active" state. Hence it is proposed that a finer modulation of

activity takes place due to a balance between weaker direct inhibition by

-]



nucleotides and, as noted by Martenson et al,, activation by sugar phosphates

(69). Since phosphorylase is present in such large concentrations, it is certain
that very small changes in phosphatase activity can produce large changes in
glycolytic flux, the product of which can act as a feedback activator of the
phosphatase. On this basis, low energy charge and depletion of glycolytic
intermediates cause inhibition of phosphatase and hence potfentiation of
phosphoryiase "iactivi’fy, whilst high energy charge and build up of glycolytic
intermediates activate phosphatase and cause phosphorylase activity to be

switched off.

177
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Chapter 9

THE OBSERVATION OF TISSUE METABOLITES BY

P o t e St W e St . e e et e e et . it et St et P e Tt St St . . S i, e s . Pt i et et e St G At i

"....men are invisible nearnesses in the dark, sending out

magnetic vibrations of warning...." (235)

Much has been written about the state of the various enzymes involved

in the glycogen phosphorylase system in vivo.  Many studies have been made

of their interaction with ligands, effectors and modifiers. However little has
been said about the nature of thesev‘ ligands inside the muscle or the way in
which their "activity" is expressed. Current data rely heavily upon freeze
clamp studies (189) and upon equilibrium methods (190). Both methods have
built-in disadvantages - the former requires assumptions about combartmentaﬁon
and sheds no light on metal binding or iniracellular pH, whereas the latter
method relies on accurate knowledge of the distribution of specific enzymes
between different membrane enclosed regicns in the cell, It is clear that, to

date, no satisfactory method of directly observing the state of metabolites

in vivo has been reported,

It has already been shown that phosphorus NMR can give information on
the nature of complex mixtures of phosphate containing glycolytic intermediates
in subcellular fractions, This chapter shows that phosphorus NMR may be used
to observe such mef.abolifes in intact tissue.

The results described in this chapter are obtained using a 3]P NMR

machine operating at 7.5 Tesla, which was built by Drs. D.l. Hoult and
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R.E. Richards. Most of the experiments described here were performed in
conjunction with Drs. D.G. Gadian and P.J. Seeley, and have relied heavily
on these gentlemen's expeitise in magnetic resonance. They follow from the
unexpected observation, made with Dr., D.G. Gadian in March 1974, that
useful spectra could be obtained from freshly excised intact rabbit muscle
tissue. Although the full potential of many of the experiments reported in

this chapter h;s not yet been realised, they are included as they indicate new
approaches in the invesiigation of real physiological situations with physical

’rechniques .

A, Mode] Studies

Fig. 9.1 show; a phosphorus NMR spectrum of a mixture of
phosphorus containing metabolites, Resolution of the resonances is due to
differences in the groups attached to the phosphorus atoms in the metabolites.
The line positions are sensitive to pH and coordination of the metabolites to
magnesium ions, Fig. 9.2 shows a pH titration of the resonances from the «
and 7y phosphates of ATP in the presence or absence of magnesium ions,
Increasing pH causes the resonances to mrove to a higher frequency. Similar
pH titrations of the positions of phosphorus resonances from creatine phosphate,
inorganic phosphate and glucose-6-phosphate are shown in Fig. 9.3. These

data and the results of titrations of a wide range of phosphorus containing

metabolites have been tabulated by Dr, D.G. Gadian (93).



488

N
3

e,

s

\'st/
2

<

| &

) A h-ezf’ o ,,] Pl sh MR T Ag At ey e
3;,.,«?%/\&,5;‘:'#6 ' 7 ' W“F’N 8 9 WN 10 U‘ '

t ——d 1 1 L

Figure

s

1

L . .
0 10 20 chemical shiit
ppm

Observation of Glycolytic Intermediates by 3]P NMR at 129 MH:

Spectrum width - 5 KHz, Assignments: 1 - 3-Phosphoglycerate,

2 - 2-Phosphoglycerate, 1 & 5 - 1,3-Diphosphoglycerate,

3 - Inorganic Phosphate, 4 - Phosphoenoloyruvate, 6 - Creatine
Phosphate, 7,8 and 10 - ATP, 9 - NADY,  Zero of the
chemical shift scale is the line position from 85% phosphoric ccid
in water + 5 mM EDTA ot 20°C. v indicates the direction of
increasing frequency.
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B. Spectra of Intact Tissue

Fig. 9.4 shows the 3]P NMR spectrum of an intact, relaxed
white muscle, freshly excised from the hind leg of a rat, killed by etheration,
Assignments are made on the basis of pH titrations such as those described by
Figs. 9.2 and 9.3. Spectra recorded at various times after excision of the
muscle are shown, From the spectra several deductions may be made:

(i) The ap‘proxima\‘e concentrations (+ 10%) of phosphorus-containing
metabolites in the intact muscle may be measured by integration of the NMR
spectra, using a sample of known concentration as a standard. Care was taken
to avoid saturation of the resonances. There is some variation from muscle to
muscle, and the creatine phosPha’re. : phosphate ratio proves fo be a sensitive
index of the degree of stimulation of the rat muscle before the animal's
death., There is a high creatine phosphate : phosphate ratio in rats kiiled
without excessive stimulation, The concentrations of sugar phosphate ,
inorganic phosphate, creatine phosphate and ATP ot intervals between 16 and
170 minutes from excision of the muscle have been measured (Fig. 9.5).
Extrapolation along the time axis shows the metabolite levels at the time the
muscle was excised to be: sugar phosphate + phospholipid, 6 mM; inorganic
phosphate, 6 mM; creatine phosphate, 15 mM; and ATP, 6.5 mM,

Creatine kinase maintains the ATP level constant at the expense of
creatine phosphate until all the latter substrate has been used up,
demonstrating the ability of the kinase to buffer the muscle ATP concentration.

These resul’r;s can only be obtained with intact muscle, Samples which

are lacerated during handling have only an inorganic phosphate peak in the

phosphorus spectrum, Breakdown of organic phosphates by phosphatases is
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Figure 9.4 P NMR spectrum of an intact muscle from the hind leg of

the rat recorded at 129 MHz, without proton irradiation,
Temperature 20°C and pulse interval 16 s. Pedk assignments:

1, sugar phospnate and phospholipid; 2, inorganic phosphate;

3, creatine phosphate; 4, y ATP; 5, o ATP; 6, B ATP.

The times are the midpoints of the 50 scan spectral accumulations
(referred to excision time as zero). The muscle was bathed in a
minimum volume of calcium-free Locke ringer,
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Voriation of phosphorus metabolite levels in an intact vat leg
muscle with time after excision,

The integrals of spectra shown in Fig. 9.4 are plotted in this
graph. o, lInorganic phosphate; A, creatine phosphate;

#m, sugar phosphate and phospholipid; o, ATP.  An obsolute
concentration scale was established by running a standord sampic
of 10 mM phosphate in the same conditions as the muscle.



assumed to have occurred in the damaged muscle.

