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ABSTRACT

This thesls is concerned with the physical structure and
the protein-protein interactions in the two oligomeric
proteins, Phosphofructokinase (PFK) and Aldolase. PFK
is known to play an important part in the regulation of
glycolysis and the activity of the enzyme is modified by
a variety of low molecular welgnt metabolites including
ATP, AMP, F-6-P, FDP,and citrate. Physical studies on
PFK were, therefore, made with particular reference to
the conformational changes which might accompany the

regulation of activity.

The studies on Aldolase are less extensive and
represent a coatinuation of earlier work (K.R.Leonard,
Part II thesis, 1966). In contrast to PFK, aldolase is
not a regulatory protein. It is,however, composed ol
subunits and therefore serves as a useful comparison
for PFK. Aldolase 1s also related to PFK 1in That they
are both enzymes of Glycolysis, having adjacent places
in the pathway, so that the product of the PFK reaction,

FDP, is also the substrate of the Aldolase reaction.

Aldolase was purchased from a commercial source
and was found to be quite suitable for physical studies.
The commercially available PFK, however, was not suitable

for physical studies for a number of reasons, including



the presence of a large amount of inactive protein which
was visible in the sedimentation patterns and a strong
tendency to precipitate when dialysing against bufier to
remove ammonium sulphate. The PFK used was therefore
prepared in this laboratory by an adaptation of a

published method.

The sedimentation velocity experiments using schlieren
Optics to measure protein concentration confirmed that
PFK undergoes reversible self-association above O.5mg /ml,
This aspect of the proteln-protein interactions of PFK
was investigated in some detail. Evidence for a rever-
siole association was manifested by the appearance of the
sedimentation pattern of the pure protein (three peaks
with Sapp of approx. 138, 18S and 22-30S8 ). Further
evidence was the behavior of the fastest peak which
increased in s from 225 at 0.5mg/ml to 30S at 10mg /ml

app

in direct contrast to the normal decrease in sapp with

increasing concentration for a non-interacting species.

This association of PFK was found to be prevented
0y mild alkaline pH, high ionic strength, low concentrations
of SDS (detergent) and low concentrations of PCMB (thiol
reagent). Addition of any of these reagents to PFK

solutions resulted in a change of the sedimentation

pattern to a single boundary with Sapp = 12 S (approx)
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“Phis corresponds to the slowest sedimenting species

in the pattern for native PFK at high concentration

and is probably the unassociated 'Monomer' of the
equilibrium. Measurement of sapp for PFK at the concent-
ration level of the enzyme assay (appTroXe %ﬂg/hﬂ) gave

a value of about 11 S for the active species, which

indicated that PFK is present as the 'monomer' at this

low concentration.

The 12 S material,which was obtained by direct pi
adjustment to pH 10.5, slowly broke down to give proteln
sedimenting at lower speed. The pressnce of O.5mi FiZ,
however, had a marked stabilisiné effect, and protein
dialysed into pH 10.5 buffer containing FDP sedimented as
a sharp symmetrical boundary with Sgo,w of 11.920.4 .
Similar concentrations of ¥-6-P, ATP and AMP had no
stabilising effect on the 128 protein. The diffusion
coefficient of the FDP-stabilised material was measured
by the spreading boundary method and a value of Dgo equal
to 5.23:0;5>c10—7 obtained. This combined with the
sedimentation coefficient gave a value of 5;4&0.5x1£ﬁ

?or the molecular weight. This agreed with the value of

%.4540.1 x10° obtained from sedimentation equilibrium.

Equilibrium centrifugation studies of a series orf

concentrations of PFK over the range 0.5 - 10mg/ml



(iv)

enabled curves of weight-averase and Z—average molecular
welghts against concentration for the polymerisation to

be constructed. These were found to be sigmoid in shape,
and the Z-average tended to a value of 5—43{105 at low
concentration (where the 128 species only will be present)
and to a plateau of about 5.5 x (monomer mol.wt) at about
7mg /ml, followed by a slight reduction in molecular weight

caused by non-ideality at higher protein concentration.

T'hese curves were compared with calculated theoretica
curves for a number of model polymerising systems, and 1t
was deduced, from the shape of the curves, that the
association was to a closed polymer rather than to an
indefinite, open polymerisation. A calculated curve which
was a reasonable fit to the experimental points was
obtalned by assuming that the degree of polymerisation ,n,
was six, that there was a negligible concenvration oI
intermediate polymers present at equilibrium and that
BM,, (the non-ideality term) had a value close to the

theoretical value for a globular protein. A tentative

closed-shell structure was proposed for the hexamer.

Assuming that n = 6, the equilibrium constant Tor
the associlation per mole of hexamer was estimated <o Je

6 x 1027 Ltr5/Mole5 and hence the value of AG° per mole

of hexamer was -35Kcal . at 20°: . Data for I, was also



(v)

obtained at 2°C and this, combined with the results at
20°C gave values of AH® = 36 Kcal and AS® = 240 e.u.
per mole of hexamer, for the assoclation. These results
show that the w»rinciple contributing factor to the free
energy of the interaction is the gain in entropy whicin
results from the release of bound water as the monomers
associate. This would implicate either hydrophobic or
electrostatic interactions as chief contributors to the
protein-protein biading. The effect of high salt concen-
tration, which prevents the association, unequivocally
supports the importance of electrostatic interactions

in the polymerisation.

