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ABSTRACT



EFFECT OF REDUCTIVE ALKYLATION ON THE STRUCTURE AND.ACTIVITY
OF GLYCOGEN PHOSPHORYLASE b
by
Morley Allan Shatsky

ABSTRACT

Reductive alkylation of proteins using aliphatic aldehydes and
sodium borohydride was developed by Means and Feeney (1). Reductive
alkylation was shown to stabilize glycogen phosphorylase b against
thermal and cold denaturation (2). The mechanism of this stabilization
has been studied uging aliphatic aldehydes with varying chain lengths.
The modified enzymes have been characterized to learn the effect of
modification on the structure and activity of the enzyme.

Glycogen phosphorylase b was modified with aldehydes ranging
from the 2 carbon acetaldehyde to the 7 carbon heptanal. The enzyme
was exposed to 0;5% aldehyde fo; 10 minutes after which sodiqm borohydride
was added. The stable enzyme derivatives were purified by exposure to

50°C for 1 hour.

The stability of the enzyme derivétives was observed to be a
~function of the aldehyde chain length. The maximum stability was conferred
to the enzyme by using aliphatic aldehydes with hydrocarbon chain lengths
greater than 3 -CHy units. Compounds with lower chain lengths gave less

protection to the enzyme.

Hydrophilic compounds such as methylglyoxal and glyceraldehyde
offered no protection.to phosphorylase b. These results suggest the
-importance of the hydro?hobic moiety in conferring protection to the

enzyme.



One of the most important features of reductive alkylation is
its unique ability under mild conditions to specifically modify lysine
& -amino groups without altering the protein confermation (1). Less than
10% of the lysine residues of phosphorylase b were modified by the various
aliphatic aldehydes, The modified proteins probably had the same
conformation as the native form, since they could be crystallized and their
ultraviolet absorption spectra, sedimentation properties and catalytic
efficiency were similar to the native enzyme.,

Although the gross conformational state of the modified-enzymes
differed little from the native enzyme, studies of the allosteric properties
of these enzymes indicated that in some cases subtle disturbances in the
conformation might have taken place, Both hexanal-modified phosphorylase b
and heptanal-modified phosphorylase b possessed no AMP homotropic cooperativity.
In addition the affinity of AMP for the enzymes was significantly greater
in these enzyme derivatives than with respect to the native and other
modified-enzyme preparations. Thus the hydrophobic groups appear to play

a role in subunit interactions as well as in stabilization of the enzyme.
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I. INTRODUCTION

1. Purpose of the study

Native phosphorylase b is labile to hot (2) and cold (3) extremes.
The enzyme can be stabilized to these adverse environmental conditions
by reductive alkylation (2). Previously, Wang and Tu (2) conducted
preliminary modification experiments with monofunctional aldehydes such
as propionaldehyde and butyraldehyde and the bifunctional aldehyde,
glutaraldehyde. The present study examines the monoaldehyde modification
of phosphorylase b. A variety of simple aliphatic aldehydes and the
effect of these aldehydes on enzyme stability with respect to hot and
cold extremes was studied. The optimum aldehyde concentrations necessary
in protecting the enzyme were determined.

One of the prime objectives of this project was to study
hydrophobicity as a factor in the preservation of protein configuration.
The aldehyde-modified enzyme served as a model system-for the study of
hydrophobic interactions. We attempted to determine if the aldehyde carbon
chain length was an important factor in stabilization and if so what the
optimum chain length was. Reductive alkylation provided a simple
mechanism by which the degree of hydrophobicity introduced into the
enzyme could be controlled by the choice of aldehyde used.

Certainly one of the objectives of chemical modification is
to determine the role of certain amino acid residues as functional parts of
catalytic and allosteric sites. Since reductive alkylation is specific for
lysine residues (1), the modified enzymes were studied with respect to
their allosteric and catalytic properties to establish the role of the

modified lysine residues in phosphorylase b. Wang et al (2) observed



that phosphorylase b when modified with the bifunctional reagent,
glutaraldehyde, was devoid of AMP homotropic cooperativity yet still
possessed a great deal of affinity for AMP. We attempted to determine
whether the bifunctional character of the four carbon glutaraldehyde
and/or the carbon chain length were critical factors in abolishing the

cooperativity.

2. Organization of the thesis

Four main sections, Literature Review, Experimental Procedure,
Results and the Discussion comprise the thesis. The Literature Review
includes physical, chemical, catalytic and allosteric properties of glycogen
phosphorylase b, chemical modifications of proteins and finally the
mechanism of cold and heat denaturation of proteins. The Experimental
Procedure section is subdivided into two parts which consists of the
Materials and the Methods. The third section of the thesis presents the
results of the experiments. The Discussion attempts to explain how the
aldehydes stabilize the enzyme against heat and cold denaturation, their
involvement in intra- and intermolecular interactions and the importance

of hydrophobicity in maintaining protein conformation.
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IT. LITERATURE REVIEW

During the last few years numerous papers and reviews (4-8)

have been published dealing with glycogen phosphorylase from rabbit skeletal

muscle.

1. Properties of Glycogen Phosphorylase b.

This section of the literature review will be concerned with
the physical, chemical, catalytic and allosteric properties of

phosphorylase b.

a) Physical and Chemical Properties

Glycogen phosphorylase from rabbit skeletal muscle was first
reported in the literature by the Coris (9-11) and consisted of two
enzyme forms designated a and b. It was in the 1940's that phosphorylase
a was crystallized from the rabbit muscle (12-14). Phosphorylase b was
not crystallized until 1958 by Fischer and Krebs (15). The two forms of
phosphorylase were found to be interconvertible by phosphorylase b kinase
(16, 17) and specific phosphorylase phosphatases (18, 19). Only
phosphorylase b will be discussed in this thesis.