(i) The frequency of the inorganic phosphate resonance defines the apparent
pH of its environment (7.1 in this spectrum) and the frequencies of the ATP
peaks correspond to those for the M92+-ATP complex at the phosphate pH.
(The frequency of the creaﬁrixe phosphate resonance is independent of pH around
7.) In vitro studies of M92+ binding to ATP show that there are large shifts
(2-3 p.p.m.) "in the B~ and y-phosphate resonances on complex formation,
These shifts show that the ATP observed in muscle is alriost entirely complexed
to magnesium ion, Changes in ionic strength also produce nieasurable spectral
shifts, but these are much too small to alter fhe assignments for the intact
muscle spectrum,

(iii)  Ageing of the muscle is accompanied by a fall in pH which is monitored
by changes in the frequencies of the phosphate and ATP resonances. The pH
at the start of data accumulation is 7.1 but after 160 min it falls to 6.2,

Acid accumulation seems to accelerate at the time when the creatine phosphate
concentration falls to zero.

(iv)  The signal pecks of the muscle phosphates are broader than those for
the corresponding compounds free in solaﬁon, and the inorganic phosphate peak
is markedly broader than the creatine phosphate resonance. The explanation
for this phosphate broadening cannot lie in a disturbance of magnetic field
homogeneity caused by the nature of the sample as the width of the creatine
phosphate signal gives an upper limit for the field inhomogeneity. This
observation is confirmed by the experiment shown in Fig. 9.6 where the

spectrum of an intact white muscle is compared to the spectrum of an extract

from a similar muscle which had been freeze clomped. The main difference
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Figure 2.6 3]PA NMR spectra of an intact rabbit white muscle and an

extract from a freeze clamped muscle

The specira were recorded at 129 MHz without proton irradiatiun,
Spectrum width 5 KHz, v indicates the direction of increasing
frequency. The spectra represent the accumulated magnetisation
after 160 90° pulses had been applied fo the sample at 6 second
intervals ,20°C.,
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between the two specira is in the width of the phosphate resonance, this
resonance being greatly broadened in the intact tissue. This could be due to
compartmentation of phosphate between two or more environments, the chemical
shift for phosphate in each environment being different. For example, since
the frequency of the phosphate resonance is strongly pH dependent around

pH 7, the large width of the line could be due to a distribution of pH within
the muscle, /:l'he pH range that would account for the line width is about

0.5 pH units,

In Chapter 2, it was noted that for a nucleus in one chemical
environment the line width of its resonance was related to the measured T2
relaxation time. Drs, D.G. Gadi;n and P.J. Seeley have shown that although
the signal from phosphate in muscle has a line width of 150-200 Hz, the
measured T2 relaxation time is 150 ms, which corresponds to a line width of
only 2 Hz, This indicates that the observed resonance consists of a
superposition of relatively narrow resonances which are slightly shifted from
one another. It may therefore be concluded that phosphate in muscle
(i) experiences many different environments and  (ii) is not in fast exchange
between these snvironments relative to tli'xe NMR time scale. These
measurements rule out the possibility that the broadening of the bulk phosphate

is exclusively due to fast exchange on and off phosphate binding sites, say,

on proteins,

C. Studies on bialysed Muscle

In order to study the factors affecting the line shape of

resonances from phosphate in muscle, it is necessary to apply chemical



perturbations to the system. To facilitate this, all phosphate-containing
ligands were removed from pieces of muscle by dialysis. * Inorganic phosphate
in various media was then dialysed back into the muscle and the NMR spectra
of phosphate in these muscles were examined.

P radioactive phosphate was used to check that externally added
phosphate equilibrated with phosphate in muscle samples. 10 mM 32P phosphate,
pH 7 was diailysed into a 2.69 gm. muscle, from which all phosphorus
containing metabolites had been removed by overnight dialysis into 50 mM TEA
pH 7. The muscle was removed from the hot phosphate and transferred to
4 litres of "ccld" 10 mM phosphate buffer, pH 7 which was stirred continuously.
At various times after the fmnsfer,/oliquots of the buffer were removed and
assayed for radioactivity. The time course of appearance of radioactivity is
shown in Fig. 9.7. In addition, 100 mg samples were cut from the muscle
before and after the dialysis into "cold" phosphate buffer. After solubilisation,
the radioactive content of the tissues was assayed. The results showed that
the dialysis had removed more than 99.5% of the radioactive phosphate.

Fig. 9.8 shows the 3]P NMR spectra of muscles into which 10 mM
phosphate at pH 6, 7 or 8 was dia'lysed’; The phosphate resonance consists
of two or more con.1ponent5. In freshly excised muscle it is possible that the
multicomponent phosphate resonance is due to pH differences between cells in
the same muscle. For example varying rates of lactate production in different
cells could cause pH differences between, say, outer and inner cells. In
dialysed muscle this is not possible and any variation in the environment of

phosphate from one cell to another must be due to intrinsic structural

differences between individual cells in the same tissue. Alternatively the
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Figure 9.7 Dialysis of hot Phosphate in and out of Muscle

A 2.69 gm sample of rat white hind leg muscle wos gently shaken
in a solution of 10 mM S2p inorganic phospnate pH 7. Atter

4 hours the muscle was transferred to 4 litres of 10 mM phosphate
buffer, pH 7. Aliquots were removed at intervals, from the
buffer, which was vigorously stirred. P inorganic phosphote in

the aliquots was measured and is plotted as o function of time in
the figure.
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S'p NMR spectrum of phosphate dialysed into muscle

10 mM inorganic phosphate, 50 mM triethonolamine hydrochioride,
1 mM EDTA pH 6, 7 or 8 wos dialysed into rat hind leg muscle

from which ¢!l metabolites had been removed.
Spectrum recorded at 129 MHz - sweep width 1,26 KHz, 20°C.
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complex signals may be due to phosphate "seeing" more than one environment
in each cell,

The spectra in Fig. 9.8 can most simply be described in terms of
two sets of resonances. The position of one set of resonances appears to be
sensitive to pH and corresponds to the pH of the phosphate buffer used in
each dialysis. In confrast, the position of the second set of resonances is
not pH sensi’ri;ve and "reports" an apporent pH of 6.1 - 6.4, As chemical
shifts can be induced by mechanisms other than protonation, however, it is
not possible to state dogmatically that the phosphate responsible for the second
set of resonances is protonated,

In the presence of excess arsenate, the resonance from phosphate
dialysed into muscle has only one component (corresponding in position to the
pH of the buffer used) (Fig. 9.9). Other treatments which remove the
multiple line shape of phosphate in white muscle include glycerol treatment
(Fig. 9.10) or homogenisation with a "Silverson" Shredder (Fig. 9.11).
Glycerol treatment disrupts some of the sarcoplasmic membranes of muscle,
whilst leaving the actin ond myosin fildmef}fs intact (198-200), whereas
homogenisation breaks up the overall s’rr?.:cture of the tissue,

