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Effect of Polyamines on Glycogen Phosphorylase. Differential
Electrostatic Interactions and Enzymic Properties”

Jerry Hsueh-ching Wang,T Paul M. Humniski, and William J. Black}

ABSTRACT: The activation of glycogen phosphorylase &
by adenosine monophosphate (AMP) is stimulated by
the polyamines: spermine, spermidine, and putrescine.
This stimulation is more pronounced at low AMP con-
centrations. Kinetic studies indicate that while the affin-
ity of the enzyme for AMP is enhanced, neither the Hill
coefficient for AMP nor the K, for glucose 1-phosphate
is significantly influenced. Although the polyamines
have little effect on the sedimentation pattern of
phosphorylase b in the absence of AMP, the partial as-
sociation caused by AMP is greatly enhanced in the
presence of the polyamines. In contrast to phosphoryl-
ase b, phosphorylases a and b’ are not significantly af-
fected by spermine. Fischer et a/. (Fischer, E. H., Graves,
D. J., Crittenden, E. S., and Krebs, E. G. (1959), J. Biol.

’I:Ie conversion of glycogen phosphorylase b into
phosphorylase a results in the incorporation of 2 moles
of phosphate/mole of phosphorylase 5 (Krebs et al.,
1958), with the concomitant appearance of catalytic
activity (Green and Cori, 1943). The mechanism of ac-
tivation through phosphate incorporation however is
not clear. The phosphate groups probably do not par-
ticipate directly in enzyme catalysis, since there is no ex-
change of these phosphate groups with inorganic phos-
phate supplied as substrate (Krebs et al., 1958). The
fact that the two forms of the enzyme differ in their
stability (Graves et al., 1965; Shaltiel et al., 1966) as well
as their properties of association (Keller and Cori, 1953),
suggests they exist in different conformational states.
This may account for their differences in catalytic activ-
ity. The observation that AMP,! a cofactor for phos-
phorylase b, minimizes the differences in physical prop-
erties of these two forms of phosphorylase (Graves et
al., 1965; Shaltiel et al., 1966) supports this hypothesis.

Although attempts have been made to understand the
conformational differences between phosphorylases a
and 5 (Hedrick, 1966; Helmreich and Cori, 1964), the
nature of these differences has not yet been established.
From studies on the proteolytic hydrolysate of phos-
phorylase a, it has been shown that a specific serine resi-
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Chem. 231, 65) have pointed out that phosphorylases
a, b, and b’ differ in a hexapeptide fragment and that re-
moval of this particular hexapeptide from phosphoryl-
ase a by trypsin results in the production of phosphoryl-
ase b’. Kinetic data, ultracentrifugal analyses, and poly-
acrylamide gel patterns all indicate that trypsin-treated
phosphorylase 5 behaves like phosphorylase 4’. Amino
acid analysis of the major tryptic peptide liberated by
incubation of phosphorylase 4 with trypsin also strongly
suggests that trypsin may split the same hexapeptide
from phosphorylase b as it does frecm a. Only the 5 to 5’
conversien is significantly enhanced by spermine. In the
light of these observations, a model relating the chem-
ical structure of phosphorylase to electrostatic interac-
tions is discussed.

due is phosphorylated during the b into a conversion.
Many of the amino acid residues in the vicinity of this
serine group are positively charged (Fischer et al., 1959;
Nolan et al., 1964). Fischer et al. (1959) have postulated
that the negatively charged phosphate groups may neu-
tralize some of these positive charges. Thus the b and «
forms of phosphorylase may differ in their electrostatic
interactions in this particular region of the enzyme mol-
ecule. The findings that protamine (Krebs, 1954) and
salt solutions (Wang and Graves, 1963, 1964; Sealock
and Graves, 1967) have a profound effect on the struc-
ture and kinetic property of the enzyme suggest that
such differences in electrostatic interactions may be di-
rectly related to catalytic properties of this enzyme.

