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ABSTRACT

,A' protein activator for cAMP phosphodiesterase has been

purified frorn bovine heart by a sirnple procedure which involves

arnrnoniurn sulfate fractionation, acid precipitation, heat treatrnent,

DEAE-cellulose and Sephadex G-l0O column chrornatography. The

purified protein activator appears to be hornogenous by ultracentrifugal

and disc gel electrophoretic criteria. The specific activity of the

pure protein activator is approxirnately 3,2O0 fold that of the crud.e

tissue extract. The protein activator appears to be a single polypep-

tide with a nlolecular weight of approxirnately 15, 000 daltons. It

exhibits a low isoelectric point of 4.0 since one. third of its arnino

acid residues are acidic while only one tenth of its arnino acid resid.ues

are basic. Cysteine and tryptophan resid.ues are absent.

cAMP phosphodiesterase from the soluble fraction of bovine

heart can be separated by DEAE-cellulose celurnn chromatography

into two isoenzyrnes: PDE-I and PDE-II. \Mhile PDE-I can be acti-
a-L

vated 6 to 10 fold by Ca'' and the protein activator, PDE-II is

insensitive to both agents. PDE-I has been purified 60 to 70 fold by

a procedure involving arnr4onium sulfate fractionation and a unique

affinity chrornatographic technique which exploits the reversible

binding of PDE-I to the protein activator on a colurnn of DEAE-

celIulose. The protein activator activates PDE-I by enhancing the

v1



V and decreasing the K for cAMP. The extent of activationrnax - rrl

depends on the concentration of substrate. Maxirnurn activation of

cAMP hydrolysis is at 20 pM cAMP and is rnarked at other cAMP

concentrations. On the other hand, only very slight activation of

cGMP hydrolysis is observed at rnillimolar concentrations of cGMP

but becornes very rnarked at rnicromolar concentrations of cGMP.

PDE-I hydrolyzes cAMP faster than cGMP at substrate concentrations

in exces.s of 40 pt,M but hydrolyzes cGMP faster than cAMP at substrate

concentrations lower than 40 pM.

Kinetic studies indicate that (a) the activation of PDE-I by the

protein activator is a slow prôcess relative to catalysis and (b) PDE-I,

the protein activator and PDE-I-protein activator cornplex exist in a

state of equilibriurn.

Nurnerous factors have been shown to affect the hydrolysiç of

cAMP by PDE-I in the presence of the protein activator. The effects

of each of these factors on the r tisated- Of the\SO% were investigated. Of the factors

studied, only the (a) substrate concentration and (b) CuZt concentration

influence the affinity of the protein activator for PDE-r. The protein

activator appears to exhibit greater affinity for PDE-I at rnicrornolar

than at rnillimolar concentrations of the substrate. This difference in

affinity is rnuch greater for the hydrolysis of cGMP than for cAMP.

Activation of PDE-I by the protein activator is cornpletely dependent

on the presence of. C^2*. Conversely, activation of PDE-I by C^Z* i"

v11



cornpletely dependent on the presence of the protein activator. The

concentration of C^Z* required to give half rnaximal activation [at a

cAMP concentration of 1. Z mM] is.Z.3 pM. An equilibriurn binding

L4
study has shown that -"Ca binds to the protein activator. A Scatchard ,.,',

plot exhibits two linear regions sugggsting the presence of two sets of

) -)-

Ca"' binding sites on the protein with different affinities: one high- 
,,,,,,1,

affinity and two or three Low-affinity sites per, rnolecule of protein ',, ,,:

activator. The dissociation constants f.o, C^2* bound at the high- .,,.',,,,
.:: : :...:

and low-affinity sites are 3 and 12 ¡'r,M, respectively.
) -J-

Ca"', at very low concentrations, induces in the protein

activator (a) an enhancernent of tyrosyl fluorescence, (b) an increased 
i

1

resistancetoheatinactivation,(c)anincreasedresistancetotryptic

digestion and (d) perturbations in its UV absorption spectrurn. These

)+
results suggest that the binding of Ca"' by the protein activator i

induces a change in the conforrnation of the protein activator.