As muscle has a complex intracellular structure it is not surprising that
phosphate in muscle cells can be found in a variety of environments and
that it cannot exchange rapidly between these different environments,
Although the structural basis of this partition is not yet understood, it is clear
that it is crificc”y' dependent upon the maintenance of the complex

intracellular muscle structure, This "comparimentation" need not necessarily

be due to the presence of distinct membrane bound enclosures, as is often
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Figure 9.9 P NMR spactra of phosphate in muscle in the presence or

obsence of arsenaie

Either 5 mM inorganic phosphate, 400 mM KCI, 50 mM
triethanolamine hydrochloride, 1T mM EDTA gH 8 or 5 mM inorganic
phosphate, 200 mM arsenate, 50 mM triethanolamine hydrochinride,
1 mM EDTA pH 8 was dialysed into o -rat white hind leg muscle,
from which all metcbolites had been removed. Spectra waic
recorded at 129 MHz, Sweep width 2.5 KHz, 20°C.
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3]P NMR spectra of phosphate in glycerol treated muscle

Rat hind leg muscle from which metabolites had been removed

by dialysis wos gently shaken overnight in 50% glycerol 50% 50 mM
TEA pH 7 buffer, by volume. After removal of glycerol by

dialysis, the muscle was further dialysed ogainst 10 mM phosphate
50 mM TEA, T mM EDTA pH 8 buffer. Specira of this muscle, and
a similar muscle which had not been glycerol treated, were

recorded at 129 MMz, ond aie shown in ithe figure. Spectrum

wiuth = 2.5 KHz,
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P NMR spectra of phosphate in dialysed muscle and
homogenised muscle

5 mM inorganic phosphate in 50 mM triethonclamine hydrochiloride
1 mM EDTA pH 8 buffer was dialysed into rat white hind lcg
muscle, from which metabolites had been removed. A 129 MHz
spectrum was recorded (upper spectrum). This sample was tren

homogenised in a "Silverson Shredder" and the spectrum was re-

recorded (lower spectrum). Spectrum width - 2.5 KHz,



envisaged, It may be due to large amounts of phosphate being protein (or
otherwise) bound, to differences in cytoplasmic structure in particular regions
of the cells (e..g. around the myofibrils or the plasmalemma), or to differences
between cells in the same muscle,

This thesis has discussed the mechanisms of activation and deactivation
of phosphorylase at great length. However, although in certain circumstances,
the enzyme may be in an "active conformation", the actual in vivo activity
expressed will depend on the phosphate concentration in the environment of
the glycogen particles, Clearly any partition of phosphate between various

environments will affect the actual activity expressed.

D. Red Muscle and the Unassigned Metabolite

Most muscles may be assigned to one of three classes: white,
red, and smooth (192)., White muscles, such as those used in the experiments
described above, usually are employed for short bursts of intense activity, and
hence have an extensive sarcoplasmic reticulum (193). As their main scurce
of energy is anaerobic glycolysis, they have very few mitochondria and their
blood supply is not well deveIOped‘T In(.confrast, red muscles contain many
mitochondria and their main source of energy is oxidative phosphorylation,
Their blood supply is well developed and they are generally used wherever
continuous low-power muscular activity is required (e.g. the heart) (194),

Although most hind leg muscles are white, several red muscles, which
are used in the maintenance of posture, can be located. The semitendinosus

muscle from the hind leg of rabbit is a convenient red muscle for phosphorus

NMR studies (195).
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Fig. 9.12 compares the phosphorus NMR spectrum of a freshly excised
rabbit semitendinosus muscle to a spectrum of a rabbit white hind leg muscle
(according to phosphorus NMR rabbit and rat white hind leg muscles are very
similar), Several differences are apparent:

(i) the red muscle contains a lower concentration of creatine phosphate.
This is consistent with the currently accepted view that high levels of creatine
phosphate are stored for use in short intense bursts of muscular activity,

(ii) in red muscle, the inorganic phosphate resonance is narrower than in

white muscle, This signifies that phosphate in the red muscle is not partitioned

between different environments as in white muscle. This result also infers
that the compartmentation discussed in the previous section is not due to
mitochondrial binding of phosphate. However the nature of the specific
factor which occurs in white but not in red muscle and which causes the
phosphate resonance to broaden, is not clear,

(iii)  in the red muscle spectrum, an additional peak occurs between the
phosphate and creatine phosphate resonances. The molecules responsible for
this peak were present in an extract of fre?ze clamped semitendinesus muscle
(Fig. 9.13). From the resonance F}équé;xcy of this metabolite, it was
deduced that it was likely to be a phosphodiester; no other commonly
occurring phosphate linkages gave resonances at this position, Consistent
with this was the observation that iis resonance frequency was independent of
pH in the range 2 - 10. Treatment of the extract from freeze clamped red

muscle with E. coli alkaline phosphatase destroyed ATP, creatine phosphate

and sugar phosphates but did not affect the resonance from the unassigned

metabolite (196) (Fig. 9.13). This resonance was also unaffected by prolonged
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3]P NMR spectra of Red and White leg muscles

This figure shows 129 MHz spectra of a rabbit white hind leg
muscle and a rabbit red semitendinosus muscle. Both specira
were recorded under identical conditions -~ given in Fig, 9.6.
Spectrum width - 5 KHz, The question mark indicaies the
unassigned metabolite,
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Figure 9.13 P NMR spectra of Red muscle and Extracts

129 MHz spectra of (i) a rabbit semitendinesus muscle
(ii) on extract from a frceze clamped semitendinesus and (iii)
an exiract which hod been treated with E, Ccli alkaline
phosphatase, are shown in the figure. Conditions as in Fig. 9.6.
Specira width - 5 KHz,
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incubation of the freeze-clamp exiract with pancreatic RNase or

Adamanteus venom phosphodiesterase (oligonucleotide 5'-nucleotido hydrolase)

(197).  This inferred that the unassigned metabolite was unlikely to be RNA,
The metabolite has not been unambiguously identified, to date. The
most commonly occurring physiological molecules whose properties are consistent
with the above data are the glycerol phosphoryl derivatives and related
compounds (ejg. glycerophosphory!l choline, cardiolipin efc.).
Leaving cside the difficult question of the nature of the unassigned

metabolite, several matters concerning its existence must be considered.

(a) Is it on artefact? - phosphorus spectra of rabbit blood, beef heart
mitochondria or the tendon attached to the semitendinosus muscle have not
revealed any resonances at the frequency characteristic of the unassigned
metabolite., The metabolite appears to be an integral component of the muscle,
(b) What is its metabolic role? - electrical stimulation to exhaustion, or
ageing of on excised semitendinosus  muscle does not cause destruction of the
unassigned métobolite, as revealed by phosphorus NMR., It is not known why
the metabolite is present or why it is found in the rabbit red muscle but not
in the rabbit white muscle.

(c) Is it found in other systems? - the range of tissues which may be
studied by phosphorus NMR is limited. As the metabolites in the tissue have
to be reasonably stable, studies to date have been restricted to muscle. A
resonance which corresponds in frequency to the position of the unassigned
metabolite has been detected in frog gcstrocnemiusf; a white muscle (see

Fig. 9.14). However, as this component has not been extracted from the

muscle, there is no evidence that the unassigned resonance in the
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Figure 9.14 P NMR spectra of frog gastrocnemius muscle

Specira of o freshly excised muscle were recorded, at 129 Mhiz,
before and after electrical stimulation, Conditions us in Fig., 7.6,
Spectrum width 5 KHz, The question mark indicates the position
of the unassigned metabolite,
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gastrocnemius is due to the same metabolite as in the semitendinosus muscle.
Indeed, it is possible that the resonance in both tissues, could be due to
severa! metabolites, all containing phosphodiester groups.