PFK at pH 12 in the presence of SDS had a molecular
weight of about 8.8}(104, estimated by sedimentation
equilibrium, which 1is about one fourth of the molecular
weight obtained for the 125 protein. The molecular
weight in oM GuiHCl, 0.1l Z2-mercaptoethanol was 7.6&;0.5}(104
by sedimentation equilibrium and sbout 8:-cZLOL'L calculated
from the value of the sedimentation coefficient. Allowing
for experimental error, in particular in the value o7 the
partial specific volume, these results agree with the
figure obtained at high pH in the presence of SDS. Thus,

the 125 provein 1s made up of four subunits, each

consisting of a single polypeptide chain.
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In order to test wnether the association of PFK had any
effect on the enzymic activity 1t was necessary to carry
out the assay at the lmg/ml enzyme level. The F=6=P
activity of PFK is too high to be measured by normal
spectrophotometric methods at this concentration, However,
PFK will also catalyse the phosphorylation of G-1-P at

a much lower rate.and this activity can be assayed atv

the higher concentration. It was found, that There was

no change in the G-1-P specific activity over the concen-
tration range 0.2 - 2.0 mg/ml where the enzyme is known

to associate. In order to test whether dissociation ol
PFK might occur at low concentration in the presence orf
inhibitors (reversible dissociation to an inactive Ioru
could form the basis of a regulatory mechanism), the
sedinentation coefficient was measured under the conditions
of normal activity and total inhibition by ATP, AT approx.
l/ug%ml of protein, the sedimentation coefficient was found
to ve 1l.3%£1.2 S in the presence of 6mM ATP (known To
cause almost complete inactivation) and 10.6=0.9 in the
presence of 1lmM FDP. It would appear,therefore, that
dissociation is not a mechanism of the ATP inactivation.
These results indicate that association or dissociation

of PFK are not primary factors in the regulation of PFK

activity.
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Circular Dichroism (CD) and Optical Rotatory Dispersion
(ORD) studies were carried out on PFK and Aldolase under
various conditions. Both proteins showed near-UV bands,
but whereas Aldolase also showed a measurable Cotton effect
at 290nm in the ORD curve, PFK exhibited no detectable
near-UV Cotton effect. The far-UV ORD and CD curves for
native Aldolase and PFK were rather similar in size and

shape.

The CD curves were converted into the corresponding
ORD curves by application of the Kronig-Kramers transform
using an Algol computer prograi to resolve the CD bands
and a second program to carry out the transform. There
was good agreement between the calculated and experimental
ORD curves in the far-UV, which suggests that there is
1ittle contribution to the measurable far-UV ORD bands
from optically active chromophores other than those that
are observable in the far-UV CD curve. In the near-uv,
the calculated curve for aldolase showed a sharp peak in
the 290nm region, produced by the overlap of Two near-UVv
CD bands of mposite sign, which satisfactorily explained
the near-UV Cotton effect. The calculated curve for PFK
in the near-UV showed a much smaller Cotton effect which
explains why no anomaly was detectable in the experimental

ORD curve.






(ix)

the red-shift of the tyrosine band at 225nm as the pH
1s increased. The tail of this red-shifted band is
superimposed on the negative dichroic band from the

peptide chromophore, producing a positive 'band' at 255nm,

PFK at high pH also showed this 255nm band, but
in addition there was a small positive band centred on
290nm which was attributed to optically active tryptophan
Tesidues . As we have seen, the presence of near-UV
Optical activity implies some degree of tertiary structure,
so that PFK even as high as pH 12 seems to behaving as a

folded protein structure.

In the far~UV smaller changes in the 200nm -250nn
negative peptide bands with increased PH were observed
for PFK than for aldolase, which again suggests that
the former enzyme is less.denatured at high pH. An attempt
was made to fit the far-UV bands with different percentages
07 the three types of regular secondary structure (v(—helix,
;3-structure and random coil)., It was unsuccessful for
native aldolase and PFK and for PFX at pid 12, but a
reasonable fit to the data was obtained for acid or

alkali denatured:zldolase; :.

Hydrogen ion binding data was obtained for PFK in
0.05M Na2SO4 which agreed reasonably well with the total

of ilonisable groups found in the amino acigd analysis e
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Unlike aldolase (see below) it was possible to account
for all the histidine residues by inspection of the
titration curve. Spectrophotometric titrations were
carried out in the presence and absence of lml FDP, 1t
was found that FDP caused a shift of the titration curve
0o higher pH which was related to'a change in pK fronm
about 10.25 to about 11.5 for about two tyrosine residues

per 100,000 of protein,

The earlier work on aldolase suggested that a number
of the histidine residues might be titrating anomalously
or be buried in the native protein, possibly assoclated
with the inter-gcubunit interactions of the oligomer.

The histidine titration region was therefore measured
more carefully by estimating the A‘Happ for ionisation
of the various groups Ifrom the temperature difference
titration. The results indicated that few if any of the
histidine residues are buried, but that a number may

titrate with an abnormally low pK and be involved in the

enzyme activity of the protein.

A temperature difference titration was also
carried out over the acid pH range at which alcolase
undergoes a co-operative dissociabion and denaturation
as shown by a step in the forward titration curve. The

effect of temperavure was to shift the step to lower
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pH with lower temperature(i.e. there is a stabilisation
of the protein interactions orn reducing the temperature).
This result indicates that there must be a negative
enthalpy change in going from the dissociated, denatured
subunits to the native oligomer, which could ilmplicate

hydrogen bonding as a factor in the protein interactions.
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ABBREVIATIONS

These were explained in the text whenever possible.
The abbreviations used for some of the reagents are

listed below.