A rnodel is proposed for the activation of PDE-I. The activa-

tion of PDE-I is depicted in this scheme as a step*i"" pio"ess which

is initiated by the binding of C^Zt to the protein activator. Upon

)J-

binding Cu"', the protein activator is converted frorn an inactive to

an active conformation. The active protein activator then associates

with the PDE-I enzyrîe to form a cornplex in which the protein activator

and the enzyme exist as neighboring subunits in a protein rnolecule.

L
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I. REVIE\M OF LITERATURE

The Cvclic Nug-leotide Svsterns

. 1. The Cvclic AMP Svstern

It is well established that cAMP rnediates the actions of a

variety of horrnones (1). A list of such horrnones includes epinephrine,

glucagon, ACTH, TSH arnong others. It has been shown for these

horrnones that (a) the horrnones raise the levels of cAMP in the target

tissues, (b) the horrnones activate adenyl cyclase in cell free prepa-

rations of the target tissues, (c) the rise in the intracellular levels of

cAMP in the target tissues is very rapid and precedes the physiological

responses and finally that (d) cAMP or one of its derivatives.can

mirnic the horrnones in evoking their physiological responses.

Sutherlanð, (2,31proposed the concept of cAMP furfctioning as

the "second rnessengeril to explain how the horrnones listed above

work. According to this hypothesis, the hormone circulating in the

vascular systern is the rrfirst rnessenger.rr The horrnone binds to

specific receptors on the outer surface of the cells of the target

tissues. Specificity for binding the horrnones is built into these recep-

tors. These horrnone receptors are thought to be either in close

association with or are subunits of the ad"^ylat" cyclases (4). The

orientation is such thLat the horrnone receptors are on the outer surface

and the adenylate cyclases are on the inner surface of the plasrna

A

A

'i..,"

l::,i
1..'



mernbrane. Binding of the horrnone to its receptors causes a change

in the enzyûre activity of the adjacent adenylate cyclase resulting in a

change in the intracellular concentration of cAMP. Experirnents

':t l 
l.:

using polypeptide horrnones covalently bound to agarose beads have :.,,,.':,

shown that these horrnones can act without entering the ce11.

cAMP is a stable cornpound. It is unaffected by exposure for

.ì ,: ,t.,t,,. 
,',

short periods of tirne to high temperatures (up to 100 oC), extrernes ,,. ,

of acid or alkali. Space filling models show that cAMP can assurne 
;,.:.,,,,

two conforrnations, either the anti or the syn conforrnations, with the 
'

ribose rnoiety either extended away or bent back underneath the purine 
l

ring. The conforrnation of cAMP, in which it is active, is not known. 
f

ì

cAMP is broken down to SIAMP by cyclic nucleotide phospho- 
i

:

diesterases(PDE)withinthecel1.Thisistheon1yrneanSknownso

far by which this irnportant cornpound is destroyed in vivo. As is

discussed below, there are rnultiple forrns of these PDE enzyûìes.

The overall reaction catalysed by the systern is: 1'.,,,',,,,
.r.|.-. ,.: :.

¡',11:..,,,,Adenylat€ -^- :: :,:

cYclase PDE '''

ATp€cAMp-s,AMp
>\ D---^-L^-*r^-+^. yrophosphate

-A ' .:::..
In the steady state in rnost tissues, the cAMP concentration (10-" M) ,,,t'..t:,

is very low compared to the concentrations of its precursor, ATP.

-? -L(10 " M),or its degradation product, 5'AMP (I0 ^ M).



A. Z. Adenvlate Cvclase

Adenylate cyclase appears ubiquitous in nature. It is found in

bacteria, higher plants and anirnals. Sutherland, Rall and Menorn

(5) found adenylate cyclase activity in every tíssue of a dog examined

except erythrocytes. The highest specific activity was in brain cortex.