In the present study, the effect of some polyamines on
the structure and activity of glycogen phosphorylase has
been investigated in order to obtain a greater under-
standing of the relationship between the electrostatic
interactions and the enzyme catalysis. Tryptic digestion
of phosphorylase has also been studied in some detail to
examine the involvement of a trypsin-released hexapep-
tide in these electrostatic interactions.

Materials and Methods

Materials. Crystalline phosphorylase 5 was isolated
from rabbit muscle by the procedure of Fischer and
Krebs (1958). Phosphorylase a was prepared from phos-
phorylase 4 using phosphorylase 5 kinase (Fischer and
Krebs, 1962). The three- or four-times-crystallized phos-
phorylase was treated with Norit A to remove firmly
bound AMP. For ultracentrifugation and tryptic diges-
tion experiments the enzyme solution was dialyzed
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FIGURE 1: Effect of polyamines on the activation of phosphorylase 4. The enzyme was assayed at 30° in 0.015 M cys-
teine-0.02 M glycerophosphate buffer (pH 7.0) with 0,016 M G-1-P, 1% glycogen, and containing either 2.5 mm (®) or 5
X 1075 M (O) AMP, The enzyme activities without polyamines were taken as 100%;.

against 0.04 M sodium glycerophosphate-0.03 M cysteine
buffer (pH 7.0) in order to remove Mg?* ions used in
the crystallization of phosphorylase 4. Phosphorylase b’
was prepared by controlled tryptic digestion of phos-
phorylase a (Cori and Cori, 1945). The digestion was
stopped by addition of trypsin inhibitor and the enzyme
was used without prior removal of trypsin (bovine pan-
creas) and trypsin inhibitor (egg white).

Cysteine hydrochloride, sodium glycerophosphate,
glucose 1-phosphate (G-1-P), adenosine monophosphate
(AMP), inosine monophosphate (IMP), and shellfish
glycogen were obtained from Sigma Chemical Co. The
glycogen was purified according to Sutherland and
Wosilait (1956) to free it from AMP contamination.
Spermine tetrahydrochloride and putrescine dihydro-
chloride were obtained from Mann Research Labora-
tories. Spermidine trihydrochloride was obtained from
Nutritional Biochemicals Corp. Trypsin and trypsin in-
hibitor were obtained from Calbiochem Co. Polyacryl-
amide gel reagents were obtained from Canal Industrial
Corp.

Methods. Enzyme concentrations were determined
spectrophotometrically as described by Velick and
Wicks (1951). Phosphorylase activities were measured
by a modification of the procedure of Illingworth and
Cori (1953). The enzyme stopping reagent contained 1.0
M potassium chloride in addition to the molybdate and
sulfuric acid. The potassium chloride prevented pre-
cipitation of the enzyme in the presence of the poly-
amines and had a negligible effect on the colorimetric
assays.

Sedimentation velocity experiments were carried out
with a Spinco Model E analytical ultracentrifuge using
a 12-mm single-sector cell at a rotor speed of 60,000 rpm
and a rotor temperature of 20°. For sedimentation con-
stants, boundary movements were obtained from direct
microcomparator measurements of the schlieren dia-
gram.

Polyacrylamide gel electrophoresis was carried out at
pH 8.3 essentially according to the method of Ornstein
(1964). Columns 0.5 cm in diameter were used. Phos-
phorylase samples (125 ug/60 ul) were added to the tops
of the gels. The current was run at 3 mA/tube for 70
min. Protein was stained with Amido Black.

AND BLACK

For the preparation of large amounts of peptides,
phosphorylase 4 (1.1 g/25 ml) in 0.03 M 8-mercaptoeth-
anol and 0.04 M NH,HCO; at pH 7.6 was treated with
4.4 mg of trypsin for 30 min at 30°. The reaction was
then stopped by addition of 13.2 mg of trypsin inhibitor.
Small peptides were separated from core protein by gel
filtration. Aliquots of the reaction mixture (5 ml) were
applied on a Sephadex G-25 column (1.5 X 80 cm) and
eluted with the B-mercaptoethanol and NH.HCO;
buffer. Fractions containing peptides were detected by
the ninhydrin method (Moore and Stein, 1954) after
alkaline hydrolysis (Hirs et al., 1956). These fractions
were pooled and then dried on a flash evaporator with
several washings with double-distilled water.