Phosphorylase b has been reported to possess a molecular weight
of 177,000 (20, 21) and 185,000 (22) with an 520,w value of 8.2S.
Irrespective of the molecular weight, modification of the cysteinyl residues
of the enzyme with PCMB dissociated the enzyme into two identical monomers
(23, 24). Thus phosphorylase b is thought to be dimeric in nature. From

sedimentation data carried out in 7.2M guanidine hydrochloride, the monomeric



- subunit of the enzyme'was foﬁnd.to consist of a single polypéptide chain
pf molecular weight 92,500 (25). With respect to the single polypeptide
chain, no amino or carboxy-terminal groups have beenAdetected in rabbit muscle
phosphorylase b. Based on the occurrence of other known amino-terminal
_blocking groups in mammalian proteins, it appears likely that the amino
blocking residue in phosphorylase is a pyrrolidone carbexylic acid
derivative.. The latter could be generated by the cyclisation of aﬁ amino-
'terminal glutamyl residue (26)., While blocked amino-terminal groups are
frequently observed in proteins, the apparent lack of a carboxy-terminal
residue is more unusual.

Zarkadas et al in 1968'(27) showed that there was a minimum of
8 and a maximum of 9 sulfhydryl group sequences in the subunit of
phosphorylase b. These sulfhydryl groups account for the total 1/2
cystine content of the enzyme which would indicate that no disulfide
bonds are found. From alkylation studies using iodoacetamide, Zarkadas
et al (28) proposed that 2 sulfhydryl groups were exposed on the surface
of the enzyme and 2 other sulfhydr?i groups were thought to be associated
with enzyme activity and subunit interactions in phosphoryiase b. The
remaining 5 sulfhydryl groups in the monomer were thought to”be‘buried.

Perhaps the most notable characteristic of phosphorylase b
is its multiplicity of sites all involved in determining or controlling
activity of the enzyme. In 1957 Madsen et al (29) found 2 AMP binding
sites/mole of phosphorylase b. The same 2 sites bind ATP, an inhibitor of
phosphorylase b. Two moles of PLP/mole of enzyme were noted by Cori et al
(30). It is not known why PLP is essential for phésphorylase b activity,
however its removal results in loss of enzyme activity»(é, 30, 31). 1t

appears that PLP which is covalently bound to the €-amino group of a lysine



' reSidue (6, 32, 33) is involved in maintaining the conformational stability

of the enzyme since its removal results in dissociation of phosphorylase b

to form monomers. When two moles of phosphorylase b were converted to
phosphorylase a in the presence of phosphorylase kinase, four phosphate residues
were introduced into the enzyme at specific serine residues (34). In

addition to the nucleotide, PLP and phosphorylated sites mentioned, there is
also the catalytic site to which glycogen, Pj, énd G-1-P bind as well as
inhibitors such as glucose. Nothing is known about the amino acid residues
which form the catalytic site. Finally there must be several secondary

sites on the monomer which are responsigle for subunit assembly of the

molecule.

b) Catalytic Properties

‘Phosphorylase b catalyzes the phosphorolysis of & -1-4-glucosidic

bonds from glycogen releasing G-1-P (8, 35 -37). The reaction is as follows:
Glycogen(n 4 1) + P; &—> G-1-P + Glycogen(p)

where n represents the nuﬁber of glucosyl residues in the polysaccharide.
In spite of the extensive studies on the mode of action of
phosphorylase b, no detailed information exists as to the exact mechanism
of catélysis. It is known that in vivo glycogen degradation is favoured.
The relatiﬁely high P;/G-1-P ratio which is known té exist in most animal
tissues (38) does not allow the phosphoryiase reaction to proceed in the
direction of glycogen synthesis. In vitro, the reaction has been shown to
be freely reversible where the P;/G-1-P ratio at pH 6.8 is 3.6 indicating

that glycogen synthesis is slightly favoured (4, 30). Unlike phosphorylase a,



phosphorylase b has an absolute requirement for AMP for activity (12, 39).
Structural specificity studies (40, 41) have shown that the 5'monophosphate
was essential for activation while the 2'hydroxy ribose group was important
for binding as well as activation. The amino group at position 6 and the

imidazole moiety of the purine ring appeared to be important for binding.

c) Allosteric Properties

Phosphorylase b has many of the properties of allosteric proteins
as predicted by the model of Monod et al (42). The enzyme consists of
identical subunits (27). The enzyme activity can be controlled by effectors
whose molecular structure is unlike that of the substrates or products.
Evidence by various authors (43-45) has shown that binding of effectors like
AMP produces conformational changes. In recent years, the effect of AMP
and other metabolites on the kinetics of phosphorylase b have been studied
to determine the allosteric transition mechanism. Currently there is
some dispute whether the allosteric mechanism of phosphorylase b can be
explained by Monod's model or by Koshland's sequential model (46). No
attempt will be made in this thesis to show whether the kinetics of muscle
phosphorylase b can be best described by one or the other model.

Summary of the Allosteric Properties of Phosphorylase b

AMP binding

1. AMP exhibits homotropic cooperation (47).

2. AMP binding results in enhanced affinity of the enzyme towards Pi
(48, 49) and G-1-P (48, 50).

3. AMP induces active conformation and aggregation to the tetrameric
form (47, 51, 52).

Substrate binding

1. Homotropic cooperation occurs between G-1-P molecules in the presence



of ATP (50).
2. Homotropic cooperation occurs between Pi molecules as the AMP concentration
is decreased. This also occurs in the presence of G-6-P and ATP (48).

Inhibitor binding

1. ATP exhibits increased homotropic cooperation as the concentration of
Pi or AMP is decreased (48).

2. G-6-P and AMP show negative heterotropic interaction (53).

2. Chemical Modification of Proteins

There have been a number of reports which are concerned with
modification of certain proteins by the introduction of a hydrophobic .

moiety.

a) Modification of HSA and BSA

In. 1948, Duggan and Luck (54) observed that certain organic
anions in appropriate concéntrations prevented the rise in viscosity of
BSA by 6M urea. SDS, a reagent which consists of hydrophobic as well
as hydrophilic moieties, was found to be most effecﬁive in small
concéntrations. Markus’gg_gl (55) suggested that the native conformation
of BSA was stabilized in part by detergent bridges between the hydrocarbon
residues of SDS and the nonpolar groups of the protein, which are located
in crevices formed_by the folds of the tertiary structure.  In addition,
the authors noted that electrostatic interactions between -SOL of SDS and
"NHg of th? lysine residues in the protein are also involved in stabilization

of BSA upon exposure to 6M urea. However, the importance of hydrophobic

interactions should be stressed since it is one of the strongest stabilizing



factors in maintaining protein conformation (56).