They examined nr.rn:Lerous animal phyla and found adenylate cyclase

activity in all of thern. In all rnarnrnalian species, brain tissue has

the highest adenylate cyclase activity. Adenylate cyclase is prirnarily

associated with the plasrna rnernbrane. Adenylate cyclase has also

been reported to be associated with other subcellular fractions

including rnitochondria [brain cortex (6), rabbit skeletal rnuscle (?)],

e ndoplas rnic r e ticulurn- fcar diac s ar c opla s rnic re ticulurn ( 8 ) ], rni cr o -

soûre (brain) (6) and pineal gland (9).

c.A'MP labelled *ith 32p is forrned frorn labelled ATP only if

the radioactive label is in the alpha position. Greengard, Hayaishi

and Colowick (10) reported that purified adenylate cyclase frorn

e r-rytþqgJgll"rt liquefa cie ns cata\y ze d, the adenylation of pyr opho sphate

by cyclic AMP to yield .A.TP in an exergonic reaction. They concluded

that the reaction catalyzed by adenylate cyclase \Mas readily reversible.

However, Cheung and Chiang (11) disagreed with this conclusion. They

found that the conversion of ATP to cyclic AMP catalyzed by adenylate

cyclase after prolonged incubation was essentially irreversible.

Using isotopic techniques, Tao and. Lipman (I2) and,Rosen and Rosen



(13) also failed to detect reversibility of the adenylate cyclase reaction.

rn vivo, the reaction probably proceeds strongly to the right. This is

because the concentration of ATP is two orders of rnagnitude greater

thän cAMP, and the pyrophosphatase reaction is essentially

irrever sible

The study of adenylate cyclase is complicated by the particulate

nature of the enzyme. Solubilized preparations, while catalytically

active, are generally unresponsive to horrnones which suggest that

the regulatory site is either part of the membrane or depends for its

functíoning on an association between enzyrne and rnembrane. Levy

and Klein (14) have noted that adenylate cyclase solubilized with lubrol

was still catalytically active but lost its responsiveness to horrnones.

They observed that addition of phosphotidylserine to this preparation

restored its abilify to respond to glucagon.

A. 3. The Mechanisrn_of Action of Cvclic AMP

cAMP mediates the action ,of a wide variety of horrnones. The

biological responses of these horrnones range frorn the well charac-

terized glycogenolysis (15) and glycogenesis (15) of liver and rnuscle

and lipolysis in adipose tissue (15) to the rnyriads of as yet uncharac-

terized responses such as salivary secretion (16) and phosphaturia

and calciurn renal resorption (17). cAMP has been shown to be an

allosteric effector of a small nurnber of enzyrnes or biologically

' i::.:-t ;
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active proteins, narnely phosphofructokinase of rnuscle (18), protein

kinase of a variety of. tissues and the cAMP receptor protein (CRP) of

Es.¡g¡1lthta coli. In Escherichia coli, CRP activates the transcription

of the genes for the enzymes such as B-galactosidase and Lac per-

mease whose synthesis is repressed in the presence of glucose. It

was shown by Pastan and his co-workers (1Ç) that for the Lac operon,

CRP rnust first bind cAMP before it can stirnulate the synthesis of

rnessenger RNA. The CRP-cAMP cornplex activates transcription

þresurnably by binding to the prornoter region of the Lac operon

thereby enabling RNA polyrnerase to bind and initiate transcription.