Clearly. the existence of this unassigned metabolite poses many problems
which cannot be fully investigated until its chemical nature is determined.
The interesting aspect -of this, as yet unfinished, piece of work is that it is a
useful demonstration of the potential of NMR. Whilst the freeze clamp
technique can only detect metabolites for which a specific assay is arranged,
phosphorus NMR can give a direct picture of phosphorus containing metabolites,
with the minimum of effort. Obviously the most serious drawback of the
method is that it cannot detect phosphorus containing metabolites at
concentrations of less than 1 mM. However ihe applications described in this

section clearly demonstrate its usefulness and potential,

E. Partial Purification of the Unassigned Metabolite

. The unassigned metabolite has been portially purified from the
exiract of several freeze-clamped robbit semitendinasus muscles. After
treatment with alkaline phosphatase (see Fig., 9.13), the extract was diluted
5' times into 25 mM Tris buffer pH 8.4 and applied to a DEAE column pre-
equilibrated in this buffer. The column was first washed with 25 mM Tris
buffer pH 8.4, and then with steps of 100 mM Tris, 100 mM Tris + 100 mM
KCI, 100 mM Tris + 500 mM KCI, 100 mM Tris + M KCIl and 100 mM Tris

-3]P NMR spectrum of each eluate was recorded after

+2.5m KCI, A

concentration by freeze drying. The unassigned metabolite did not stick to

the column and wos detected in the 25 mM Tris eluate, whereas inorganic



phosphate was found in the 500 mM KCI eluate (see Fig. 9.15). The 25 mM
Tris eluate was transferred to DZO and a proton NMR spectrum was recorded
(Fig. 9.16). Although the only phorphorus containing compound in this sample
was the unassigned metabolite, the proton spectrum was complex and suggested
that further purification was required,

The concenirated 25 mM Tris eluate from the DEAE column was diluted
into a solu’rio;x of 25 mM oxalate buffer pH 4 and passed through a Dowex 50
cation exchange column., As the unassigned metabolite did not stick to this
column under these conditions, it was then absorbed onto Krimsky Racker
activated charcoal (201). After elution from charcoal with 20% alcohol in
water, the sample containing the rﬁetabolife was freeze dried and suspended
in a 5 mM Sodium Borate, 5 mM Ammonium formate buffer at pH 8.2, The
unassigned metabolite was then attached to a Dowex Anion exchange column
which had been equilibrated in this buffer (202). The metabolite was eluted
from this column in 20 mM Ammonium formate pH 8.2. This eluate was
freeze dried, suspended in DZO’ its pD was adjusted to 7.1 and a proton
NMR spectrum was recorded (Fig. 9.17). /_Aifhough the spectrum indicated
that a substantial purification had been :nade, it was impossible to assign a
structure to the metabolite on the basis of this spectrum alone,

Proton spectra of glycerOphOSphpryl derivatives have been recorded.
Comparison of such spectra with Fig., 9.17 does not contradict the suggestion

that the unassigned metabolite is a glycerophosphory! derivative or a related

compound, For example, the peak marked X in Fig. 9.17 corresponds in

frequency to the N-trimethyl resonance from choline or glycerophosphory! choline.,

However, as the partially purified extract may contain free choline, it is

unwise to make any conclusions on the basis of these datu.
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Assay for the unassigned metabolite by 3]P NMR

The 25 mM Tris eluate and the 500 mM KCJ eluate from the
DEAE column described in the fext were concenirated by freeze

drying. Spectra were recorded ot 129 MHz and are shown in
the figure. Spectrum width - 5 KHz,
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Proton Spectrum of eluate containing the unossigned metabolite

The 25 mM Tris eluate described in Fig, 9.15 waos freeze dried.
suspended in DZO and adjusted to pH 7. A 270 MHz proton
spectrum was recorded and is shown in the figure, Specirum
width ~ 4 KHz, Part of the spectrum is vertically contracted
48 times,
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Proton Spectrum of purified fraction conigining the unassigned

metabolite -

The 25 mM Tris eluate described in Fig. 9.15 was freated os
described in the text, The fraction from the Dowex anion exchanue
cclumn, containing the unassigned metabolite, wos freeze dried,
suspended in D2O and adjusted to pH 7, A 270 MHz proton
spectrum was recorded and is shown in the figure. Spectrum

width - 2 KHz.
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Chapter 10
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NON COVALENT REGULATION OF PHOSPHORYLASE ACTIVITY
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A, Non Covalent Phosphorylase Inhibition

——

' Phosphorylase is present in white skeletal muscle at concentrations

of about 6-8 mgs/ml. Although it is obviously important for it to be activated
during periods of muscle contraction, it is also imperative that it is inhibited
during periods of rest. As glucose-1-phosphate, glycogen, and inorganic
phosphate are not in equilibrium in resting muscle (188), flux of glucose units
into the glycolytic pathway must be arrested by constraints on phosphorylase
activation, Freeze clamp data indicate that in relaxed white muscle, 95-100%
of the total phosphorylase is in the b form (217,225). Therefore two questions
immediately arise. Firstly, what prevents the 50 uM AMP present in the
resting cell from activating the phosphorylase b? Secondly, how can the
resting cell tolerate 0-5% phosphorylase a? While the residual phosphorylase
a activity has been largely ignored in ‘rhefliferafure, considerable attention
has been given to the question of the interaction of small ligands with
phosphorylase b in resting muscle. In particular, Morgan and Parmeggiani
showed that, in rat heart, most of the AMP activation of phosphorylase b
could be blocked by the presence of ATP and glucose-6-phosphate (181,218),
Thus the main point discussed in this section is fhe‘ effectiveness of these and
other ligands in inhibiting skeletal muscle phosphorylase b activity, when

50-60 uM AMP is present (see 219-221),
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To understand the non-covalent activation of phosphorylase b, it is
necessary to be able to estimate which ligands will be phosphorylase-bound
at any point in the tissue's aci;ivafion cycle. An attempt to do this has been
made by using the available muscle ligand concentrations, determined from
freeze clamp experiments, in conjunction with the apparent binding constanfs
of these ligands to phosphorylase, determined from measurements with probe-
labelled enzyrixe. Any phosphorylase b molecule may bind only one of the
ligands, Glucose-6-phosphate, AMP, ADP or ATP, at any instant, |f is
therefore possible to estimate the percentage of the total phosphorylase which
will bind any of these ligands when the tissue is in any particular metabolic
state, )

Fig. 10.1 a shows the result of such a calculation, It illustrates the
propertion of phosphorylase molecules which will bind either AMP, ADP, ATP
or glucose-6-phosphate if a small number of enzyme molecules are placed in
a medium containing these ligands, in concentrations equivalent to those
estimated from freeze clomp data of resting white muscle (180). It is evident
that AMP is prevented from activating phosPhorylcxse bk by the levels of
glucose-6-phosphate, ADP and ATP, B

There are, obviously, several deficiencies in this model. Firstly, this
model assumes that the presence of the enzyme does not perturb the
concentrations of free ligand. Clearly this is not the case in vivo, where up
to 80 uM phosphorylase is present. The proportion of enzyme which binds
AMP could be reduced by a factor of 2 by this effect.