Further evidence to support the importance of hydrophobic groups
in stabilizing native conformation was supplied by G, Baliou et al (57).
The authors studied the effect of salts of fatty acids on HSA with respect
to their thermal stability. They observed that the fatty acid salts
conferred stability to the enzyme and that the chain length of the fatty
’ acid salt was a factor in determining the degree of stability. The.binding
en;rgy associated with the binding of fatty acid salts to BSA was found to
increase markedly with the length of the hydrocarbon chain used (58).

" b) Modification of trypsin and chymotrypsin

Epstein 35_31 (59) intréduced varying amounts of alanine
into the structure of trypsin and chymotrypsin producing poly-DL-alanyl
trypsin and poly-DL-alanyl chymotrypsin., The derivative formed by the
introduction of the hydrophobic moieties showed a marked resistance to
‘inactivation upon heating at 3800 compared to the native enzymé forms.
The proteolytic and esterclytic activities of the two derivatives were

preserved,

c) Aldehyde modifications of proteins

- Means and Feeney treated protein solutions with low
concentrations of simple aliphatic aldehydes as well as ketones (1).
Formaldehyde and acetaldehyde were the aidehydes used in the alkylation
of RNase, iqsulin, O-chymotrypsin and other proteins. The authors foﬁnd
that upon amino acid ahalysis only one type of amino acid was modified
in these proteins by reductive alkylation. When formaldehyde and

acetaldehyde were used as modifying reagents and the modified proteins



subjected to amino acid analysis,E—N, N-dimethyllysine and E-N—monomethyllysine
respectively, were thé only amino acid derivatives formed. Both derivatives
were stable in 6M’Hci{at 110°C for 22 hours. It was observed that sodium
borohydride had to be added so that appreciable amounts of the lysine
derivatives were found. Reductive alkylation of the proteins occurred

with minimal changes in the gross physical properties. The ﬁechanism

for reductive alkylation presumably involves the formation of an intermediate
Schiff base, the reduction of which yields the corresponding alkyllysine.

The aliphatic carbonyl compounds were found to bind covalently as their

alkyl groups to the B-amino groups of lysine iﬁ proteins. Although

exposure of RNase to formaldehyde and acetaldehyde resulted ih significant
activity loss, in general exposure to low concentrations of carbonyl

compounds is not harmful to proteins,

d) Chemical modification of phosphorylase b

Little work hésvbeen undertaken in the chemical modification
of phosphorylase b. The effect éf chemical modification of lysine groups
on the structure and activity of phosphorylase b was carried out by Huang
and Madsen (60). They showed that phosphorylase b was inactivated by KCNO
whiﬁh resulted in the modification of 20 amino groups. Sedimentation
information showed that é-partial diséociation occurred, Philips and Graves
(61) observed that comblete inactivation of phosphorylase b oécurred after
dinitrophenylation of 4-5 lysine residues., Chemical modification has been
used to study the role of the sulfhydryl groups in phosphorylase b
(24, 27, 62). '

The'prcject which is described in this thesis derived its roots

from the work of Wang and Tu (2, 63). The authors incubated phosphorylase



b in the presence of .05% glutaraldehyde, a bifunctional reagent and
produced an enzyme form which still possessed activity., The form was stable
to heat, cold and urea inactivation and possessed different allosteric
properties than native phosphorylase b. As in Feeney's work (1) sodium
borohydride was essential for the modification. The enzyme after
modification was by gel electrophoretic criteria heterogenous, Heating
at 50°C for 5 hours resulted in denaturation and precipitation of 90%

of the enzyme. Gel electrophoretic analysis of the remaining protein,
which consisted of thermally the most stable enzyme species, indicated a
degree of purification had been achieved. Gel electrophoretic analysis
showed only 1 major and 1l minor protein component.

Various methods were employed to quantitate the modification.
Titration with TNBS, and amino acid analysis indicated that the modification
was specific for approximately 10% of the lysine residues., Titration of
the enzyme with DTNB suggested that sulfhydryl groups had not reacted.

Phosphorylase b was also modified with monofunctional aldehydes
such as butyraldehyde and propionaldehyde by the same authors (2). The
enzyme was modified with 1% and 3% aldehyde concentrations using the same
procedure as in the glutaraldehyde modification. The purification procedure
was also similar. Preliminary results indicated that the modified enzymes

possessed heat stability.

3. Theory of Cold and Heat Inactivation of Phosphorylase b

Since the thesis discusses the stability of aldehyde treated
phosphorylase b under conditions of cold and heat exposure, the mechanisms

of denaturation by cold and heat will. be considered.

10,



11.

a) Cold Inactivation

It has been shown that exposure of protein molecules to cold
temperatures can disrupt their native conformations (64, 65), The
instability of phosphorylase a in high ionic strength solutions below
pH 7.0 during dialysis at 3-4°C (66) prompted an investigation of the
effect of cold temperature on glycogen phosphorylase b, Graves et al
(3) found phosphorylase b to be more sensitive to storage at 0°C than
20°C in .04M glycerophosphate-.03M-cysteine buffer at pH 6.0. After
storage at cold temperatures, enzyme activity was lost and inhomogenous
material was detected in the ultracentrifuge., 1In addition a blue shift
occurred with respect to pyridoxal phosphate absorbance. Inactivation
could be reversed by warming. At pH 6.8 in the glycerophosphate-cysteine
buffer little enzyme activity is lost by exposure to 0°C. TInactivation
of phosphorylase b was slowed by glycogen, pyridoxal phosphate, AMP, ATP
and organic solvents. A number of authors (67, 68) have shown that
hydrophobic interactions are sensitive to cold temperatures, It is known
that these interactions are one of the most stable forces in maintaining
protein conformation (56). It is quite likely that the cold temperatures
cause the protein to unfold because of the disturbance of hydrophobic bonds.
The disruption of hydrogen bonding between peptide groups and hydrogen
bonds other than those between peptide groups, ion bond pairs and other
electrostatic forces are also thought to be involved in cold denaturation
of proteins. It is thought that enzyme activity is lost because of a
conformational change and as a result the prosthetic group is exposed to
a more polar enviromment. The reversibility of the inactivation would
indicate that little PLP is lost., However some PLP may be lost because