The allosteric activation of protein kinase by cAMP is the first

step leading to increased glycogenolysis in liver and rnuscle and the

increased lipolysis in adipose tissue. In these tissues the protein

kinase is prirnarily cAMP-dependent. ïn adipose tissue an elevation

of cAMP results in increased protein kinase actívity which in turn

leads to a greater phosphorylation of lipase, activating it and turning

on the degradation of triglycerides (20). In liver and rnuscle, the

sequence of events leading finally to the enhanced glycogenolysis is

rnore cornplicated. The process was elucidated by Krebs and his

co-workers (1). Protein kinase phosphorylates phosphorylase kinase

as well as glycogen synthetase, thereby activating the forrner and

partially inactivating the latter. Phosphorylase kinase phosphorylates

glycogen phosphorylase, activating it in the process. 'W'ith an



increased glycogen phosphorylase activity on the one hand and. a

decreased glycogen synthetase activity on the other, the net result

is an increased breakdown of glycogen

Induction of enzyrne synthesis by c,A.MP in rnarnrnalian systerns

has been d.ernonstrated in a number of cases (21 ,zz,1-3). cArvlp-

dependent protein kinase can phosphorylate histones (24) and, ribo-

somal proteins (25,26]'. rt is postulated that in those tissues where

cAMP induces enzyrne synthesis, phosphorylation of histones and

ribosornal proteins rnay sornehow participate. There is, however, no

direct evidence to support this hypothesis.

A.4. The cSMP Svstern

GMP had been synthesízed in laboratoríes rnany years before

it was discovered in 1963 by Ashman and his co-workers to be a

naturally occurring cyclic nucleotide (27). Inforrnation regarding the

biological irnportance of cGMP has until recently rernained limited

compared to the vast body of knowledge concerning cAMp. cGMp has

been detected in all phyta of the anirnal kingdom exarnined. Tissue

cGMP leve1s range between 10-8 and l0-7 moles/Kg, and in a given

tissue are usuarly L/ 10 to l/I00 the level of cAMp (ro-? to l0-ó

rnoles/Kg) (28). FÏowever, in sorne tissues, cGMp levels rnay be as

high as I/5 to Ll2 those of cAMP (28).



A. 5. Guanvlate çy_çle!"

Guanylate cyclase catalyzes the generation of cGMP frorn GTP

by a reaction that appears to be analogous to that catalyzed by adeny-

Iate cyclase (28). Guanylate cyclase has been detected in all

rnarnrnalian tissues examined. as well. as in other anirnals and.

bactería (29).

A number of properties of guanylate cyclase distinguish it

frorn adenylate cyclase:

(a) Unlike mammalian adenylate cyclase which is con-

sidered to be totally particulate, the rnajor portion of the guanylate

cyclase activity after hornogenizatíon appears to reside in the solubLe

fraction (30). It is possible that guanylate cyclase activity in intact

cells is particulate but becornes solubilized durirÍg homoge nizatíon.

(b) 'w'hereas adenylate cyclasers cation requirernent can

be satisfied alrnost equally by either tøgZ* or Mr.Z+, guanylate cyclase

was shown to be ten tirnes rnore active in the presence of Mrr2* thu.r,

with the same concentration of trrtgz+ 1:O¡.

(c) Horrnones such as epinephrine, glucagon, .A'CTH and

non-horrnonal agents such as fluoride stirnulate adenylate cyclase but

do not stirnulate guanylate cyclase in cell-free preparations of a1l

rnarnmalian tissue tested (28). The lack of an effect of the". horrno.r""

in vitro is consistent with their ineffectiveness in stirnuLating tissue

cGMP accumulation in vivo.



.A..6. cGMP as Sec_o3d Messenger

A.6. (a) Effegls observed with exogqnous cGMP on igtact cells.

In order to define a biologic,al role for cGMP, experirnents

were conducted whereby organs \¡¡ere perfused and tíssue slices incu-

bated with high concentrations of cGMP (0. I to 10 rnM) or its dibutyryl
6derivatives. These concentratíons represent as rnuch as 10" times

the concentrations known to occur in most tissues. ïn some tissuesr

these high concentrations of exogenous cGMP were found to rnirnic

cAMP in its effects in prornoting glucose output, glycogenolysis,

phosphorylase activation, etc., but with much less potency (3I,32).

cGMP is a poor substitute for cAMP in acïivating cAMP-dependent

protein kinase. However, at very high concentrations, cGMP can

nevertheless activate cAMP-dependent protein kinase. It is speculated

that this activation rnay be sufficient to account for the cAMP-like

effects of cGMP (28).