Tris: Tri (hydroxymethyl) methylamine.
LDTA: BEthylenediamine tetra-acetic acid.
GuHCl: Guanidine hydrochloride.

SDS ¢ Sodium dodecyl sulphate.

PCMB: p-choromercuribenzoate (Na salt).

ATP: Adenosine triphosphkate
ADP: " diphosphate
AMP: 4. monophosphate.
FDP: D-fructose-l,6-diphosphate
F-6-P:D-fructose-6-phosphate
G-1-P: glucose-l-phosphate.

PFK: Phosphofructokinase.
P.: Inorganic Phosphate. (POZ-).

NADH : Nicotinamide-adenine dinucleotide

(reduced form)



Chapter 1. Introduction.

(i) Glycolysis.

The system of glycolysis, the first metabolic
sequence to be described completely, was elucidated by
the pioneering work of Harden, Meyerhof, Embden, Warburg,
Cori and others. The sequence of reactions, their inter-

mediates and the enzymes involved are shown in Fig. 1.1 .

Glycolysis is made use of in skeletal muscle to
generate ATP by the anaerobic conversion of glucose to
lactate and in heart muscle to generate ATP by the
complete aerobic combustion of giucose. IA both cases,
the ATP is required to supply the energy for muscle
contraction. The glycolytic pathway is also important
in microbial fermentation of glucose to ethanol, lactate,
glycerol and other compounds, providing the energy needed

for the growth of the organism.

The two enzymes studied in this work, both from
skeletal muscle, are Aldolase (Fructose-l,6-diphosphate,
D-glyceraldehyde-3-phosphate lyase, E.C. 4.,1.2.13) and
Phosphofructokinase (ATP, D-fructose-6-phosphate l-phospho-
transferase, E.C. 2.,7.1.11). These enzymes catalyse
adjacent reactions in the glycolytic pathway, so that

the product of the phosphofructokinase reaction becomes



1.
Fig. 1.1. Glycolytic Pathway (Taken from Mahler & Cordes,1966)
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the substrate of the aldolase reaction.

Both enzymes are oligomers, i.e. they are composed
of protein subunits. Aldolase is now generally agreed
to be a tetramer of four subunits; each of molecular
weight about 40,000 (Kawahara and Tanford, 19662 Do
This has been shown by electron microscopy to be a
tetrahedral structure (Penhoet et al, 19673 ). The
same workers showed that aldolase exists as different
isoenzymes in different tissues such as brain and muscle
and can show heterogeneity of the subunit composition.,
Phosphofructokinase has been reported to have a molecular
weight of 360,000 for the active form which can be
dissociated into protomers (identical subunits) of
molecular weight 93,000 which can be further degraded
to polypeptide chains of molecular weight 25,000 (Paetkau
et al, 196Sjt Electron microscope studies (Parmeggiani
et al, 1966 : ) suggest that the active unit is a flat

molecule with the subunits arranged in a square-planar

fashion.,

(ii) The importance of Phosphofructokinase (PFK) in

the control of glycolysis.

In cells which are capable of degrading glucose in

both the presence and the absence of oxygen (e.g. muscle

or yeast cells), the glucose disappears more rapidly



under anaerobic conditions than under aerobic conditions.
This inhibition of glycolysis by oxygen was first observed
by Pasteur and is known as the "Pasteur Effect". It was
later confirmed by Meyerhof and Warburg. It is now
generally believed that this effect results from a change
in the activity of PFK which is a key enzyme in the

control of glycolysis.

7
In vitro studies on PFK from muscle6 s heart

8 9
yeast and Escherichia Coli as well as other sources

have shown that the enzyme is strongly inhibited by ATP
and activated by a number of metabolites including
F-6-P (substrate), FDP (product), AMP, ADP and phosphate
ion, The enzyme shows non-Michaelis Menton kinetics,
giving sigmoid'shaped curves of initial rate v, F-=6-P

concentration in the presence of inhibiting levels of ATP,.

These controls ensure that when there is a high ATP
level in the cell (e.g. when lactate and pyruvate are
oxidised to CO, by the Krebs cycle) glycolysis will be
shut down. Under anaerobic conditions, when glycolysis
is required for the production of ATP, the level of ATP
will be low and the levels of ADP (or AMP) and phosphate
will be high, so that the activity of PFK is stimulated
and the rate of glycolysis increases. VHeart PFK has

also been shown to be inhibited by citrate (Garland et al,



l963)wwhich suggeBts that there may also be feedback
control of glycolysis from the Krebs cycle. pH may also
be important in changing the response of PFK to the
various inhibitors and activators (Danforth, 1965? Freyer

12

A number of theories have been proposed to explain
the behavior of regulatory enzymes, of which PFK is a

good example; these are outlined in section (iv) ' Dbelow.

Although aldolase has been reported to be inhibited
by high concentrations of triose-phosphate (product)
(Richards and Rutter, 1961)? in vivo studies indicate
that it 'does not play any part in the regulation of

glycolysis.

(iii) The Association of PFK at high concentration.

Another difference between PFK and aldolase is %the
reversible aggregation shown by the former enzyme at
high concentration. Sedimentation patterns of pure PFK
show several peaks, indicating that some form of self-
association is taking place. This sedimentation behavior
is not exhibited by aldolase, which moves in the ultra-
centrifuge as a single symmetrical boundary. The assoc-
jation of PFK molecules could have a biological function

as the effective enzyme concentration in muscle tissue

14
may be as high as lmg/ml (Lowry, 1965) at which concentrat-



ion there is appreciable association of the pure protein.