. PLP when added to cold inactivated phosphorylase b results.in some degree



of reactivation. The lack of sensitivity to cold at pH 6.8 in buffer
suggests that other forces are involved in stabilizing the protein

conformation.. The mechanism of cold inactivation is still uncertain.

b) Heat Inactivation

The theory regarding thermal denaturation of proteins is thought
to be similar to the mechanism proposed for cold mediated denaturation
of proteins. As mentioned previously the importance of hydrophobic bonds
have been eétablished. Generally the non polar groups and slightly polar
groups are largely buried in the molgcuiar intérior and are out of contact
with the solvent (69). The hydrophobic bonding reaction as it pertains
to heat or cold denaturation studies, involves the transition of a non
polar or slightly polar side chain from its folded state in the protein
interior to its unfolded state in water. A disruption of hydrogen bonds
and electrostatic interactions involved in maintaining the secondary and
tertiary structure of the protein will also occur and results in unfolding

of the protein, .

12,
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III. EXPERIMENTAL PROCEDURE

1. Materials

a) Chemicals

Cysteine hydrochloride, sodium glycerophosphate, glucose-1-P,
shellfish glycogen, AMP, DL-~glyceraldehyde, methylglyoxal and TNBS were
obtained from Sigma Chemical Company. Glycogen was purified with Norit A
according to the procedure of Sutherland and Wosilait (70). Sodium
borohydride and ammonium sulfate were purchased from Fischer Scientific
Company. Chemicals for gel electrophoresis were from Canalco Ind. Co.
with the exception of Amido Black which was obtained from Matheson Coleman
and Bell. Acetaldehyde, butyraldehyde, valeraldehyde, hexanal and heptanal
were purchased from J.T. Baker Chemical Co. Propionaldehyde was obtained

from Matheson Coleman and Bell. The ninhydrin was purchased from Biorad.

b) Preparation of Phosphorylase b

Phosphorylase b was purified from commercial frozen rabbit
muscle (Pel-Freeze Biologicals, Inc., Rogers, Arkansas) by the method of
Fisher and Krebs (71, 72). Phosphorylase b preparation was crystallized
three times before use and treated with Norit A to remove nucleotides

and other impurities (73).

2. Methods

a) Protein concentration

Phosphorylase concentrations were determined spectrophotometrically



at 280my . An absorbancy index of 11.9 (74) for a 1% enzyme solution was

used.

b) Phosphorylase b assay

Routine enzyme activity measurements were carried out in the
direction of glycogen synthesis as described by Illingworth and Cori (74).

0
The assay time was 5 minutes and the activity was measured at 30 C.

¢c) Modification procedure

The procedure used is a slight modification of that of Wang
and Tu (2). Phosphorylase b was dialyzed overnight in .04M glycerophosphate
buffer, pH 7.5, prior to modification. The protein concentration was
adjusted to approximately 15mg/ml. The enzyme preparation was incubated
on ice with various concentrations of aldehydes on a v/v or w/v basis.
At times it was necessary to dilute the aldehyde in ethanol prior to
modification to achieve the correct aldehyde concentration. Control
experiments were conducted to insure that the ethanol was not responsible
for the altered properties of the modified enzymes. After a 10 minute
incubation of enzyme and aldehyde, an equal volume of 2mg./ml. of NaBH,
in .3M glycerophosphate buffer, pH 7.5, was added. The addition of NaBHy
was repeated 20 minutes later. The modified enzyme preparations were
dialyzed overnight in .04M glycerophosphate-.03M-cysteine buffer at pH 7.0.

Modifications performed without the addition of NaBH, were not successful.

d) Purification of the modified enzyme preparations

The modified enzyme preparations were initially concentrated

by adding neutral and saturated QNHA)ZSO The pellet was dissolved

L



15.

in .,04M glycerophosphate-.03M-cysteine buffer, pH 7.0 and dialyzed
overnight in the same buffer to remove the (NH,),S0,. The concentrated
modified enzyme preparations were then heated for 1 hour at SOOC. The
soluble enzyme remaining is known as the purified preparation. The impure

enzyme preparations refer to the modified enzyme which has not been heated

for 1 hour yet is devoid of NaBH4 and excess aldehyde.

e) Heat inactivation of the modified phosphorylase b preparations

The procedure is similar to that used by Wang and Tu (2) except
that the enzyme (2-5mg./ml.) was diluted 25-150 fold in .04M
glycerophosphate-.03M-cysteine. The routine substrate employed in the

assay contained 2% glycogen, 32mM G-1-P and 5mM AMP.

f) GCold inactivation of modified phosphorylase b

The time course of cold inactivation was slightly different
from that employed by Wang and Tu (2) as outlined by Graves et al (3).
The enzyme (2-5mg/ml.) was diluted 25-150 fold in .04M glycerophosphate-
.03M-cysteine, pH 6.0 and the test tubes were placed on ice. At various
times aliquots (.2ml.) were removed and added to test tubes placed in a 30°¢
water bath. The aliquots were assayed immediately with the same substrate

used for assays of heat treated enzyme.

g) Titration of amino groups by TNBS

Enzyme preparations were dialyzed overnight in .04M
glycerophosphate-.001M-EDTA buffer, pH 8.5. Titration of amino groups
was according to the method of Habeeb (75). Protein concentration for

the native and modified enzyme preparations were almost identical.
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h) Ninhydrin titration

Enzyme preparations were dialyzed against two changes of .04M
glycerophosphate-.03M- QME—.IM—KCL buffer, pH 7.0, followed by two
changes of .04M glycerophosphate-.03M- %ME buffer, pH 7.0. Total time
for dialysis was 48 hours. Enzyme was titrated with ninhydrin solutions

as outlined by H. Fraenkel-Conrat (76).

i) Amino acid analysis

Amino acid analysis was performed on a Spinco automatic amino
acid analyzer. Enzyme samples were first dialyzed against two changes of
.IM KCL, followed by two changes of deionized water. Total time for
dialysis was five days. Hydrolysis of the protein was carried out at 110°¢C

in 6N HCL under vacuum for 24 hours.

j) Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis was carried out on 7%
gels at pH 9.5 and room temperature with the procedure of Ornstein (77).
Amido Black was used as the protein stain. The sample load was

approximately 100}Lg; the runs were 2 1/4 hours at 2.5mA/tube.

k) Ultracentrifuge experiments

Ultracentrifuge runs were performed on a Spinco Model E
analytical ultracentrifuge at a temperature of 20°C and a speed of
60,000 r.p.m. Sedimentation coefficients were determined with the aid

of a Nikon Model 6C microcomparator.