As myofibrils bind ADP very tightly, another major source of error in

such a calculation is the estimation of the free ADP level. Whereas freeze
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The whole bar represents 100% phosphorylase b (a) in resting
muscle assuming no . ADP compartmentation  (b) assuming 907
ADP compartmentation. Concentrations taken: [G-6-P] = 400 LM;
[ATP] = 5 mM; [ADP] = 1 mM; [AMP ] = 50 kM (180).

Binding constants as in the text,
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clomp data quantify the total ADP content of the muscle (222) it may be
estimated that up to 90% of the total ADP in the muscle is reversibly or
irreversibly bound (223,224). This "compartmented" ADP is not, therefore,
available tc sarcoplasmic enzymes,

Figs. 10.1a and b show the percentage of the total phosphorylase which
will have each of the four ligands bound, in skeletal muscle in the resting
state. Fig. 10.1 a assumes no ADP compartmentation and Fig. 10.1b assumes
that 90% of the total ADP is bound and is not "seen" by phosphorylase. ADP
compartmentation causes glucose-6-phosphate to become the principal inhibitor.

The main deficiency in these estimates is that they ignore homotropic
and intersubunit heterotropic allosteric effects involving AMP, ADP, ATP and
glucose-6-phosphate,  The calculation merely takes the apparent dissociation
constants for each ligand and uses them as if they represented the constants
for simple equilibria, Unfortunately this difficulty cannot be overcome until
a more detailed study of these allosteric effects has been made. It is clear
that these calculations need much refinement,

The calculations indicate that the proportion of phosphoryiase b which
will bind AMP is in the range of 1 - 4°/;;./IF It is at this point that a serious
problem arises. The maximum specific activity of phosphorylase is 80 units/mg.
If 1% of the phosphorylase present was maximally active, about 4 units (i.e.
4 micromoles of glucose~1-phosphate per minute per ml, of tissue) of enzyme
activity would be observed (218,226). As the measured lactate output of
perfused resting muscle is only 5 nanomoles/minute per ml. of tissue, it is
evident that phosphorylase activity must be additionally suppressed in some

way (227). Severai possible effects which could cause suppression of

phosphorylase b activity are listed here - it is likely that all of these factors
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contribute to some degree, to maintaining low phosphorylase activity in resting

tissue.

(i) although 1- 4% of the phosphorylase b may be in an active conformation,
it may not be fully active, This is because the concentration of phosphate in
the muscle (1-5 mM) never exceeds the km value of phosphorylase for phosphate
(5-15 mM, depending upon the exact conditions) (218,227). In addition, any
compartmentation of phosphate into an environinent not "seen" by phosphorylase
will further reduce the actual activity expressed.
(i) homotropic and heterotropic allosteric effects between subunits could
lead to the exclusion of AMP from the enzyme over the appropriate concentration
range of metabolites. Many workers have expended much effort in designing
simplified allosteric models which would be consistent with the known
experimental facts concerning phosphorylase b (see 76).

The model which would result in the most effective inhibition of AMP
binding is an MWC mode!l in which the activator bound to one conformation
of phosphorylase and the three inhibitors could bind simultaneously to another
conformation, Dr, J.R, Criffiths Ahas calculated that, if phosphorylase b
obeyed this model, the percentage of phosphorylase b activated by AMP would
be about 0.01% in resting muscle (i.e. a maximal activity of 40 nanomoles of
glucose- 1-phosphate per minute per ml, of tissue) (228). In fact, several
experimental observations concerning phosphorylase allostery show that this
model cannot applx without modification e.g. ADP weakens glucose-6-phosphate
binding.

The true allosteric situation is likely to lie somewhere between the

simple competition model of Fig. 10.1 and the MWC model.



(iii)  The possibility of extensive compartmentation of ADP has been referred
to already. Many authors have suggested that the bulk of the AMP present
could be similarly compartmented (see 110). Although no direct experimental
evidence has been produced for this suggestion, there are several good reasons
for suggesting that the actual concentration of free AMP in resting muscle
may be in the range of 1- 10 yM rather than 50 - 60 pM. Firstly, a lower
AMP level in ;resting tissue would be more consistent with the low obser.ed
phosphorylase activity. Secondly, when the tissue is activated a large
amplification in the AMP level would be generated. Indireci evidence for
some degree of AMP compartmentation has come from consideration of the
myokinase equilibrium. If it is assumed  that (a) equilibrium is maintained
in resting tissue,  (b) the magnesium /ATP level "seen" by myokinase is
about 5§ mM and  (c) a considerable proportion of the cell's ADP is
myofibril-bound, it is necessary to postulate that the AMP level "seen" by
myokinase is in the range 1- 10 uM.  Unfortunately, the literature contains
no conclusive evidence on this point, and it is difficult to think of direct
experimental approaches to the problem,

(iv) It is possible that some of the glucose- 1-phosphate produced by
phosphorylase action is recycled to glycogen via UDPG, This is, obviously,
a very inefficient method of reducing net glycogen breakdown, as the reverse
reaction, via UDPG, requires one UTP .molec_ule for each cycled glucose
residue.

(v) Several workers (172,187,191) have suggested that, in the glycogen

particle fraction, inhibitor proteins are present which suppress phosphorylase b

activity. Haschke and Heilmeyer reported d preparation of this inhibitor (133)
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but the report was never confirmed.

Clearly there are many factors which could cause very low phosphorylase
activity in resting muscle. Because of the difficulty of quantifying these
factors, it is difficult to estimate their relative importance. It should,
however, be remembered that many of these factors do not affect the expression
of the residual phosphorylase a activity, This activity is a puzzle which must

‘

be reinvestigated and reconfirmed before firm conclusions can be made about it.

B. Non-covalent phosphorylase activation

Resting muscle contains numerous effectors of phosphoyrlase b -
the inhibitors ADP, ATP, G-6-P cm; UDPG and the activator AMP. In
resting muscle, where glycolysis is operating at a low level, interaction with
ADP, ATP and G-6-P inhibits phosphorylase b activity. As discussed
previously, AMP, ADP end ATP compete for the same site on phosphorylase.
G-6-P, while binding to a different site on the enzyme, competes with the
adenine nucleotides. Non-covalent activation of phosphorylase, therefore,
takes place whien the AMP level rises so as to overcome the inhibition caused
by ATP, ADP and G-6-P. In addition to AMP levels, phosphorylase b
activity is determined by the inorganic phosphate level. There are two

’

situations where such non-covalent activation has been unambiguously

identified:

1. Anaerobic rat heart

Anaerobiosis in variously treated perf}used rat hearts led to
increased glycolytic flux without phosphorylase b to a conversion, After

measurement of the tissues' metobolite levels in the various states, it was
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concluded that the increase in phosphorylase activity was, indeed, due to
AMP overcoming ATP and G-6-P inhibition and also to the rise in the

inorganic phosphate level {218).