(iv) Models for the mode of action of regulatory enzymes.

(a) Allosteric Control.

Monoed, Ohangeux and Jacob (1963)15p0inted out that
many biological pathways are regulated by the concentration
of metabolites which modify the activity of certain rate-
limiting enzymes by interaction with so-called '"allosteric
sites" which are different from the active site., Monod,
Wyman and Changeux (19655mextended this idea and produced
a theory to account for the sigmoid oxygen saturation
curve of haemoglobin and for the similarly shaped kinetic
curves for regulatory enzymes. They propesed that all
regulatory proteins are oligomers composed of identical
subunits (protomers) which may themselves be composed of
smaller subunitds. Because the protomers are identical
they must be equivalent in the oligomer, and their
individual conformations are constrained by their associat-
ion with the other protomers so that the overall symmetry
of the molecule is maintained., This symmetry requirement
allows the-protein only a restricted number of conformations

which must be in equilibrium with each other.

In a regulatory protein there are two important
conformations; the'R-state' which has a high affinity for

the substrate (or oxygen in the case of haemoglobin) and



the 'T-state' which has a low affinity for substrate. An
increase in substrate concentration will shift the R - T
equilibrium in favour of the R-state causing a co-operative
increase in the amount of substrate bound which manifests
itself as an increase in the rate of the enzyme catalysed
reaction. This is known as a 'homotropic effect'. Alter-
natively, a substance unrelated to substrate may be bound
at a second type of site (the allosteric site), resulting
in either activation or inhibition. This is known as a
'heterotropic effect'. A heterotropic effector which has

a greater affinity for the T-state will shift the equilibr-
ium in its favour and so reduce the amount of substrate
bound. One which has a greater affinity for the R-state

will cause co-operative activation,

The allosteric model has the advantage of simplicity
and should enable the maximum number of predictions to be
made from a minimum knowledge of the parameters of the
system. This model has been used to explain the kinetic

17 118
behavior of PFK from E. Coli and from skeletal muscleq

(b) The ‘'Induced Fit' theory.

19
Koshland (1958) suggested that the binding of substrate
to an enzyme involves an induced alteration of the shape

20
of the active site., Koshland et al, (L966) extended this

theory to explain the oxygen binding data for haemoglobin



and postulated that it is a general mechanism for enzyme
regulation., They suggest that a ligand may induce a
conformational change in a given subunit, which then

causes progressive changes in the conformations of neigh-
bouring subunits. This change in conformation is linked

to the activity of other binding sites on the other subunits
If there is strong inter-subunit coupling, binding of
substrate at one site will induce a large change in the
neighbouring site(s) and there will be a strongly co-oper-
ative increase in activity. If there is weak inter-subunit

coupling, there will be poor co-operativity.

The Koshland model, therefore, requires the presence
of subunit structure but does not demand overall conser-
vation of symmetry as in the Allosteric model. The Induced-
fit model has been applied to the kinetic data for PFK by
Atkinson et al, (1965)21 .

(¢) Control by association or dissociation of the enzyme,

16
In their 1965 paper, Monod et al consider the possibil«
ity of dissociation accompanying the R - T transition and
give as an example the well known dimerisation of Phosphor-

ylase b which occurs on phosphorylation of a serine residue,

22
Nichol et al, (1967) have interpreted sigmoid binding
curves in terms of a monomer-polymer model. In the case

where polymerisation sites and the ligand binding sites



are coincident (i.e. there is competition between ligand
binding and polymerisation for the available sites), they
showed that sigmoid binding curves would result. The

degree of sigmoid shape increases with the extent of poly-

merisation.

If association or dissociation accompanies the
regulatory activity of the enzyme, the regulatory effectomrs
should influence the degree of polymerisation as well as
the activity. In the case of heart PFK, evidence has been
given to suggest that inactivation by ATP involves a change
in sedimentation cc;gefficient from 14.5S to 7S . (Mansour

and Ahlfors, 1968). Dissociation was reported to be prev-

ented by FDP which is an activator of the enzyme.

(d) The Alternative Pathway Mechanism.

The theories of enzyme regulation examined so far
have required some form of association between enzyme
subunits and the presence of more than one Ligand binding
site per molecule of enzyme. "Allosteric" behavior may,
however, be possible in the case of only one active site
if two substrates are involved in the enzyme-catalysed
reaction. In this case, two pathways to the products can
be envisaged as shown below.

S; + E == ES; + S,/ ES;S, ——Products
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Dalziel (1958) has shown that the effects of substrate

activation or inhibition are possible, depending on the
relationship between the kinetic parameters of the alter-
native paths. This idea has been extended to the partic-
ular case of PFK by Ferdinand (1966)2.!i He showed that

the theoretical curves for substrate activation and
inhibition predicted by this model are very similar to
the experimental curves for the activity of PFK v. conc-
entration of ATP and F-6-P. This model cannot, however,
account completely for the regulatory behavior of PFK
since other effectors such as citrate and AMP exist, and

must presumably interact with PFK at a second site.

(v) Protein-protein Interactions.,

The general factors which are involved in protein-
protein quaternary interactions are those which have been
reviewed by Kauzmann (l959)m3n relation to protein tertiary
structure. Protein structure at any level above that of
primary structure relies upon a balance between disruptive
forces and stabilising forces. The principle driving
force behind the dissociation or denaturation of a protein
oligomer is the gain in entropy which results from the
greater randomness of the dissociated or denatured state,
The principle stabilising factors which oppose breakdown

of the protein structure are summarised below.
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(a) Covalent Bonds.