1) Ultraviolet absorption spectra

Enzyme (7-1lmg./ml.) contained in .04M glycerophosphate-.03M-



cysteine was diluted 15 fold and the U.V. absorption spectra was determined

manually using a Beckman DB U.V. and visible light spectrophotometer.

m) Determination of kinetic parameters

Km and K,, the affinity of G-1-P and AMP respectively for the
different enzyme preparations were determined by plotting the reciprocal

of the G-1-P or AMP concentrations against the reciprocal of the velocity.

17,
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IV, RESULTS

1, Optimum Aldehyde Concentration for Modification

To determine the optimum aldehyde concentration to use in the
reductive alkylation of phosphorylase b, the enzyme was treated with
varying amounts of butyraldehyde. Heat inactivation profiles for the
modified enzymes are illustrated in Fig. 1., 100% activity is the activity
of the enzyme at zero time% As can be seen the modified enzymes possess
significant thérmal stability upon heating at SOOC for up to 60 minutes.
VWith respect to their stabilities, .3%, .5%, .75%, and 1% butyraldehyde-
modified enzymes can be grouped together with .5% B.E. possessing the
highest degree of protection. .l1% and the native enzyme appear distinct
from the other group with respect to their thermal stability. The
modified-enzyme preparations were purified by heating for 1 hour at SOOC,
except for the .1% B.E. ﬁhich was only heated for 30 minutes. The same
experiment was performed with the enzyme that remained soluble. The results
can be seen in Fig. 2. Again the various enzyme preparations can be grouped

as a function of their stability towards heat denaturation. .3%, .5%, .75%

and 1% modified enzyme comprise one group while .1% B.E. and the native

* enzyme make up the two remaining groups. No particular modified enzyme appedrs
to be the most stable to heat denaturation on the basis of the experiments
conducted although .3%, .5%, .75% and 1% B.E.'s were grouped together and

were the most stable at all times. Similar experiments using the same aldehyde

1

Absolute values in terms of 0.D, units representing the original

660

activity for the enzyme preparations arergiven in the legends of the

first two Fig.'s.
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Fig., 1

The kinetics of heat inactivation for native phosphorylase b (&), |
1% (&), .3% (m), .5% (X), .75% (0) and 1% (o) impure butyraldehyde-modified
phosphorylase b preparations. Activity of phosphorylase b was plotted as
per cent original activity as a function of incubation time at 50°C.

Original activity of the native enzyme, o1%, .3%, 5%, .75% and 1% B.E.'s
in O'D’660 units/5 minute assay were .54, «59, .57, .45, .41, and .33,
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Fig. 2

Heat . inactivation for native enzyme (®) and purified preparations
of 1% (@), .3% (®), .5% (X), .75% (4A) and 1% (A) butyraldehyde-modified
phosphorylase b. Activity of phosphorylase b was plotted as per cent original
activity as a function of incubation time at 50°C. Original activity
of the native enzyme, .1%, .3%, .5%, .75%, and 1% B.E.'s in 0.D.g60

-units/5 minute assay were .52, .44, ,39,..74, .86 and ,58.



21

concentrations were conducted with acetaldeﬁyde and heptanal, The results
were similar to thoée obtained by the previously described experiments,
After purificatidn, a significant increase in stability occurred with all
heptanal modifications but with only the .5% A.E. The ;5% aldeﬁyde
concentration was used arbitrarily in subsequent modifications since this
concentration resulted in one of the most thermally’stable enzyme

derivatives.

2. Kinetics of the Heat Inactivation of Modified Phosphorylase b

Phbsphorylase b was modified with .5% acetaldehyde, propionaldehyde,
butyraldehyde, valeraldehyde, hexanal and heptanal. The resulting impure
enzyme derivatives were studied and compared with respect to their thermal
stabilities., Initially, diluted pqrtions‘of AE., B.E., HP.E. and P.E.
were heated‘up'to 1 hour. Samples were removed at various times and assayed.
The kinetics of heat inactivation can be seen in Fig. 3.~ The A-E-;“B°§': HP.E.
and P.E. abpear to be more stable to heat inactivafibn than fhe native
enzyme with B.E. and HP.E. possessing the highest stability among the enzyme
de:i&atives studied, |

To determine the degree of homogeneity, log. of activity versus
time of expoéure to SOéC was plottedi (Fig. 4). The B.E. and HP,E. in addition
to the native enzyme display a linear relationship bétween log. activity
and time. The P.E. and A.E. produced non linearity.

Heat inactivation experiments were aiso ﬁndertaken with V.E.
and HX.E. - (Fig. 5). The B.E. and P,E. were also included in this experiment
as "marker enzymes" so that thermal stability profiles of &1l enzyme

_derivatives could be compared. The valeraldehyde derivative possessed the
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- Fig. 3

Heat inactivation profiles for native enzyme (A) and impure
preparations of A.E. (a), P.E. (O), B.E. (0), and HP.E. (®). Activity of
phosphorylase b was plotted as per cent original activity as a function
of incubation time at 50°C.
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Data for native enzyme (®), A.E. (O), P.E. (@), B.E. (&), and
HP.E., (0) in Fig. 3 was expressed as log. per cent original activity as
a function of incubation time at 50°C.
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‘Heat inactivation prbfiles for native enzyme () and impure
preparations of P.E. (O), B.E. (0), V.E. (&), and HX.E. (@). Activity
of phosphorylase b was plotted as per cent original activity as a function
of incubation time at 50°C. ‘

| 24.