High-voltage paper electrophoresis was carried out
according to the procedure of Ryle et al. (1955) in pyri-
dine acetate buffer pH 4.7 for 35 min at 3000 V. Sheets
of Whatman No. 3MM paper were used, on which up to
40 ul of peptide mixture (2 mg/ml) was spotted. Papers
were stained with ninhydrin-collidine spray (Block et
al., 1955). Essentially the same conditions were used for
the preparative high-voltage electrophoresis.

Samples for amino acid analysis, were hydrolyzed in
6 N HCl under nitrogen for 30 hr at 110°. The hydroly-
sate was then dried in an evacuated desiccator over
solid NaOH at room temperature. Quantitative amino
acid analyses were performed on a Technicon Auto-
analyzer.

Results

Effect of Polyamines on the Activity of Phosphorylase
b. Tt has been shown that binding of protamine or poly-
lysine to glycogen phosphorylase b results in an en-
hanced affinity of the enzyme toward AMP (Krebs,
1954; Madsen and Cori, 1954). In order to further
understand the mechanism of such interaction between
phosphorylase b and these macromolecules, the effect of
relatively small polycationic molecules on the catalytic
and structural properties of the enzyme has been ex-
amined. Figure 1 shows that all polyamines tested acti-
vate phosphorylase b at either saturating (2.5 mm) or
suboptimal (5 X 10~2 mM) concentrations of AMP. The
effectiveness of the polyamines in activating the enzyme
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FIGURE 2: Effect of polyamines on the reciprocal plots for AMP activation. The assay mixture contained, in addition to AMP
0.016 M G-1-P, 1% glycogen, 0.015 M cysteine with either (A) 0 (@), 0.5 (A), or 2.5 mM (x) spermine; or (B) 0 (@), 3.5(A), or 4.5
mM (x) spermidine, Reactions were carried out at 30° and buffered at pH 7.0 with 0.02 M glycerophosphate.

is related to their positive charges and/or their molec-
ular size. Spermine is the most effective in the activation
of the enzyme while putrescine is the least effective. The
enzyme using the suboptimal concentration of AMP is
activated to a much higher extent than that using the
saturating AMP concentration. This suboptimal concen-
tration of AMP activates phosphorylase 5 to half its
maximal activity (Krebs, 1954). In the presence of 5 mm
or higher concentration of spermine the final enzyme ac-
tivities were essentially the same, regardless of which
AMP concentration was employed in the assays. These
results suggest that the polyamines enhance the affinity
of the enzyme for AMP. The fact that slight activation
of phosphorylase » may be observed even at the saturat-
ing concentration of AMP indicates that the maximum
velocity of the enzyme is also increased.

Since the AMP concentration vs. initial velocity plot
for phosphorylase 5 is sigmoidal (Helmreich and Cori,
1964 ; Sealock and Graves, 1967), it may be suggested
that there is cooperative interaction between AMP bind-
ing sites on the enzyme (Monod et al., 1965). The possi-
bility that the apparent enhancement of AMP affinity of
the enzyme is a result of partial or total elimination of
the interactions between the AMP binding sites has been
examined. Figure 2 shows that the Lineweaver-Burk
plots for AMP are nonlinear regardless of the presence
of polyamines. The Hill coefficients for this nucleotide
phosphorylase interaction, ranging from 1.6 to 1.8, are
also independent of the presence of polyamines. Sealock
and Graves (1967) in a study on the effect of salt solu-
tions on glycogen phosphorylase have found that phos-
phorylase 4 may also be activated by NaF at low con-
centrations of AMP, This activation is associated with a
change in kinetic order for the nucleotide.