The only covalent protein-protein linkage whose
existence is well established is the cystine disulphide

bond, but side-chain ester or imide linkages may occurT.

(b) Non-covalent Interactions.

Hydrogen-bonds: These may be interpeptide, like

those which have been shown to contribute to the stability

of the ¥ -helix and the P-pleated-sheet structure. Other
types of H-bond may also occur including tyrosine-carboxylate
or thiol-carboxylate linkages. Hydrogen bonds are char-
acterised by a negative AH of formation of up to -5 Kcal

per mole.,

Hydrophobic Interactions: A large proportion of the

amino-acid side chains found in proteins, including those
of valine, leucine, alanine, phenylalanine, and tryptophan
are non-polar and have a low affinity for water. Protein
chains therefore tend to associate so that these residues

occur in non-polar pockets out of contact with water.

These hydrophobic interactions have been shown to
nave a positive AH term, so that an entropy increase must
result from the removal of the non-polar group from the
aqueous environment if the overall Free-energy change is
to be negative. When in contact with water, these non-

polar groups exert an ordering influence on the water
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molecules which surround them. The formation of a hydro-
phobic interaction results in the release of this ordered

water and a consequent gain in entropy.

Coulombic interactions - Salt Linkages: A small

number of ionised side chains may be involved in interactiomns
between groups of opposite charge. The principle contributor
to the Free-energy of such an interaction is again the
increase in entropy which results from the breskdown of the
hydration sphere of the charged group as it interacts with

another group to form an ion-pair.

Van der Waals Forces: These may also play a part in

interactions between protein molecules. London dispersive
attraction will occur between atoms which are in close )
contact in the inter-protein binding site. They tend to

favour the interaction of like side chains - aromatic with

aromatic and aliphatic with aliphatic.

(vi) The Investigation of Protein-protein Interactions.

Much useful information can be obtained from the
study of the thermodynamic parameters of the interaction
and from the effects of dissociating reagents. If,for
example, hydrophobic interactions were important in main-
taining the protein quaternary structure,dissociation
should be favoured by a high concgntration of urea. Ionic

intetractions, on the other hand, should be weakened by an
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increase in the ionic strength of the solution, since
dissolved electrolyte will produce a stabilising Debye-
Huckel atmosphere around the charged side chains. If
disulphide bonds were involved in the protein-protein
interactions, reducing agents or mercurials might be

expected to favour dissociation.

Like all other aspects of protein structure, the
most detailed information about protein-protein interactions
will be provided by X-ray Crystallography. ©So far, two
three-dimensional structures of protein oligomers have
been determined, which show the different types of non-
covalent interactions described in section (v) above .
These are the oxyhaemoglobin tetramer ( Perutz et _agl_l,l968)27’23
and the insulin dimer (Adams et al, 1969 )?! Insulin is
not strictly a true oligomer but shows a marked tendency
to dimerise in solution, so that the close contact between
two molecules found in the crystal structure probably

results from this interaction.

In the case of oxyhaemoglobin, the contacts between
the of_ and p chains appeared to be mainly between non-polar
side chains (suggesting hydrophobic and and Van der Waals
jnteractions) with a small number of probable H-bonds,

The of ol and PP inter-subunit regions were not so clearly
defined, but it was suggested that there may be salt-

likages between the terminal residues.
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The results for insulin show that there are many
close non-polar contacts in the binding region, which
occurs between the B-chains. There was also a five residue
section in each B-chain which appeared to be hydrogen-
bonded as a pleated sheet to the corresponding region

of the opposite chain. ‘

(vii) The biological significance of protein-protein

interactions in enzymes.

The presence of subunit structure and the existence of
strong coupling between enzyme subunits may, as we have -
seen, be important in the mechanism of regulation of some
enzymes. All the known examples of regulatory enzymes

have been shown to be oligomeric.

Protein-protein interactions may also be important
in the grouping together of related enzymes into funct-
ionally significant assemblages. The efficiency of
metabolic pathways and their ease of control would be
greatly improved if the enzymes involved were assembled
into a soluble multienzyme complex or are bound to a
membrane or structural unit. Although there is no direct
evidence that the glycolytic enzymes are grouped in this
way, there is some quite good indirect evidence for an

organised glycolytic system,

30
Arnold and Pette (1968) have shown that aldolase,
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PFK and other glycolytic enzymes will bind to muscle
proteins, in particular to F-actin molecules, at low
ionic strength. Aldolase and glyceraldehyde-3-phosphate
dehydrogenase have been shown to produce mixed crystals
which may indicate some form of interaction between the
two enzymes (Baranowski and Niederland, 1949)? Pogell

32
et al (1968) have reported an in vitro association between

PFK and FDPase., The latter enzyme is not a member of the
glycolytic system, but catalyses the reverse reaction to
that of PFK during gluconeogenesis. There is also evidence
that-a group of five glycolytic enzymes oeccur in equilmolar
proportions in different tissues (Pette, 1965;33 Mier and
Cotton, l966jf4suggesting that they may form an organised

unit.

(viii) The scope of this thesis.