2. | strain mice

In | strain mice muscle contraction and glycolytic flux is

activated by electrical stimulation, without concomitant phosphorylase b to
a conversion (182). The initial rate of production of glycolytic intermediates
is slower than normal mice whereas the inotropic response is the same (229).
Glycogenolysis only starts when muscular action leads to the appropriate changes
in nucleotide and phosphcte concentrations,

Fig. 10.2 a shows the calculated ligand distribution on phosphorylase
b is normal excited muscle. This figure indicates that in acﬁvq’red muscle, if
phosphorylase remains in the b form, increased AMP stimulated activity occurs.
This is due to an increase in the AMP concentrations reiative to the other
adenine nucleotide concentrations as the “energy charge" (230) drops in
activated muscle. However, only 10-14% of the phosphorylase is activated
in this situation, It is therefore clear that the energy charge in | strain mouse
activated muscle must be further reduced to give rise to increased
glycogenolysis. It seems likely that, when the data becomes available, it
will be found that the energy charge in activated | strain mouse muscle will
be lower than that in activated normal mouse muscle.

Fig. 10.2 b shows the ligand occupancy of phosphorylase @ in normal
activated muscle, Most of the phosphorylose a nov;/ has AMP or ADP bound to

it and almost all the G-6-P is expelled., This is consistent with the experimental
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The whole bar represents 100% phosphoryiase in excited muscie

(a) where no phosphorylase b to a conversion occurs  (b) vimie
100 % phosphorylase b to a conversion occurs, Concentrations
taken: [ G-4-P] = 800 uM; [ATP]= 4.5 mM; [ADP]= 1.2 mM;
[AMP ] = 300 pM (no compaitmentation is qssumed) (180, 227).
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data obtained from phosphorylase a in the glycogen particle fraction,

From these studies it is apparent that the information obtained from

probe-labelled phosphorylase in vitro can be applied to the situation in vivo.

However the state of the enzymes in vivo is always complicated by interaction
and information transfer between the glycogen phosphorylase system and other
complex regulatory systems. This is very simply illustrated here with a brief
description of the factors which determine the tissue AMP level.

The level of AMP relative to the other nucleotides, is determined by the
energy charge and the creatine kinase and myokinase equilibria (Fig. 10.3).
Skeletal muscle contains high levels of the enzyme AMP deaminase. As this
catalyses the irreversible deamination of AMP, tissue nucleotide levels must
also be determined by the activity of this enzyme. As resting muscle contains
50 uM AMP, AMP deamindse must be "turned off* under these conditions,
Deaminase acftivity is regulated by interaction with various phosphate
containing ligands, At physiological pH and potassium ion concentration it is
activated by ADP whereas ATP, GTP, inorganic phosphate and creatine phosphate
inhibit its action (231) (Fig. 10.3)\. In resting muscle tjhe levels of these
metabolites inhibit the enzyme's action completely. As the enzyme's action
is controlled by nucleotides and is linked to the myokinase equilibrivm, it is
likely that the presence of the enzyme determines the exact resting tissue
nucleotide levels. When the ADP level in the tissue rises (as a result of,
say, exercise), the AMP deaminase is activated and the ommonium ion level
in the tissue rises (232). Adenine nucleotides “drained" from the pool are

eventually replaced by cycling of the IMP via succinyl AMP (233, 234).
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Figure 10.3  Nucleofide interconversions in muscle catalysed by (1) creatine

kinase  (2) myokinase  (3) AMP deaminase  (4) adeny|
succinate synthetase  (5) succinyl AMP hydrolase,



The same regulatory ligands control phosphorylase, glycogen synthase,
AMP deaminase and phosphofructo kinase, One may envisage, therefore, that
in vivo glycolysis is controlled by a very sensitive balance between these
ligands. Hence, in order to fully understand the control of phosphorylase,

the factors raised in this chapter must also be applied to ihe other regulatory

systems.
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There can be little doubt that the techniques which have been
described givéj a unique view of the g!ycogen—--phosbhorylase system,
However a good deal of manipulation, interpretation and extrapolation
must be applied to the data before any coherent picture of the system

emerges, The techniques often do not directly provide the investigator

with discrete pieces of biochemical information,

Biochemistry is o diverging subject. Therefore, one does not need

to apologise for a thesis which creates almost as many problems as it solves.

"A little learning is a dangerous thing: Drink deep, or taste not the spring:

There shallow draughts intoxicate the brain, And drinking largely sobers

us again," (236)
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APPENDIX 1 - MATERIALS

A)  ENZYMES

Phosphorylase b was prepared from frozen rabbit skeletal muscle by the method
of Fischer and Krebs (125) substituting dithiothreitol for cysteine. Phosphorylase
b was regularly obtained from the enzyme preparation loboratory of the Oxford
Enzyme Group; in batches of 10-15 grammes. The crystals were freeze drisd
and stored at -20°C in a dessicated container. Phosphorylase a was prepared
from phosphorylase b using the method described by Griffiths (101).

Ph'osphorylcse kinase and AMP deaminase were prepared from fresh rabbit
skeletal muscle by the methods of Atohen (52) and Smiley et al, (203)
respectively. Phosphorylase kinase, which was activated by phosphorylation,
was prepared as described in ref, 52.

Hexokinase (yeast), Glucose 6 phosphate dehydrogenase (yeast),
myokinase (rabbit muscle), and pancreatic trypsin, trypsin inhibitor,

amylase and RNAse were obtained from Sigma Ltd., E. €011 glkaline

phosphatase and Crotalus phosphodiesterase were purchased from Boehringer
Lid.,

Enzyme purity was checked by elecirophoresis in 73% polyacrylamide
gels containing sodium dodecy! sulphate, according to the method of Weber

and Osborn (204).

B) BUFFERS
Triethanolamine hydrochloride, Potassium chloride, EDTA, Tris(hydroxyme’rhyl)-

methylomine and B-glycerophosphate (disodium salt) were obtained from



Sigma Lid. The standard triethanolamine buffer referred to throughout this
thesis consists of 50 mM triethanolamine hydrochloride, 100 mM Potassium
Chloride and 1 mM EDTA adjusted to pH 7.5 with concentrated hydrochloric
acid. Sulphydryl protecting reagents were added when appropriate,

The glycerophosphate buffers used are described in ref, 52,

Tris and phosphcte buffers were prepered according to McKenzie (205)
using salfs ob;‘ained from Sigma Ltd., Fisons Ltd. (analytical grade) or BDH

(Analar grade).

C. REAGENTS FOR PROTEIN MODIFICATION

lodoacetomide was purchased from BDH Lid, and was purified by recrystallisation
from petroleurn ether (80—100O fraction). 4 iodoacetamidosalicylic acid was
purchased from KochlLightLtd. Spin labels were obtained from Synvar Ltd.
and 4 chloro 7 nitrobenzofurazan was purchased from Serva Lid. DTINB and
cystine were obtained from BDH Lid.

All these reagents were stored in the dark in sealed dessicated

containers.

D. MATERIALS FOR ENZYME ASSAYS

Oyster glycogen was purchased from BDH Ltd. and freed of nucleotides by the
method of Metzger et al. (30). Glucose 1-phosphate dipotassium salt was
obtained from Boehringer Ltd.