In contrast to its effect on the affinity of the enzyme
for AMP, spermine proved to have a negligible effect on
the K, of G-1-P. At 2.5 mM AMP, the K., for G-1-P in

the presence or absence of 2.5 mM spermine has been
found to be 2.5 or 2.3 mM, respectively. These results
suggest that these polyamines have a specific effect on
the binding of AMP to the enzyme. Neither the binding
of G-1-P nor the interaction between AMP binding sites
is significantly altered by these polyamines.

Effect of Polyamines on the Structure of Phosphorylase
b. In order to see the relationship between the change in
catalytic property and the enzyme structure, the effect of
polyamines on the association of phosphorylase 4 has
been examined ultracentrifugally. Figure 3 shows the
schlieren patterns of six phosphorylase 5 samples. While
the free enzyme sediments as a homogeneous material
with a sedimentation constant of 8.2 S (Figure 3A), addi-
tion of 2 mM AMP results in the appearance of a new
sedimenting component with a sy, of 13.7 S (Figure
3B) which consists of approximately 507 of the total
enzyme, Although 2 mM spermine does not cause sig-
nificant alteration of the ultracentrifugal pattern of
phosphorylase b (Figure 3C vs. 3A), the addition of both
spermine and AMP results in almost complete conver-
sion of the enzyme into the 13.7S material (Figure 3D).
Similar effects are also observed with spermidine and
AMP (Figure 3E). Putrescine, the least effective poly-
amine, shows little or no effect on the ultracentrifugal
pattern of the enzyme. Addition of 2 mM putrescine to
an enzyme sample containing AMP does not increase
the amount of fast-sedimenting components (Figure 3F).
However the association of phosphorylase 5 by AMP
may be enhanced by higher concentrations of putrescine.
The amount of the faster sedimenting component at 3
and 5 muM putrescine (Figure 3G,H) has been estimated
as 76 and 8997 respectively. Further increase in putre-
scine concentrations from 5 to 10 mM does not result in
additional alteration of the sedimentation pattern. Thus
the increase in the amount of the 13.7S material of phos-
phorylase 4 shows a dependence on putrescine concen-
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FIGURE 3: Effect of polyamines on the sedimentation pat-
terns of phosphorylase 5. (A) Phosphorylase & (5 mg/ml)
was centrifuged at 60,000 rpm at 20° in 0.04 M glycero-
phosphate-0.03 m cysteine (pH 7.0); (B) same as A with 2
mMm AMP; (C) as A with 2 mm spermine; (D) as B with
2 mm spermine; (E) as B with 2 mM spermidine; (F) as B
with 2 mm putrescine; (G) as B with 3 mM putrescine; (H)
as B with 5 mm putrescine. Direction of the sedimentation
was from right to left.

tration similar to that of enzyme activity (Figure 1c).
Since the sedimentation constants of 13.7 and 8.2 S cor-
respond to those of dimeric and tetrameric species of the
enzyme, respectively (Keller and Cori, 1953; Madsen
and Cori, 1956), these results suggest that polyamines
enhance the formation of a tetrameric species of phos-
phorylase b in the presence of AMP.

Differential Response of Phosphorylases a, b, and b’ to
Spermine. In contrast to phosphorylase b, phosphoryl-
ase b’ has been shown to be insensitive to the addition
of protamine, whereas phosphorylase a is inhibited
rather than activated by protamine (Krebs, 1954). A
differential response toward polyamines among the three
forms of the enzyme has also been observed in this
study. Figure 4 shows that neither phosphorylase a nor
phosphorylase &' is significantly activated by spermine
at either high or low concentrations of AMP. Nor is
there significant activation of phosphorylase a by sperm-
ine in the absence of AMP. At saturating concentrations
of spermine, a 109} activation of phosphorylase a is
achieved when assayed without AMP. In addition to the
lack of activation of phosphorylase a and phosphoryl-

WANG, HUMNISKI, AND BLACK

BIOCHEMISTRY

% ORIGINAL ACTIVITY

0 4 8 12 16
SPERMINE CONCENTRATION (mM)