The physical studies carried out on PFK were mainly
concerned with the reversible association which takes
place at high concentration and with the effect of pH
and disruptive reagents on the structure of the enzymically
active oligomer. It was hoped to gain some insight into
the forces responsible for these different levels of
protein-protein interaction and to determine their
biological significance, if any exists. Optical rotatory

dispersion, circular dichroism and titration studies were

also made to investigate any conformational changes which
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might accompany the associative and dissociative changes.
It was also hoped that some information might be obtained
about the influence of allosteric effectors such as ATP,
F-6-P and FDP on the protein-protein interactions involved
in the reversible association of PFK and between subunits

of the enzymically active oligomer,

The work done.on the second enzyme, Aldolase, was an
extension of hydrodynamic and other physical studies
which were submitted.earlier for a Chemistry Part II thesis.
The new work was mainly restricted to ORD and CD measure-
ments and temperature titrations which were carried out
to obtain information about the dissociation of the aldolase
oligomer at high and low pH , which had been established

during the earlier study.

The properties of PFK and Aldolase were studied to a-
certain extent in parallel, since they are both examples
of oligomeric enzymes, but differ in that the former is

a regulatory enzyme and the latter is non-regulatory.



Chapter 2, Materials and General Methods 17

(Including the preparation of PFK)

e e

(1)Beagents.,

Unless otherwise stated, all reagents used were
'Analar' or 'Biochemical' grade (British Drug Houses).
Ammonium sulphate with a specially low heavy metal
content (BDH) was used in the enzyme preparation.

Sodium dodecyl sulphate was obtained from Sigma Chemicals
and N-acetyl-L-tryptophan ethyl ester from Mann Reseafch
Laboratories. 2-mercapto ethanol, dithiothreitol,
p-mercuribenzoate and tris bhase were obtained from

Koch-Light Ltd.

The coenzymes and substrates NADH, ATPy sodiwm pyruvate,
I'6F and FDP were obtained from Boehringer and Soehne .
F6P, FDP and FDP (80 % pure) were also obtained fram

Wessex Biochemicals Ltd.

(ii¥nzynmes,

The enzymes 8kdolase, triosephosphate isomerase,
glyceraldehyde-%-phosphate dehydrogenase, pyruvate
kinase and lactate dehydrogenase were purchased from
Boehringer and Soehne. Rabbit Muscle Phosphofructokinase
from the same source was found to be unsuitabhle for
physical studies for several reasons. The enzyme
tended to precipitate'when dialysed into phosphate buffer

to remove ammonium sulphate. It had a relatively low
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(iii)
Preparation of Phosphofructokinase.,

PFK was prepared as follows, the method being based
5
on that of Parmeggiani et al (1966).

The rabbit was killed by intravenous injection of
sodium phenobarbitol, decapitated and bled from the neck.
After removal of the skim, the muscle from the hind legs
and back was removed and chilled in ice for about 15 ninutes.
This and all the subsequent operations were carried out

in a cold room at cC.

The chilled muscle was minced in an electric mincer
and 200 gram lots homogenised in a fownson and [iercer
top-drive macerator for 30 seconds with 200ml of 4mll EDTA,
50mM NaF (pH 7). This was followed by a fu;ther homog=-
enisation for 45 sec. with an additional 400ml. of the
extraction medium. The homogenised material was then
centrifuged for %0 minutes in a Sorval RC2B at 14,000g

using 500ml pots with metal screw tops.

The supernatant liquid from this step was filtered
through glass wool to remove lipid and fibrous material
and the clear liquid adjusted to pH5 with 1N acetic acid.
Below pH 6 a heavy preeipitate was formed, and, after
allowing the solution to stand at pH 5 for about 15 min.,
the precipitate was collected by centrifugation at

14,000g for >uUmin,

The protein pellets were washed out-of the centrifuge
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pots with 100mM sodium glycerophosphate, 4md LEDTA, 30mM

NaF (pH 8), using about the same volume as the pellets.

A further amount of 50mii glycerophosphate, 2mil EDTA,

15mM NaF (pH 7) was added to a rinal volume of about

240ml per Kg of muscle used., The protein precipitate

was then dispersed using a 50ml teflon-in-glass homogeniser
to break up the insoluble material. This was followed

by a 90 minute centrifugation at 30,000 rpm in a Spinco
Model L centrifuge (lio. %0 rotor). The supernatant

liquid was recentrifuged for a further 240 min. in a

No. 40 rotor at 40,000 rpm.

After discarding the supernatent, 0.5ml of 50mll
glycerophosphate, 2mi EDTA, 15ml NaF (pH 7) was added to
each tube and the tubes left at 49& for 8 hours. Any
pelleted material which had not dissolved after this tine
was broken up with a glass rod and the contents of the
tubes transferred to a 50ml conical flask. Bach tube
was washed with a further O0.5ml of buffer and the washings
added to the flask. The contents of the flask were

stirred at room temperature for about an hour to disperse

aggregated material.

The cloudy liquid was heated in a water bath set at
70°C s the temperature of the enzyme preparation being
kept between 55°C and 60°C for 5 minutes. ‘'he heat
aggregated protein material was then centrifuged off
using a No. 50 rotor at 15,000 rpm for l5minutes ang

the supernatant solution collected, A volume of ammonium
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sulphate solution (saturated at 4.°¢) equal to two thirds

of the volume of the supernateant was added and the light
precipitate which formed was removed by centrifugation
at 15,000rpm for 15 minutes. A further amount of
ammonium sulﬁhate solution is addecd to a final volume

( ammonium sulphate plus heat treatment supernatant)
equal to twice the volume of the supernatanti. The heavy
precipitate is collected by centrifuzation at 15,000 rpm
for 15 minutes. The pellets are resuspended and homogen-
ised in about 4 to 5 ml of 50% saturated ammonium
sulphate/50% glycerophosphate buffer, pH 8 with a teflon-
in-glass homogeniser., This suspension of PFK Wwas stored
at 4°C, and used, after dialysis to remove ammonium

sulphate, in the studies described in this work.