In other tissues, investigators found that cGMP or its dibutyryl ,',,
t'

derivatives could produce effects which were d.ifferent from those of :,,,,

,.t .

cAMP. For exarnple, Puglisic et al. (33) reported that db-cAMP

antagonize d acetylcholine -induce d contraction of is olate d rat fundus

strips whereas db-cGMP (8 rnM) rnirnicked the effects of the cholinergic 
i:,.,,.. :-:

agent.
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4.6. (b) Effect of agents that prornote cGMP accurnulation in

intact cells.

Horrnones (such as epinephrine, glucagon, ACTH) which pro-

mote cAMP accurnulation are ineffective in inducing the generation of

cGMP in isolated ce1ls (24,35). on tþe other hand, perfusion of organs

with low concentrations of acetylcholine or other cholinergic agents

resulted in rapid (within seconds) accurnulation of cGMP. George

et al. (36) found that perfusion of isolated rat hearts with acetylcholine

(0.3? pr,M) produced an elevation of rnyocardial cGMP (within l0 sec)

coincident with the first sign of cholinergically induced effects in both

cardiac function and elevation of rnyocardial cGMP. Other investi-

gators have reported sirnilar induction of cGMP accurnulation by

cholinergic agents in other biological systems; uterus (ZÇ), brain (32)

and anterior pituitary (38).

4.7. The BiologicSul RoIe_g{ cGMP

Until recently it was thought that regulation of cellu1ar rnetabo-

lisrn rnay be by bidirectional changes (increases or decreases) in the

concentrations of intracellular cAMP alone. This 'rUNITARytt concept

has been used. to expláin, for exarnple, the regulation of cardiac

contractility, the control of lipolysis, hepatic glycogen rnetabolisrn

and cell proliferation. Although, in at least sorne of the examples

cited, d.ecreases ín cellular cAMP can be dernonstrated, the decreases

in cAMP concentration have not actually been shown to precede the
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physiological responses produced. In fact, evidence to the contrary

have appeared. Agents prornoting cAMP-opposing events can be

shown in sorne cases to have no cAMP-lowering effect (39,40).

This "UNITARY', concept of regulation is now superceded by

the rrDUALISTrc" concept of reguration whereby increases in cAMp

concentrations induce cAMP-like responses and increases in cGMp

concentrations induce cAMP-opposing events (28). Since it has been

shown that low concentrations of cGMP do activate cAMp phosphodi-

esterases ( l), a decrease in cAMP concentration could be viewed as

an event second.ary to the increase in cGMP concentrations. The

"dualisrnrr between cAMP and cGMP is speculated (28) to regulate

biological systerns rnodulated by opposing biological signals. These

could be considered to be 'tbidirectionallyrr controlled systerns. It is

also possible that other biological systems exíst that are controlled

only I'rnonodirectionally. " In the adrenal cortex, steroid.ogenesis is

stirnulated by ACTH. No naturally occurring antagonist of this ACTH

action is known to exist.

B. cAMP PhospþgCies.leg_se

B. l. General Distribution
' 

' 
ittt: 

';ttttttt'cAMP phosphodiesterase is widely distributed. It has been

detected in alt rnamrnalian tissues examined with the exception of 
:

avian erythrocytes (42)" Among the lower forrns of life, it has been
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found in yeast (43), in bacteria (44), in slirne mold (45) and in several

marine organisrns (a6).

surveys (42,47) of different.marnrnalian tissues show that

brain has the highest cAMP phosphodiesterase activity. A lower

specific activity was found in spleen,. skeletal rnuscle and heart

muscle while very low specific activity was found in intestinal rnucosa

and plasrna.