FIGURE 4: Differential effect of spermine in the activation of
phosphorylase «, b, and b’. Phosphorylase a (@), b (A),
and 4’ (O) were assayed with 5 X 1075 M (A) or 2.5 mm
(B) AMP in the presence of various concentrations of
spermine, Other conditions as in Figure 1.

ase b’ by spermine, the ultracentrifugal patterns of these
two forms of the enzyme are also unaltered by this poly-
amine. Nor are they altered by the combination of
spermine and AMP (Figure 5). Although AMP may
cause partial aggregation of phosphorylase & into a
tetrameric species (Figure 3B), no association may be
induced by AMP with phosphorylase »’. There is no
formation of tetrameric species in the presence of sperm-
ine alone (Figure 5C) or with both AMP and spermine
(Figure 5D).

In addition to AMP, IMP has been shown to slightly
activate phosphorylase b (Cori et al., 1938). The extent
of this activation may be greatly increased with prot-
amine (Krebs, 1954). Figure 6 shows that similar stimu-
lation of IMP activation of phosphorylase 4 is brought
about by spermine. At a saturating concentration of
spermine phosphorylase b activity measured with 5 mm
IMP is increased to over 2009;. In contrast, the activa-
tion of phosphorylase 4’ by IMP is only slightly affected
by spermine. The maximum increase in IMP activation
of phosphorylase 5’ brought about by spermine is less
than 10%;. Thus although both phosphorylases » and b’
show similar catalytic properties they may be distin-
guished by their differential response toward spermine.



voL. 7, No. 6, JUNE 1968

% ORIGINAL ACTIVITY

o 1 1 1 1
2 4 & B
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of phosphorylase 4’. Conditions for ultracentrifugation are
similar to those in Figure 3 except the enzyme concentration
was 4 mg/ml. (A) Phosphorylase b’ alone; (B) as A plus 2
mM AMP; (C) as A plus 2 mm spermine; (D) as B plus 2
mM spermine.

FIGURE 6: Differential effect of spermine on the activation
of phosphorylase b and #’ by IMP. Phosphorylase 5 (@)
and b’ (O) were assayed with 2.5 mM IMP, 25.6 mm G-1-P,
and various concentrations of spermine. Other conditions
as in Figure 1.

Effect of Spermine on Tryptic Digestion of Phosphoryl-
ase. Although it has been found that removal of a hexa-
peptide containing a specific phosphoseryl residue from
phosphorylase a results in the formation of phosphoryl-

ase h' (Cori and Cori, 1945; Fischer et al., 1959), the the presence of 4 mm spermine plus 5 mm IMP or 1 mm
possibility of producing phosphorylase 5’ from b has AMP. As can be seen, the activity of the enzyme, as mea-
not previously been investigated. While AMP is an abso- sured with either AMP or IMP, decreases rapidly. This
lute requirement for ph0§pl_10rylase b’ activity, phgs- decrease in activity is accompanied by a decrease in the
phorylase a may be active in its absence. The conversion ratio of activities assayed with IMP to that assayed with
of phosphorylase « into b ', therefore may be followe;d AMP. After 10-min incubation, the enzyme activity
by the change in the ratio of enzyme activity assayed in starts to level off and the activity ratio has dropped from
the presence and absence of AMP. Since both phos- the original 89 to 279%. These results suggest that phos-
phorylase.s b and b’ are active only in the presence of phorylase 5’ may be produced from tryptic digestion of
AMP, lhlS assay method cannoF be used to follow the phosphorylase 4. If the trypsin phosphorylase & incu-
conversion of phosphorylase 4 into b'. As an alterna- bation medium contains 4 mmM spermine, a more rapid
tive, the d:fferﬁentlal response of phosphorylases 5 and 5’ initial loss in activity results, although final activity
toward spermine may be employed. In the presence ,Of levels reached are the same. Figure 7b shows the effect
4 mum spermine, the ratio of phosphory lase b activity of trypsin digestion of phosphorylase a in the presence
assayed with 5 mm IMP to that assay ed with 2 mM AMP and absence of 4 mM spermine. The conversion of phos-
T 7 TS i o ) e o
phosphorylase 4’ can be fox?med from phosphorylase b, .Sl()l'l, is only slightly facilitated byl spermine. ThL‘lS tP_le
st o s . increased rate of phosphorylase & into #’ conversion in
a decrease in this activity ratio would be observed. the presence of spermine is not due to a direct interac-
Figure 7a shows the time dependence of the trypsin tion of spermine with trypsin. These results further sup-
port the notion that catalytic property changes of phos-
phorylase b are associated with a structural change of
this form of the enzyme.
Further Evidence of the Conversion of Phosphorylase