The materia‘ls for the Hurst phosphate assay, Ammonium Molybdate,
Hydrazine Sulphate ar?d Sulphuric acid were purchased from BDH Lid,

Nucleotides and sugar phosphate effectors were obtained from Boehringer



or Sigma Ltd. (depending upon availability). Nucleotide concentrations were

checked using the extinction coefficients published in Data for Biochemical

Research’ (206).

E. MISCELLANEOUS REAGENTS

() Doubly distilled water was used in all experiments,
(ii) Deuterium oxide and other deuterated chemicals were purchased from
Ryvan Ltd,

(iii)  Dithiothreitol, B mercaptoethanol and cysteine were purchased from

BDH Ltd,
(iv) Imidazole was recrystallized2 or 3 times from water before use.
(v) Radioactively labelled reagents and materials for scintfillation counting

were purchased from Radiochemicals Ltd and Kochlite Lid. respectively.

(vi) Pyridoxalphosphate and derivatives were obtained from Sigma Lid.
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APPENDIX 2 TECHNICAL DETAILS

A) PHOSPHORYLASE ASSAYS

.Phosphorylcse activity in the presence or absence of AMP

was determined using the autoanalyser method described by Salmon (124),
which assays the rate of phosphate release from glucose~ 1-phosphate in the
presence of glycogen. The assay mixture usually consisted of 10 mgs/ml
glycogen, 16 mM glucose-1-phosphate, + 1 mM AMP in triethanolamine K Gl
EDTA buffer at pH 7.0, The assays, which were performed at 30°C were
linear for at least 10 minutes.

Phosphorylase kinose activity was assayed by measuring the rate of
production of AMP independent phosphorylase activity, using the above assay

system,

B) THE MOLAR CONCENTRATION OF PHOSPHORYLASE

Phosphorylase concentrations were determined using the published
280 nm absorption of 1.32 for a 1 mg/ml solution (131)., A subunit molecular

weight of 100,000 was used in all-calculations concerning stoichiometry (207).

C. RADIOACTIVITY MEASUREMENTS

0.5 ml samples containing radioactive material were added to
10 m! aliquots of scintillation fluid (5 gms PPO, 0.1 gms POPOP, 250 mls
Tritan X100 made up to 1 litre with Analar Toluer)e) in gloss vials. Rates of
10,000 - 80,000 c.p.m. were recorded on a Beckman LS-233 Liquid

Scintillation System (208-210). Duplicate dilutions and measurements were
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made and the results were corrected for background radiation wusing vials
containing no "hot" material,

Count rates were converted to molar terms by measuring count rates of
standard solufic;ns of radioactive reagents. In some experiments small amounts
of protein or other reagents were added to these standard solutions to verify

that artefactual quenching effects were minimal,

D) ABSORPTION MEASUREMENTS

Routine optical density measurements were made on a Unicom
SP500 Series 2 spectrophotometer, Time dependent changes in optical density
were recorded on a Hilger-Gilford spectrophctometer with a thermostatted
cell holder and an automatic cell changer. This system was used to monitor
the kinetics of the reaction of Nbf-Cl with phosphorylase, and in AMP

deaminase and Glucose-6-phosphate dehydrogenase assays.

E. METHODS SUPPLEMENT TO CHAPTERS 4 AND 4

Phosphorylase adducts were prepared es described in the

following references:

acetamidosalicylate phosphorylase b and a - reference 79
spin labelled phosphorylase b - reference 101
spin labelled phosphorylase a - reference 144
Nbf phosphorylase _l? - reference 124
5 diazo 1H tetrazole(DHT)phosphorylase b - reference 145

(provided by Dr. O. Avramovic-Zikic)

spin and acetamidésalicylcte labelled DHT . - reference 149
phosphorylase b

FDNB modified phosphorylase b - reference 137 and text,
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The spin labelled derivative [Né-(z,2,6,6—fefrdmefhylpiperidin-/i,..yl-
I-oxyl)adenosine~5'-monophosphate ] was prepared by Drs. W. Trommer and

®_(2,2,6,6-tetramethy -

H. Wenzel (211). The diamagnetic analogue N
piperidin-4-yl)adenosine-5'-monophosphate was prepared by Dr Wenzel from

the barium salt of 6-chloro-9-B-D-ribofuranosylpurine-5'-monophosphate by
treatment with a two molar excess of 4-amino-2,2,6,6-tetramethylpiperidine

in aquaous so‘,luﬁon for 16 h at room temperature, The crude product was
applied to a column of DEAE Sephadex A 25 in the acetate form and was
eluted first with water and subsequently with a linear gradient of water and
0.2M acetic acid, A molar extinction coefficient of 20,000 units at 260 nm
was taken for both AMP derivatives.

All ESR experiments were carried out on a JEOLCO JES-PE-1X X-band
spectrometer using an aqueous solution cell, A small syringe was fitted to the
bottom end of the cell in order to mix the solutions during the titrations
without removing the cell from the cavity. The ESR instrument settings were
usually: scan range 100 Gauss, modulation amplitude 1-2 Gauss, microwave
power 40-50 mW, time constant 0.3 sec cnﬂr_md scan time 4-8 minutes,

Fluorescence experiments, Jﬁlisi;g the quenching of light emission
from acetamidosalicylate phosphorylase b and a by ligands were carried out
using 1-5 UM enzyme on a Hitachi-Perkin Elmer recording spectrofluorimeter
(model MPF-2A). All experiments were carried out in a buffer system at 20°C
containing 50 mM friethanolamine hydrochloride, 100 mM KCI and 1 mM EDTA
adjusted to pH 7.01— 8.4 with concentrated KOH,

Ultracentrifugation measurements were made using a Beckman analytical

cenirifuge (model E) operated by Mrs L. Butterfield. In sedimentation
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experiments 5-10 mg/m| phosphorylase was used, the boundary being detected
by Schlieren optics. Data from photographic plates were measured with a
Nikon Profile Projector Model 6C and analysed using an Olivetti Programme
provided by Dr. J.E. Hyde (212). Deductions about the aggregation states
of the various phosphorylase species present were made by comparing the
measured sedimentation coefficients with the sedimentation values given in

references 28-30 for monomeric, dimeric and teframeric enzyme.

F. NMR SPECTROMETERS

Phosphoirus NMR spectra at 129 MHz (7.5 Tesla) were obtained

on an instrument constructed by D.-I. Hoult (213) using dquadrature Fourier Transform
with an Ordered Phase Sequence (CYCLOPS) of transmitter pulses, and
appropriate hardware routing in the computer store in order to ortho-normalise
the two free induction decays. A Bruker WH-90 spectrometer operating in the
Fourier Transform mode was used to record phosphorus spectra at 36.43 MHz
(2.1 Tesla). Both spectrometers were operated without proton decoupling.

Proton NMR spectra were recorded on a Bruker 270 MHz spectrometer

with an Oxford Instrument Co. Superconducting magnet, The Fourier Transform

mode was adopted for all spectra shown in this thesis.