Y

highést degree of stability although B.E. and HX.E.kweré also highiy
rgsistant'to dena;uration. The results of a log.~activity‘yérsﬁs.time
plét are shown in Fig. 6. Note the linearity associated with V.E., B.E.,
HX.E. and the native enzyme in addition to the non linearity observed with
P.E.

The same enéyme preparations i.e. A.E., P.E., B.ﬁ., V.E., HX.E.
and HP.E. were studied after purification. The purificaﬁion procéduye
resulted in the preéipitation of 45-80% of the protein. The kine;ics of
heat inéctivation with respect’ to the purified enzyme species was studied
:(Fig.f7). ' The B;E.'is the_mos;'épable df the enzyme derivatives studied in
ghe experiment:‘.HP.E., P.E., A.E. and native enzyme.follow in decreasing
order of thermal stability. Log. activity versus time plots (SeebFig. 8)
indicate a linear relationship between log. of activity and time of
exposure to‘SOOC for all enzyme species studied. Note also the increased
stability of P.E. and to a small extent A.E., B.E. and HP.E. after
ﬁggification compared to Fig. &. |

‘Fig. 9 indicates that VtE. possesses the greatest level of
thermal stability followed by B.E., HX.E. and F.E. In comparison with
Fig. 5, the purification technique appeared to increase the stabilities
of HX.E. and P.E. but V.E. and B.E. sﬁébility profiles rem;ined for thev
most part unchanged. The log. activity versus time plot did.not change
appreciably after heating the enzyme preparations in the purificaticn
procedure and therefore was not included.

The kinetics of heat inactivation was studied over a &4 hour
period of time using ghe purified enzyme preparations (Fig. 10). Even
after a 4 hour exposure to 50°¢C an appreciable aﬁount of activity remains.

The graph allows for a direct comparison of all six modified enzyme
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Data for native phosphorylase b (), P.E. (O), B.E. (0), V.E. GO,
and HX.E. (@) in Fig. 5 was expressed as log. per cent original activity as

a function of incubation time at SQOC.
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Fig. 7

Heat inactivation profiles for the native enzyme (0), and
purified preparations of A.E. (e), P.E. (®), B.E., (&), and HP.E. (O).
Activity of phosphorylase b was plotted as per cent original activity
as a function of incubation time at 50°C.
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Data for the native enzyme (&), A.E. (o), P.E. (e), B.E. (a),
and HP,E. (O) in Fig. 7 was expressed as log. per cent original activity

as a function of dincubation time at 50°cC.



29.

100

(0]
Qo

[ &)

Ri%ﬁNAL éCTlViTY
o o 4

%0
o

0 N 1 i | e
10 20 30 40 50 60
TIME(MIN.)
Fig. 9

: Kinetics of heat inactivation for native phosphorylase b (&)
and purified preparations of P.E. (O), B.E. (&), V.E., (8), and HX.E. (O).
Activity of phosphorylase b was plotted as per cent original activity as
a function of incubation time at 50°C.
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Fig. 10

Heat inactivation of native phosphorylase b (X), A.E. (&), P.E. (&),
B.E. (O), V.E. (m), HX.E. (®) and HP.E., (0) over a 4 hour period of time.
Activity of phosphorylase b was plotted as per cent original activity as a
function of incubation time at 50°C.
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preparations. V.E., B.E.; HX.E. andiHP.E. differ only slightly in their
thermal stabilities ﬁhile A.E. and P.E. possess significantly more 1ébility
to heat denaturation than the other modified preparations.

The aldehyde-modified phosphorylase b preparations were also
studied with respect to their susceptibility to cold inactivation. Both
impure and purified preparations were subjected to cold temperatureg.

Only the profiles of inactivation for the purifiéd preparations will be
illustrated because of the similarity with respect to the impure enzyme
profiles. Fig. 11 indicates that hexanal, valeraldehyde and butyraldehyde
offer similar degrees of protection. Log. activity Ve;sus time plots
were linear for all enzyme preparations studied. Problems occurred when
A.E. and HP.E. were studied. More information will be contained.in the

Discussion.

3. Kinetic Parameters

The K,'s of the purified enzyme preparations for G-1-P were
studied (Table I). The Km's were obtained in 5 different experiments.
The constant for the native enzyme in e;ch experimenﬁ was calculated.

An AMP kinetic study was also,undertaken. (See Fig. 12). The
doubie reciprocal plots fof AMP activation were linear for HX.E. and
parabolic for B.E., V.E. and the native enéyme. The non linearity made
it difficult for the calculation of K,'s. AMP activation for A.E., P.E.
and thevnative enzyme (Figs. 13 and 14) resulted in parabolic curves
while HP.E. displayed linearity. The linearity is associated with an
absence of homotropic cooperation while the parabolic curves are

characteristic of homotropic cooperation. The Ka's for the different
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Fig. 11

Cold inactivation of native phosphorylase b (o), P.E. (B), B.E. (a),
V.E. (), and HX.E. (®). Activity of phosphorylase b was plotted as per cent
original activity as a function of incubation time at 50°C.
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Km's of the enzyme preparations for G-1-P

Table I

Experiment Enzyme Kmi (mM) Kmi (mi)
3

1. Native 6.1

AL.E, 7.0
2. Native 8.1

P.E. 9.0

V.E. 15.1
3. Native 7.0

HX.E. 9.0
4, Native 7.9

HP.E. 6.7
5. Native 8.6

B.E. 13.5

1,

'3

2

-Kmn and Kmm are the Michaelis-Menten constants for the

“native and modified enzymes respectively.

The variation

in the Kﬁ's is not thought to be significant,

33.m,w
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Fig, 12

Reciprocal plot for phosphorylase b (&), B.E. (¢), V.E. (&),
and HX.E. (&) with respect to AMP. Assay mixture contained 1% glycogen-
.016M G-1-P with varying concentrations of AMP.
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Fig. 13

Reciprocal plot for native phosphorylase b (), A.E. (4), and
HP,E. (@) with respect to AMP. Assay mixture contained 1% glycogen-,016M
G-1-P with varying concentrations of AMP..
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Fig. 14

Reciprocal plot for native phosphorylase b (®) and P.E. (B) with
respect to AMP. Assay mixture contained 1% glycogen-,016M G-1-P with vary-
ing concentrations of AMP,



enzyme preparations were calculated (See Table II). HX.E. and HP.E. appear
to have tﬁe lowest constants and therefore the greatest affinity of AMP

for the enzyme. The other constants were similar or slightly highervthan
thoselof the native enzyme.