effect on phosphorylase . At various times after addi-
tion of trypsin (20 ug) to the enzyme (5 mg), aliquots of
the mixture were placed in buffer solution containing
trypsin inhibitor (60 ug). Assays were then performed in

TABLE 1: Differential Nucleotide Activation of Phos-

phorylases band b”.« b into Phosphorylase b'. Since phosphorylase & but not
A phosphorylase 5’ can be converted into phosphorylase
% IMP Activation® a by phosphorylase b kinase (Brown and Cori, 1961),
Forms of No 4 mm the action of the kinase on phosphorylase 5 both before
Phosphorylase Spermine Spermine and after tryptic digestion has been examined. Under
the standard conditions employed by Fischer and Krebs
b 33 88 (1962) phosphorylase b is quantitatively converted into
b’ 23 30 phosphorylase:a. The trypsin-treated phosphorylase b

s Activity measurements were carried out with 24 shows no change in its catalytic properties.
mM G-1-P and either 5 mm IMP or 1 mm AMP. Other Although AMP and polyamines cause partial associa-
conditions as in Figure 1. * AMP activation was taken tion of phosphorylase & into a tetrameric species (Figure
as 100%7. 3), these compounds do not affect phosphorylase b’

(Figure 5) in this respect. After treatment of phosphoryl- 2041
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FIGURE 7: Tryptic digestion of phosphorylase. (A) Phos-
phorylase & (5 mg/ml) in 0.04 M glycerophosphate-
0.03 M cysteine (pH 7.0) with 4 mM (@) or without spermine
(O) was incubated with trypsin (20 ug/ml) at 30°. At various
time intervals aliquots were then diluted in the same bufTer
containing (60 ug/ml) trypsin inhibitor. These samples were
then assayed with 25.6 mm G-1-P, 1% glvcogen, 4 mm
spermine, and either | mmM AMP () or 5 mMm IMP (- - -).
(B) Phosphorylase a (4 mg/ml) alone (@) or with 4 mM
spermine (O) was incubated with 10 ug/ml of trypsin.
Aliquots of the reaction mixture were withdrawn at the
time intervals and diluted as in A. Activity measurements
were carried out with 0.016 M G-1-P, 1%} glycogen, and with
1 mM AMP (——) or without AMP (- - -), Other conditions
asin A,

ase b (4 mg/ml) with 20 ug of trypsin for 10 min, the
ultracentrifugal pattern of the enzyme shows a symmet-
rical peak with a sedimentation constant of 8.2 S, which
is identical with that of the untreated enzyme. Addition
of 1 mm AMP or 1 mm AMP plus 2 mm spermine has no
effect on this ultracentrifugal pattern.

In addition phosphorylase has been characterized by
polyacrylamide gel electrophoresis. Figure 8A,B shows
that a slight difference in mobility between native phos-
phorylase a and b can be detected. This difference is re-
producible. After trypsin digestion, however, the gel pat-
terns of these two forms of the enzyme become more
similar in respect to their mobilities (Figure 8C,D). Two
distinct protein bands also appear in both cases. The
relative distribution of the two bands are similar in that
the predominant ones possess greater mobility. It is
known that the mobility of proteins on polyacrylamide
electrophoretic gels depends on their molecular charge
as well as size (Sober er al., 1965). The sedimentation
velocity experiments, however, suggest that trypsin
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FIGURE 8: Effect of trypsin on the gel electrophoresis pat-
terns of phosphorylase. (A) Phosphorylase « or (B) phos-
phorylase b was added to the tops of the gels in 60 ul (125
ug); (C) as A after trypsin treatment; (D) as B after trypsin
treatment. Phosphorylase (5 mg/ml) was treated with tryp-
sin (20 pg/ml) at 30°. After 10 min the reaction was stopped
with trypsin inhibitor (60 ug), then diluted in the sample gel.
Resolution was obtained at pH 8.3, at 3 mA/tube for 70
min. Below the photograph of the gels a diagrammatic
representation is presented of each gel perfectly aligned.