C) METHODS SUPPLEMENT TO CHAPTER 7 AND 8

The glycogen particulate fraction from rabbit muscle was prepared
by the acid precipitation method described by Meyer et al, (74). In most

experiments glycerophosphate buffer was replaced by a triethanolamine buffer
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system as the former interfered with the ™ P NMR assay of ‘ligcmds. After acid



precipitation of the crude muscle extract from one rabbit,the precipitate was
suspended in 50 ml of 50 mM iriethanolamine 100 mM KCl 1 mM EDTA buffer

at pH 8.0, If necessary the pH was adjusted to 7,0 by adding the above
triethanolamine buffer at pH 6.8. The final glycogen particulate suspension

was adjusted to contain about 20 mg/ml glycogen using the above triethanolamine
buffer at pH 7.0.

Routinely, glycogen particles from 1 robbit were prepared for immediate
use. All the experiments reported in this thesis were performed on freshly
prepared particles,

Glycogen particles from normal and | strain mice were prepared by a
scaled down version of the Meyer et al method (74). For each precipitation,
the hind leg muscles from 12 freshly killed mice were used,

Phosphorylase activation in the glycogen particle fraction was measured
as described by Heilmeyer et al. (164) and the test for ab hybrids was performed
as described by Hurd et al, (153).

Phosphorylase phosphatase activity in the glycogen particle fraction was
assayed by monitoring phosphorylase a activity as a function of time. The
procedure for assaying phosphorylase a irn‘/f.he glycogen particles was as follows:
10 X aliquots of the appropriate glycogen particle mixture were taken at
different times and added to 0.5 ml aliquots of 100 mM sodium glycerophosphate,
40 mM B mercaptoethanol, 1 mg/ml l;ovine' serum albumin, 2 mM EDTA,

25 mM sodium fluoride pH 6.8 at 2°C. 10-20 A aliquots were then token and
odglgd to 1 ml aliciuots of 16 mM glucose- 1-phosphate, 1% glycogen in 50 mM
triethanolamine buffer pH 6.8. Phosphate release was measured using a

Technicon autoanalyser by the method described by Salmon (124).
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3]P NMR spectra were recorded on a Fourier Transform spectrometer

operating at 129 MHz (213). Spectra were accumulated for 4-5 minufes on
a Nicolet BNC12 computer and then stored on a magnetic disc. Metabolite
levels were measured from the peaks using the assignments made by Hoult et al.
(175).

Using this technique levels of ATP, ADP, nucleoiide monophosphate
(AMP and IMF), glucose-6-phosphate, glucose- 1-phosphate and inorganic
phosphate could be monitored continuously throughout the transient activation,

In order to optimise the signal to noise ratio of the NMR spectra, it is
necessary to apply radio frequency pulses at time intervals approximately equal
to the spin-lattice relaxation time (T]), of the resonances. Consequently the
peak areas are only proportional to the concentrations of the metabolites if all
their resonances have the same T]. Howe;/er, regardless of the relative T.I
values, the change in area of any given peak always reflects the change in
concentration of the metabolite responsible for that peak. The total peak area
is stabie to within 20% during the fransient activation process. It is therefore
reasonable to assume that the T] values for all the ligands are very similar so
that the peak areas do reflect the\;elaﬁve concentrations of the metabolites,

Glycogen was assayed by the Montgomery method (214). Glucose-6-
phosphate was measured using glucose-6-phosphate dehydrogenase as described
by Kuby and Noltmann (215). Myokinase was assayed by the method of

Kalckar (216) using 5'-adenylic acid deaminase purified by the method of

Smiley et al, (203).



H) FREEZE CLAMP PROCEDURES

The method adopted for freeze clamping tissues was as follows:
Immediately after excision, the rat or rabbit intact muscle was clomped between
tongs which had been cooled in liquid nitrogen. The frozen muscle was then
transferred to a liquid nitrogen cooled percussive mortar and broken to a powder.
The powder was tipped into an ice cooled mortar containing 6% perchloric acid
and ground with a pestle for about 5-10 minutes. About 4 parts of acid to
one part of muscle, by volume, was used., After a short low speed
centrifugation to remove the muscle debris, the exiract was neutralised with
KOH. Using phosphorus NMR, it was checked that the debris contained a
minimal quantity of phosphate containing ligands. After further centrifugation,
the neutralised extract was freeze dried. The powder was stored at -20°C

and could be hydrated in appropriate buffers when required.

[. MUSCLE DIALYSIS

In most studies, the Vastus lateralis or Gastrocnemius white
muscles were used. All phosphate containing ligands were removed from
freshly excised pieces of muscle by ove;ni;;ht dialysis at room temperature into
50 mM triethanolamine hydrochloride 1 mM dithiothreitol, 1 mM EDTA pH 7.0,
During dialysis 1-5 gm samples of muscle were placed in 2-3 litre buffer
samples, which were slowly stirred. Various combinations of phosphate /
arsenate etc. were subsequently added to the buffer and dialysed into the
pieces of muscle.

The presence or absence of phosphate containing metabolites in the

muscle could be determined using phosphorus NMR,

23¢
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APPENDIX 3 ARE CHANGES IN THE ESR RATIO ALWAYS PROPORTIONAL

TO SATURATION FUNCTIONS?

h

Suppose the free spin labelled enzyme exhibits a ratio RA = 1A  and
ho s
2A
ligand saturated spin labelled enzyme exhibits a ratio
_h . .
RB = Fl_B_ , where h]A,B and h2A,B refer to the heights of the low field
2B ,

and centre lines in the ESR spectra respectively.

If £ is the fraction of enzyme with ligand bound, the ratio observed:

R - (1-£) hy, + Fhy
(1 - ) th + f“h?B
Consider an exireme case where RA = 0.8 ond RB = 0.5.
Case 1 If the centre line does not alter in magnitude during the
titration h2A = th = 10, h]A =8 and h, =5,
f = -8——_ng5 i.e. the fraction of ‘enzyme with ligand

bound is linearly proportional to R,

Case 2 If the centre line does alter in magnitude during the titration

© = = = =
by, say 20%, then th 10, hZB 8, h]A 8, h]B 4.

In this case:

_5R-4
f= 3

2

i.e. the fraction of enzyme with ligand bound is not linearly related to R,

During titrations of ligands into spin labelled enzyme, it is always

assumed that changes in the ESR ratio are_ proportional to f. If this assumption



is made and, during the titration, the centre peck height decreases, an error
in f will occur. The error will be given by the difference between the

expressions for f in cases 1 and 2,

Error in f, Af = 5R - 4 - 8 - 10R
R~ 2 3

Over practical values of R, values of f calculated assuming linearity between

5R - 4 N 8 - 10R
R-2 3

R and f will be underestimates by up to 10%. As
in the range R = 0.5 - 0.8, calculated values of n (see Chapter 4 section

D ii) will always be underestimates rather than overestimates,

Conclusion - If it is assumed that changes in the ESR ratio are proportional

to the amount of ligand-bound enzyme (f), changes in the céntre peak height
during ESR titrations can cause an error of up to 10% in the calculated values
of f. In most of the cases discussed in this thesis the error is likely to be
much less as (i) the decrease in the centre peak height during the titration

is less than 20% and  (ii) RA - RB < 0.3.

(X
N
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