In order to make optimum use of centrifuge time,
about 1.5%Kg of muscle is required, which can be obtained
from two medium sized rabbits, %otal body weisht about
5Kg: This material, after homogenisation and extraction,
£ills 10 Sorvall pots. After adjustment to pH 5 , the
volume of solution is accomodated in 8 pots, making a
total of 3 Soirvall runs. The suspended precipitates are
taken up in 240ml of buffer per Kz of muscle which

requires the use of one No. 30 roter and two No. 40 rotors.

An attempt was also made to prepare PFK by the

. : 36

isopropanol precipitation method of Kemp and Forrest (1968).
Although this method gave enzyme of quite high activity,

the sedimentation pattern showed large amounts of slow
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sedimenting material similar to that present in the enzyme

)

Table 2.1 - Activity of PFK durin; the preparation.

purchased from Boehringer.

fraction Total activity/l.2Kg muscle
This work Parmeggiani et al
First extract 76,000 units 120,000 units
Acid ppt. 34,000 " 58,000 "
50,000rpm snt. 31,000 " 47,000 !
40,000rpm ppt. 28,000 " 38,000 "
Heat treatment - , :
supernatant. 15,000 ' 5%,000 '
(NH4)£SO4 ppt. 11,000 " 26,000 "

The yield of enzyme was always lower than that renorted

by Parmegsiani et al (l966)i although the specific activity
of the second ammonium sulphate fraction was the same (150-
160 units/mg). On average, about 40 to 50 mg of PirK per
Kg of muscle were obtained. The results of a typical |
preparation are shown in Table 2,1 above., There is a

lower initial activity, possibly caused by the longer time
required to homogenise the muscle in small batches. There
also appeared to be a greater loss of activity at the

heat treatment stage.

nzyme preparations were kept at 4°C as the amnmonium
sulphate suspension (505 sat.(NH4)d804, 50mi slycerophosphate
2nM EDTA, 15ml NaF (pH 8).) and were normally used within
two months of preparation. Loss of activity was less than

105, during this time. The enzyme crystallised as hexa onal
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microcrystals on slowly increasing the concentration of
ammonium sulphate in the presence: of 2mM ATP.

As mentioned previously, the sedimentation pattern
of the enzyme prepared by the method described above
was very similar to those described by other workers.
The amino acid analysis and spectrum (see Below) also

agreed quite well with those reported in the literature.

i
mX%o Acid Analysis.of PTK.

The analyses were carried out using a Locarte [ini
Amino Acid Analyser by the method of Spackman, Stein
and Loore (1958)3.‘7 The protein was hydrolysed by heating
in sealed glass tube&at]ﬁDOC with 50 Aristar hydrochloric
acid; Duplicate samples were measured, and hydrolyses
were carried out for 24 and 72 hours to correct for the
loss of acid-labile amino acids. This was done by
extrapolation to zero time of hydrolysis asguming rirst
order kinetics for the degredation of the amino acids,

The results are shown in Table 2.2 which also includes
the analyses which have been published by Paetkau et al4
(1968) and Parmeggiani et al (1956).

The agreement between the three andlyses is good Ior
most of the residues, al%hough there are some differences,
The proline figure obtained in this work supports that of
Paetkau et al, whereas the values for aspartic acid and
alanine are closer to those obtained by Parmeggiani et al.

The values for isoleucine and leucine obtained in this
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work were lower than the values reported; there did not

secm to be any obvious explanation for this.

Table 2.2 - Amino Acid Analyses of Rabbit kiuscle PTK.

Residue lioles per 100,000g5 protein recoveredj‘
B This work Paetkau 4 Parme —iani’
Aspartic Acid 83.8¢1 88.0 8l.2
Threonine 2 64,045 57.0 05.3
Serine © 50.745 46.5 42.0
Glutamic Acid 82.91 85.8 8549
Proline 39.8%2 3742 28.6
Glycine 98.011 9%.9 94,7
Alanine 82.5%1 68 .4 77«8
% Cystine © 17 445 19.0 18.2
Valine 72,741 70.0 68.5
lMethionine < 19,144 2%.6 25.8
Isoleucine 44 ,9+¢1 52.1 52.0
Leucine 62.9+1 7%.8 77 oL
Tyrosine 17.5¢1 19.1 13.6
Phenylalanine 51.1+1 2.4 54.0
Tryptophan 2 12,521 13,2 13.81
Histidine 22.1%1 21 .6 2245
Lysine 49.5¢2 48.6 47 4
Arginine 61.0tl 60.3 61.7
Amide 50410 - 638

1. Not including the ammonia peak.

2. Extrapolated to zero time of hydrolysis.

3, Determined spectroscopically by the method of
Goodwin and lLiorton (1946)38

4, Bstimated from the ammernia released during
hydrolysis.

Yhe e arhhzélchvlf'léa M. Bl £%“4455L

,@c@_q)é,t,( 4 6M
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The number of amide sroups was estimated from the amount

of ammonia released during hydrolysis, corrected for tine

ammonia produced by the decomposition of labile amino acids.

It can, therefore, be only an approximate value. The

value reported by Parmaggiani et al was obtained by alkaline

hydrolysis. No value for amide was reported by Paetkau et al.
Two anomalous peaks were observed in the chromatograms.

A very small peak between methionine and isoleucine was

probably allo-isoleucine, but the other peak which was

about equal in size to the methionine peak and eluted just

in front of aspartic acid, was not identified.

\'s
egr U.V., Spectrum of PrK.