causes little change in the molecular size of phosphoryl-
ase b. The observation that the enzyme moves farther
to the anode after tryptic digestion, therefore, suggests
that positively charged peptides have been removed
from the enzyme.

Chemical Characterization of One of the Peptides Lib-
erated by Tryptic Digestion of Phosphorylase b. Figure
9 shows that the peptides released by tryptic digestion
of phosphorylase b can separate into six ninhydrin-posi-
tive components by high-voltage electrophoresis. That
all components migrate to the cathode suggests that
they consist of positively charged amino acids or pep-
tides at pH 4.7. The peptides corresponding to the major
component (spot 5) have been isolated by preparative
electrophoresis and its amino acid composition was de-
termined, Nine amino acids have been identified and
their ratios to the six major ones are: Alag,o, Argo.gi (1)»
Aspyg.sg, Gluyo 1) GIYo.z:h Ileg.or ay> LYSo.08 (1), Serior ().
Valg2 ). The six major amino acids correspond
to those of the hexapeptide released by tryptic
digestion of phosphorylase . These results, along
with the other evidence, offer strong support for the pos-
tulate that phosphorylase 5’ may be produced by tryptic
digestion of phosphorylase b.

Discussion

The effect of polyamines on the activity of glycogen
phosphorylase is similar in most respects to the prot-
amine or polylysine effect observed by Krebs (1954).
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Both protamine and polyamines enhance the affinity of
phosphorylase # for AMP. Since these effectors have
one common characteristic in that they are polycationic
to a high degree, the results strongly support the argu-
ment that the interactions of protamine and polylysine
as well as polyamines with glycogen phosphorylase are
electrostatic in nature. Presumably then there exist re-
gions on the enzyme surface which are negatively
charged, and can bind these polycationic molecules. The
use of the smaller molecules such as polyamines, how-
ever, may facilitate the investigation of this molecular
interaction. For instance the precipitation of phosphoryl-
ase a by protamine (Madsen and Cori, 1954), which in-
hibits phosphorylase a (Krebs, 1954), was not observed
in our experiments using polyamines instead of prot-
amine. If, as suggested by Madsen and Cori (1954), pre-
cipitation by protamine is due to an interaction analo-
gous to an antigen—antibody reaction, then our results in-
dicate that polyamines have only a monovalent binding
site for the enzyme. Furthermore ultracentrifugal de-
termination of structural changes in the enzyme which
may be caused by these electrostatic interactions are
facilitated by the use of the polyamines. While poly-
amines alone do not affect the ultracentrifugal pattern
of phosphorylase b, the combination of AMP and a poly-
amine enhances the partial aggregation caused by AMP
(Figure 3). Since phosphorylase a shows a higher affinity
for AMP (Green and Cori, 1943), as well as a higher
tendency to associate into a tetrameric species (Keller
and Cori, 1953), it may be postulated that binding of
polyamines to phosphorylase b results in an enzyme
form which is intermediate between phosphorylase a
and phosphorylase b.