Table III indicates the effect of aldehydes with respect to
inhibition of phosphorylase b activity. The aldehydes fesulted in little
or no inhibition of enzyme activity. | |

Compounds similar in chain length to propionaldehyde such as
methylglyoxal and glyceraldehyde were émployed’in chemical modification
studies., All three compounds possess the reactive aldehyde portion but
methylglyoxal and glyceraldehyde differ in their hydrophobic contents with
respect to propionaldehyde i.e., they possess less hydrophobicity than
propionaldehyde. Phosphorylase b was modified with methylglyo#al and
glyceraldehyde. The heat stability of the MgG.E. and GA.E. were compared
with the native enzyme, P,E. and HX,E. (Fig. 15). Impure preparations
were used. Methylglyoxal and glyceraldehyde did not protect the enzyme
from heat denaturation. MeG.E. and GA.E. possessed the same heat
inactivation profiles as the native enzyme. P.E. on the other hand possessed
considerably more stability. Cold inactivation studies produced similar
results.

The activity of MeG.E. and GA.E. expressed as % of the native
enzyme was 96 and 89.5 of the activity of the native form.

The enzyme preparations studied in Fig., 15 were concentrated
with (NH4)2SO4 and eveptually modified with .5% butyraldehyde according

to the method outlined in the Experimental Procedure section. Kinetics

37.

of heat inactivation were studied (Fig. 16). The HX.E. possesses approximately

the same activity before and after butyraldehyde treatment. The native



Table 11X

Ka's of the enzyme preparations for AMP

Experiment Enzyme (mM)
1. Native .05!
A.E, .066

HP.E, .014

2, Native .046
B.E. .066

V.E, .052

HX,.E. .029

3. Native 047
P.E. .076

1

and V.E. are apparent Ka's.

Ky's for the native enzyme, A.E., P.E., B.E,,

38.



Table III

Théweffect of reductive alkylation on phosphorylase b activity

Reagent2 Enzyme activity (°/°)1
None 100
Acetaldehyde ) 100
Propionaldehyde 100
Butyraldehyde ' 95
Valeraldehyde 100
Hexanal 94
Heptanal . 100

1Enzyme activity is expressed as a % of native enzyme activity

2All reagent concentrations used were .5%.
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Fig. 15

Comparison of the thermal inactivation of phosphorylase b modified
with hydrophilic and hydrophobic compounds, Activity of the native enzyme (4),
MeG.E. (®), GA.E., (X), P.E. (O), and HX.E. (A) were plotted as per cent
original activity as a function of incubation time at 50°C.
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Thermal inactivation profiles of enzyme preparations in Fig. 15
modified with .5% butyraldehyde. Activity of native phosphorylase b (0),
and the butyraldehyde modified native enzyme (a), MeG.E. (), GA.E. (H),
P.E. (&), and HX.E. (O) was plotted as per cent original activity as a
function of incubation time at 50°C.
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enzyme, P.E., MeG.E. and GA.E. are characterized by increased activity.

P.E. and GA.E. possess similar profiles. Cold inactivation experiments

produced identical results.

4, Quantitation of the Modification

Attempts were made to quantitate the reaction using three different
methods. TNBS, ninhydrin and amino acid analysis of modified and native
phosphorylase b failed to yield any evidence for modification. In the TNBS
and amino acid analysis methods, the modified to native enzyme ratios were
almost identical. The ninhydrin method failed to produce any conclusive

results.

5. Ultracentrifuge Experiments

1% and .5% B.E. sedimented in the ultracentrifuge as molecular
species with a Sy W value of 8.58. This value for the purified species
b
agreed with the value of 8.2S calculated for the impure .1% and .5% B.E.

8.25 is also the Svedberg value for native phosphorylase b.

6. Crystallization Experiments

All modified enzyme preparations were crystallized. Examination
of the crystals under a light microscope indicated that the native and

modified enzymes contained long, thin crystalline forms.

7. Phosphorylase b Kinase Experiments

Experiments in this laboratory conducted by J. Wang indicated



that B.E. could be converted to the phosphorylase a form by the action of

rabbit muscle phosphorylase b kinase.

8. Ultraviolet Absorption Spectra

Native and aldehyde-modified phosphorylase b were observed
with respect to their U,V. absorption properties between 200-400m.
All enzyme species were characterized with maximum absorption peaks

at 230 and 280my and a minimum,ébsorption peak at 250“mp.

9. Gel Electrophoresis Runs

Disc gel electrophoresis on polyacrylamide gel showed
that certain modified phosphorylase b preparations. were heterogeneous
before purification and homogeneous after purification. This can be

seen in Fig. 17. Béth A and C show that native and purified A.E. appear

homogeneous displaying 1 band. The A.E. which had not been heated appeared

heterogeneous consisting of 1 major and 1 minor band. P.E. and V.E.
although not shown displayed similar results. 1In Fig. 18 B.E. possesses
1 major and 1 minor band before and after heating. HP.E. produced the
same results. HX.E. before heating could be'separated into 1 major and
1 minor band. Only one band, indicating homogeneity, is seen after

purification.
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Fig. 17

Polyacrylamide gel electrophoresis of native phosphorylase b
and A.E. (A) native phosphorylase b, (B) A.E. prior to heating for 1l hour
at 50°C, (C) A.E. after heating.
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Fig. 18

Polyacrylamide gel electrophoresis of B.E. and HX.E. (4) B.E.>§fiof'
to heating at 50°C. for 1 hour (B) B.E. after heating (C) HX.E. prior to
heating at 50°C. for 1 hour (D) HX.E. after heating.
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V. DISCUSSION

Qur results indicate that 0.5% monofunctional aldehydes are
capable of stabilizing phosphorylase b to hot and cold extremes. Evidence
by Means and Feeney (1) indicates that aldehyde modifications are
characterized by the covalent binding of the carbonyl portion of the
aldehyde to the g-amino group of lysine residues. The protection of the
enzyme against hot and cold extremes is due in part to the covalent binding
of the aldehyde with a Schiff base intermediate. This is apparent because
of the importance of NaBH4 in the expression of enzyme stability.