The spectrum between 240nm and 320nm was measured with
a Unicam SP800 spectrophotometer and is shown in Fig.2.3.
The shape of the spectrum, with a shoulder at 290unm, a
peak at 279nm and a trough at 249nm, agrees with the spectrum
described by Parmeggiani et al. %They obtained a 279/249nn
ratio of 2.3 compared with the value of 2.254£0.1 from this

work.

(vi)

Protein Concentrations.

%
These were based on.Eon= 9.1 for aldolase (Szabolcsi and
39 i ) 5
Biszku, 1961) and §£;= 10.2 for PFK (Parmeggiani et al, 1966)

Scattering corrections were made, when necessary, by

extrapolation of a log-log plot of the optical density
40
above 320nm to shorter wavelengths.(Doty and Steiner, 1950).
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-
2r -
o ] | ) L A 1
250 260 270 280 29Q - 300
- . | Wavelength (nm)
Fig., 2.3, :Z'fNear-UV spectrum of PFK in 0.1lM tris-phosphate

10mM 2-mercaptoethanol, pH 8. (Corrected

for scattering).
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Chapter 3. Methods of Enzyme Assay and Results.

-

(A) PFK.

As extensive work has been done in other laboratories
on the kinetics of PFK, the measurement of PFK activity in
this work was confined to the characterisation of the
enzyme preparation, to the establishment of conditions
for inhibition and activation and to the investigation
of whether the activity is related to the association or

dissociation of the enzyme.

(i) Methods of Assay.

Two methods were used for the measurement of enzyme
activity. Routine assays were carried out using a method
based on that of Parmeggiani et al (1966)5 . The PFK
reaction is coupled via aldolase and triosephosphate
isomérage:to:the glycerol-l-phosphate dehydrogenase

reduction of dihydroxyacetone phosphate, as shown below.

F-6-P + ATP -——ﬁg%:————%FDP + ADP

Fpp =2LD_—  G_3.p 4+ DHAP

G"‘B"P L.'];‘.I_I.V[___._; DH'_AP

G-~1-PDH

ODHAP + 2NADH + 2H' - 2G-1-P + 2NAD"

The following solutions were made up: -
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Solution A 4OQﬁg/ml aldolase

(NH4)2so4 suspension

100ug/ml  G-1-FDH diluted with H.0

4qu/ml TIM

Solution B 0.05M glycyl-glycine buffer, pH 8.2
2mM EDTA

0,01 % Bovine Serum Albumin

O.5mM ATP

25mM 2-Mercaptoethanol
Solution C 0.1M glycyl-glycine, pH 8.2

1mM EDTA
0.02% BSA

18mM Magnesium Acetate,
2.5mM ATP

mM F-6-P (disodium salt)
O.9mM NADH , 50mM 2-Mercaptoethanol.

The appropriate amount of PFK solution was diluted with
solution B, and 0.25ml of this solution added to 0.25ml of
A and 0.25ml of C in a 1lml, lcm pathlength cuvette. The
activity is calculated from the change in optical density
at 340nm, taking a value of AO.D. = 2,07 for the oxidation
of l/umole of NADH.

The second method of assay, which was used to
measure the glucose-l-phosphate activity of PFK, and the

activating effects of F-6-P and FDP follows the reaction
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scheme: =

PF
(G-1=P) F-6-P + ATP Mgﬁ —(GDP) FDP + ADP

ADP + PEP —2X __ § ATP 4+ Pyruvate

LDH

Pyruvate + NADH + HY — L-Lactate + NaD'

The following assay solutions were used: -

Solution A 20/«g/ml Pyruvate Kinase (1\11{4)804 susp

50lqg/ml Lactate Dehydrogenase) ( dil, with'Hzo

Solution B 0.05M glycyl-glycine, pH 8.2

or O.,O5M imidazole, pH R.0O
2mM EDTA
0.01 % BSA
0.5mM ATP
25mM Z2-Mercaptoethanol

Solution C 0.1M glycyl-glycine, pH 8.2

or O.l1M imidazole, pH 7.0
1mM EDTA
0.02% BSA
5mM G-1-P or ®-&6-P
18mM Mg++
3mM phosphoenol  pyruvate
0.9mM NADH
50mM Z2-Mercaptoethanol

As before, the PFK was diluted with B and added to a 1lml

cuvette containing A + C. In both assays, the oxidation
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of NADH was measured at 25°C with a Beckman DB spectro-

photometer, using a reference cuvette containing the assay

mixture minus the enzyme.

(ii) Inhibition and Activation of PFK.

The non-Michaelis Menton kinetic behavior of PFK
has been well established by other workers?7&§£e prepar-
ations of enzyme used in this work also showed non-hyper-
bolic activity v. substrate concentration curves. There
was marked inhibition by ATP at concentrations greater
than 1lmM as shown in Fig. 3.l1l. Enzyme which had been
partially inhibited by ATP gave a sigmoid curve of activity
with increasing F-6-P concentration (Fig. 3.2). In each
case, aldolase was present in the assay mixture to remove
the FDP produced. FDP was found to reverse completely the
inhibitory effect of ATP, the concentration required being
less than O.1lmM at pH 7. These results are essentially

6
the same as those obtained by Passoneau and Lowry (196Q).

(iii) The effect of association at high enzyme concentration

PFK is known to undergo self-association at concen-
trations greater than 0.5mg/ml (see Chapter 4) and it is
possible that this could alter the enzyme activity. The
F-6-P activity is too high at this concentration to be
measured by normal spectrophotometric methods. Stopped-
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