In contrast to the results observed with phosphoryl-
ase b, the structure and activity of phosphorylases a
and b’ are not significantly altered by polyamines. It is
known that the main chemical difference among these
forms lies in a hexapeptide fragment containing a spe-
cific serine residue. Our results, therefore, indicate that
the effect of polyamines on phosphorylase is closely re-
lated to this hexapeptide. Fischer and Krebs and their
coworkers (Fischer ef al., 1959; Nolan et al., 1964) have
shown by amino acid sequence studies that there are a
large number of positively charged amino acids in the
vicinity of this serine residue. In this particular region of
the enzyme, phosphorylase a, because of phosphoryla-
tion of the serine residue, and phosphorylase 5 by re-
moval of a positively charged hexapeptide are less posi-
tively charged than phosphorylase . The activation of
phosphorylase b by polycationic molecules, then, cannot
be explained by their direct binding to this region. It
may be expected, however, that differences in positive
charges in this portion of the enzyme cause differences
in the environment of the three enzyme forms. While in
phosphorylase b the hexapeptide fragment may electro-
statically interact with a highly negatively charged region
of the enzyme, such interaction would be partially or
totally eliminated in the other two forms. When poly-
amines bind to this polyanionic site, a displacement of
the particular polycationic region of phosphorylase b
could result. Such displacement could cause phospho-
rylase b to assume some of the characteristics of phos-

EFFECT OF POLYAMINES ON GLYCOGEN

FIGURE 9: High-voltage electrophoresis of the tryptic peptide
from phosphorylase b. Resolution was obtained in pyridine
acetate buffer (pH 4.7) at 3000 V for 35 min. Peptide mix-
ture (2 mg/ml) was spotted (40 wl) at point 0. The paper
was stained with ninhydrin collidine.

phorylase a. Although this model is not the only means
of interpreting our data, it may be used as a working hy-
pothesis for further experimental tests.

The effect of polyamines on the tryptic digestion of
phosphorylase has been used to test this model. Conver-
sion of phosphorylase « into 4’ by trypsin results in the
removal of a hexapeptide fragment (Fischer et al., 1959).
In the present study changes in catalytic properties as
well as other data suggest that phosphorylase 5’ can also
result from the tryptic digestion of phosphorylase 5. The
fact that only the » into b’ conversion is significantly
facilitated by spermine can be explained on the basis
that spermine in this case exposes the hexapeptide in
question.

Both phosphorylases @ and 5 may exist in equilibrium
hetween a less active tetrameric and a more active di-
meric form (Kent ef al., 1958; Wang and Graves, 1963,
1964: Wang et al., 1965a,b). In contrast, phosphoryl-
ase h' is shown to exist as a dimer even under condi-
tions known to induce the formation of a tetramer using
phosphorylase h. These results suggest that the hexa-
peptide is essential for the association of the dimeric
into a tetrameric form.

Recently Sealock and Graves (1967) have also placed
emphasis on the phosphoseryl residue, in explaining the
effect of salt solutions on phosphorylase. In their model
the activation of phosphorylase 5 by NaF is attributed
to the “salting out” of a specific region of the enzyme
surrounding the serine residue. Since the mechanism of
salting out of proteins is not well understood (Dixon
and Webb, 1961), it is difficult to compare their model
with that presented in the present study.

Since spermine enhances the affinity of phosphoryl-
ase b toward AMP presumably through its effect on
protein conformation, it may be considered an allosteric
effector (Monod ef al., 1963). The interaction between
the polyamines and the nucleotide is not compatible
with the model recently proposed by Monod et al.,
(1965), in that the Hill coefficient for AMP is not
affected by spermine. Our data are more compatible
with a postulation of a conformational change of the
enzyme induced by the binding of an effector (Atkin-
son ef al., 1965). The allosteric interaction of glucose
and AMP with phosphorylase a has also been suggested
to agree with this postulation (Black and Wang, 1967).

Although it is generally accepted that ‘‘desensitiza-
tion™ of allosteric enzymes is associated with an alter-
ation of enzyme structure, the molecular mechanism is
not clear. The sensitivity of phosphorylase to spermine
has been shown to depend on the chemical structure of
a small fragment of the enzyme, the hexapeptide. Fur-
thermore our molecular model seems to provide an ex-
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planation of the desensitization of phosphorylase to-
ward spermine.
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