However our experiments indicated the possible importance of
hydrophobicity in stabilization as well as covalent attachment. Methylglyoxal
and glyceraldehyde possess 3 carbon units including a carbonyl group as
does propionaldehyde, but the two compounds differ from propionaldehyde
in that the hydrophobic content of propionaldehyde is greater. The GA.E.
and MeG.E. possessed no enhanced stability with respect to hot or cold

extremes unlike P.E.

?HO CHO fHO

C=0 C(HOH) THZ

CH3 CH,OH CH3
Methylglyoxal Glyceraldehyde Propionaldehyde

Assuming that a covalent attachment of methylglyoxal and glyceraldehyde
occurred, it would seem that the hydrophobic portions of aldehydes are
important in stabilization by fixing the conformation of phosphorylase b.
Many workers (56) have shown that hydrophobic interactions contribute

to the rigidity of protein structure. Brandt (78) noted that the



47,

hydrophobic contribution was found to stabilize native proteins at all
temperatures but considerably more so at high than low temperatures.

The significance of hydrophobicity has already been established
therefore it is not surprising that the carbon chain length is also a
factor in stabilization. We observed this in heat and cold inactivation
experiments noting that the optimum chain length of aldehydes yielding
the greatest stability ranged from 4-7. A.E. and P.E. possessed less
stability. The modified-enzyme preparations served as model systems
illustrating the role of hydrophobic groups in maintaining protein
conformation. Aldehydes with carbon contents greater than 7 were not
studied because of solubility problems incurred.

One of the most important features of reductive alkylation
is its unique ability under mild conditions to modify amino groups while
retaining the same three dimensional structure (l). Ultraviolet absorption
studies indicatgd that no significant conformational changes had occurred
to phosphorylase b subsequent to modification. The absorbance
due to chromophoric amino acids like tryptophan and tyrosine did not
change after modification. Our ultracentrifuge experiments also
supported the absence of structural changes because of the similarity in
SZO,W values before and after modification. In addition all modified
enzyme preparations possessed the same crystalline structure as the native
form.

The results of Fig. 16 indicated that the propionaldehyde,
methylglyoxal and glyceraldehyde binding sites on phosphorylase b were
different from the butyraldehyde binding sites on the enzyme. This is
evident when the stability of MeG.E., GA.E. and P.E. increased after
butyraldehyde modification. Evidently the butyraldehyde binds to different

lysine residues which are not masked by the aldehyde from the initial
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modification. This iS nbt the situation with respect to the aldehyde binding
sites on HX.E. Butyraldehyde modification of HX.E. did not éhange the heat
and cold stability profiles. Thus the butyraldehyde and hexanal modifications
are probably similar with respect to the lysine groups modified.

AMP kinetic studies with HX.E. and HP.E. indicatgd that these
two enzyme derivatives had béen ""desensitized" in the sense that homotropic
cooperation between AMP molecules was abolished even though the affinity of
AMP for these derivatives was greater than with the native enzyme. Wang
and Tu (2) observed similar results with glutaraldehyde-modified phosphorylase
b except that the K 's for the enzyme were slightly higher than the
activation constant for_the native form. Desensitization of the enzymes
can be explained by a disruption or alteration of intermolecular forces.
A.E., P.E., B.E., and V.E. were characterized by homotropic cooperation between
AMP molecules while the affinity of the enzyme for AMP was similar and in
some cases slightly lower than for the native enzyme. Thus no alteration
in inter-subunit interactions appears to have occurred. However the stability
of all the enzyme derivatives may be due to inter- and/or intra-subunit
‘interactions.

The B.E. with its AMP cooperativity showedvthat the‘length
of the bifunctional reagent was not the 6n1y factor in abolishing homotropic
cooperativity in glutaraldehyde-modifi#ed enzyme preparations. Our results
with HX.E. and HP.E,. iﬂdiqated that the bifunctional nature of the reagent
was not an absolute requirement for the disruption of intermolecular forces
in the enzyme. However the»bifunctional nature and not the length of the
reagent was critical in the specific case of the glutaraldehyde-modified
phosphorylase b. |

Wang and Tu (2) found the degree of modification associated with
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1% B.E. by the TNBS method to be 10% i.e. 10% of the lysine residues were
modified; It is quite likely that .5% B.E., as well as the other enzyme
derivatives studied, possessed less than a 10% modification. This would
explain why the three methods of quantitation employed failed to yield

any positive results because of their lack of sensitivity to modifications
that were less than 10%. On the basis of 86 moles of lysine/dimer of
phosphorylase b (79) less than 8.6 lysine residues can be expected to be
modified. These modified residues were not essential for catalysis.

The ability of rabbit muscle phosphorylase kinase to convert
the B.E. to phosphorylase a indicated that the-modification did not mask
by steric hindrance the specific serine residues, which are phosphbrylated
in the kinase reaction.

During the course of the project some modified enzyme preparations
were encountered which possessed little more stability than the native
enzyme. A variability would appear to exist between modified enzyme
preparations because when other enzyme preparations were similérly modified
the stability of the enzyme derivatives were greater than that of the native
enzyﬁe forms. However A.E. and HP.E. subjected to cold inéctivation possessed
little more stability than the native enzyme on all occasions studied.

Heat stability profiles of these enzyme derivatives conducted earlier in
the year showed marked differences in stability compared to the unmodified
enzyme. One would expect a similar relationship with cold inactivation
studies. It is possible that a variation in phosphorylase b preparations

was a factor due to the age of the muscle tissue.

With respect to the log., activity versus time plots, linearity indicat
homogeneity, However it may be argued that a homogeneous modified enzyme could
give nonlinear log., plots of thermal inactivation if protein collapse occurs as
a multistage process with different rate constants. However in Fig.'s 4 and 8,

A.E. and P.E, display nonlinearity before purification and linearity after,
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