8.2. Subcellular Distribution

Ïn general, cAMP phosphodiesterase is known to be distributed

between soluble and particulate fractions in rnost sources. The

proportion of the total enzyme activity in the soluble fraction varies

depending on the source of the enzyrne. Butcher and Sutherlan d, (47)

and Hrapchak (48) reported that 20-30% of total cAMp phosphodiesterase

activity ín beef heart is solub1e. Goren (49) found that a greater pro-

portíon (60Ío) of the total beef heart enzyrne activity is soluble. Nair

(50) reported that prior freezing and thawing helps to increase solu-

bilization of the dog heart enzylne. In tissues of rat the proportion of

the total enzynre activity in the soluble fraction varies from 90To in

liver to 36% in brain cortex and 10% in adipose tissue (51).

De Robertis et al. (51) noted that the rnajority of the enzyrne in

the particulate fraction of rat brain was found in the mitochondrial and

rnicrosornal fractions. Hypoosrnotic shock treatment of the rnitochon-

drial fraction led to the release of 50To of. its particulate activity.
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Cheung (52) reported that 0.+To Triton X-100 could e)cpose all the

latent activity of the rnicrosornal- enzyrne of rat brain but only part

of it becarrte truly soluble

Butcher and sutherland (42) observed that the particulate

enzyrrì.e of beef heart was similar to the soluble enzyrne with respect

to pH optirnurn, rnethyl xanthine inhibition , Mgz* d.ependence, irnidazole

activation, therrnal stability and stability to freezing and thawing.

B. 3. pH Optirnurn

The pH optimurn for cAMp phosphodiesterase frorn rnost

tissues range" rrorn pH 2.5 to 8.5. Butcher and sutherland (42)

reported that the beef heart enzyrne has a pH optirnum of g in 0. og M

Tris buffer. rn a buffer of 0.04 M Tris and 0:04 M Imidazole, the

pH optirnurrr q/as shifted to 7.s. Goren and Rosen (53) found that in

0. t M Tris buffer, the beef heart er,zyrne hyd.rolyzed cAMtr and cGMp

with pH optirnum of B. 0 and 8.5, respectively. The pH optimum for

the hydrolysis of cAMP by the rat brain enzyrne is B and that by the

dog heart enzyûr.e is between B. 5 and 9. 0.

B. 4. Ternperature _Optirnurn

The ternperature optirna of the beef heart enzyrne for the

hydrolysis of cAMP and cGMp are 35 oc and 42oc, respectively (53).

cGMP (53) protects the enzyïrì.e frorn inactivation to a greater extent

than cAMP at temperatures above 35 oC. The ener gy of activation for
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the hydrolysis of cAMP by rat brain phosphodiesterase (52) is 7.5

K cal/rnole bátween 25 oC and 30 oC and 3.5 K cal/rno1è between 3g oC

and 45 oc. The energy of activation for the hydrolysis of cAMp by
_ttt''.ti

dog heart phosphodiesterase (50) is L9 K callrnole. ,'',','--:'-

B. 5. Stabilitv

The relatively irnpure enzyrïl.e frorn bovine brain or heart is

very.stable (49,52,54). It can be stored aÍ.4oC for up to 4 weeks

with very littte loss in enzyyne activity. At -zo oc, it can be kept for

over 6 rnonths with aknost no loss in enzyñle activity. The enzyrne

is not stable above as oc 
1sr¡. The beef heart er,zy.rr,e roses 50% of.

its enzyrne activity when heated at 45 oC for 5 rninutes and loses I0OTo

of its activity when heated at 55 oC for 5 minutes.

Although the beef heart enzyme is very stable in the irnpure

stage, it is labile when highly purified (48,55)" Conventional procedures

for concentration (such as ultrafiltration) and freezing and thawing

rapidly inactivate the highly purified enzyme. Hrapchak (48) recorn-

rnended.that the erzyryre be best stored as a suspension in 60To

saturated solution of arnmoniurn sulfate in the presence of MgZ+. 
"rrd

dithiothreitol or 2-rnercaptoethanol. Kakiuchi and yamazaki (56)

reported that bovine serurn albumin protected the rat brain enzyrre

frorn inactivation at 30o" Goren (49), however, found that bovine

serun). albumin did not affect tJre therrnal stability of the beef heart

enzyrne
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B. 6. Requirernent for Metal lons

cAMP phosphodiesterase require" MgZ* for activity (54).

Maxirnurn activation is achieved by. turgzr concentrations of around

I to 3 rnM, while concentrations of tutgZ+ above I0 mM inhibit the

enzyme activity (53,57). The rat brain enzyrne (52) exhibits an

apparent K for wgZ* of 1.3 * 10-5 M. The hurnan brood lyrnpho-

cyte enzyrne (58) has an apparent Kr. for t¡gz* of the order of I0-n w.
?+The bovíne thyroid enzyrrre (59) exhibits two Kr' for }/rgo-; the recip-

rocal plot e><hibits a biphasic curve.

Cozt u.rrd MrrZ* can repla". Mgz+. Goren and Rosen (53)

reported that MnZ* 
"rrd 

COZ+ stimulated the beef heart enzyrne to a

lesser extent tlnanMgz* rrrd inhibited the enzyrne activity to a greater

extent at high concentrations. They also reported that I rnM concen-

trations of znz+ , cuT*, FuZ* rrrd c,'Z* inhibited t,,e enzyrne activity

in tlre absence of Mgz+. The activity of the beef heart erzzyftre in the

presence of I rnM l¡g}f was reported to be inhibited by the addition of

I rnM znz* , Fu2* o" crrZ* and unaffected by the addition of I rnM cuzr,

cozr o. Ni2*. 0.5 rnM EDTA and 0. 5 mM EGTA inhibited the beef

heart enzyñre I00To anð,60To, respectively. These inhibitions could

be overcome by addition of exce"" Mgz+.

ïn agreernent with filany other research workers, Kakiuchí

and co-workers (60) found that for the rat brain enzyme, c^2* alone

did not replace *g'*. However, they were the first to report that of

r'l:ì...-.

t.' l,r:¡::
,.:;'t
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the two forrns of cAMP phosphodiesterase in rat brain, the major forrn
)'L -A -1 2rrequired Mg"'and low concentrations (10-o to I0-a M) of c."*, while

the rninor form of the enzyrne had a requirernent only fo" Mgz+ (56,57,

60, 6r, 62).

B. 7. Substrate Spgg{igily

Phosphodiesterases in general exhibit a preference for cyclic

nucleotides with a purine rather than a pyrirnidine base (s4). The two

naturally occurring cyclic nucleotides, cAMp and cGMp, are the best

substrates for the enzymes. In general, the enzyûres have greater

affinity for cGMP than cAMP. However, different molecular forrns

of the enzyûre exhibit different preference with respect to the two

cyclic nucleotides. This is discussed in greater detail in the section

rrMultirnolecular Forrns" (page lz ). Hardrnan and sutherland (63)

found a phosphodiesterase in the particulate fraction of dog heart that

hydrolyzed cUMP faster than cAMp"

B. 8. Kinetic Pararneters

Table I cornpares the Kr' values of cycli.c nucleotide phospho-

diesterases frorn different sources. The K_ values for cAMp varyrn
-A -^between l0 " to l0-= M. Most of the work reported in Tab1e I had

been carried out before the discovery of the protein activator, and the
)J-

activating effect of Ca' ', and consequently the concentrations of both

activators were not standardized to enable investigators to obtain

rneaningful comparisons of the kinetic pararneters.
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Km vALUES oF cycl.rc NUcLEoTTDE eHosrHoDTESTERASES FRoM DTIFERENT souRcES

\o {"aw¡
Loq

Affinity
(plt)

Ç (cAMe)

High
Affinity

(Pu)

K* ("CtuP

(FM)

Bovíne Heart

Bovine Heart

Bovine Heart

Dog Heart

Rat Heart

Guínea Plg Heart

Rat Skeletal
. Muscle

Rat Uterus
MyometrÍum

Rat 
. 
Brain

Bovl-ne Brain

Trout Brain

Rat Liver

Rat Fat Pad

Human Adipose
Tlssue

Rat Adrenal-

Rat Thyroíd

Gulnea Pig Isl-et

Rat Thymíc'
Lymphocytes

Frog Erythrocytes

60 - 100

36,69

250 , 29

490

87

L30 - 2l_0

20

.60

30

I

300

c

r.04

r_40

90

92

38

400

100

5030

4

5

2

3

0.4

3

0. 1-3

2

50

22

4

13

-

7

38

Butcher & Sutherland (47

Hrapchak & Rasmussen (55

Goren & Rosen (53)

Nair (50)

Thompson & Applernan (68)

Poch (127)

Huang & Kemp (64)

Kroeger, Teo, Ho & trlang
(128)

Thompson & Appleman (68)

Cheung (71)

Yamamoto & Massey (1-?g)

Thompson & AppJ-eman (68)

Thompson & Appleman (68)

SoLomon (L30)

Klotz et. aL. (131-)

Bastomsky et- al- ,(tZZ¡

Montague (133)

Frank & Macmanus (73)

Rosen (66)
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Phosphodiesterase preparations frorn beef heart, rat brain,

rat and human lyrnphocytes, and bovine thyroid exhibit rnultiple Kr'

values for cAMP. In general, a single low Kr,' for cGMp is obtained

for each of the tissues investigated, being of the ord.er of l0 5 M o"

1ower.

Huang and Kernp (64) reported that rabbit skeletal rnuscle

cAMP phosphodiesterase exhibited a 1ower Kr' when the pH was

lowered. This was confirrned by Goren and Rosen (53).

B. 9. Multirnolgcular Forrns

Monn and christenson (65) developed a rnethod of staining

cAMP phosphodiesterase activity on starch gels. They found that the

cAMP phosphodiesterases frorn tissue homogenates of rat and rabbit

existed as isoenzymes when anaLyzed.by starch gel electrophoresis.

Although 7 isoenzyffres were detected, no tissue showed rnore t:nan 4

isoenzyrnes. Most tissues including heart had two isoenzymes. Spleen,

lung and stornach had two rnain isoenzymes and one minor isoenzyme

each; only brain had 4 isoenzyrnes: two rnain ones and. two rninor ones.

Many groups of researchers have separated cAMp phospho-

diesterase into its respective isoenzyrnes and partially characterized

these isoenzymes. Rosen (66) with frog erythrocytes, Kakiuchi and

co-workers (57,61) with rat brain and Applernan and co-workers (62,

68,69) with rat tissues utilized gel filtration to separate the different
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isoenzyrnes. DEAE-celÏrlose chrornatography was used to fractionate

the isoenzyrnes frorn beef heart [Hrapchak (55)] and rat liver [Applernan

(41)]. The only group of investigators to purify tine enzyrne to apparent

hornogeneity is Goren and Rosen (53) who used preparative disc gel

electrophoresis as the final step in the purification of the beef heart

, enzyme. The results obtained by each group or r."u""chers is

described in detail below.

í:'

8.9. (a) Rosen.

Rosen (66) reported that two isoenzyr''es of cAMp phosphodi-

esterase could be separated frorn the soluble fraction (.35,000 x g

supernatant) of frog erythrocytes by gel filtration on a colurnn of

Sephadex G-200. The Sephadex G-200 gel filtration profile revealed

one rnajor low rnolecular weight isoenzyrne (MW of I0o, oo0) and one

rninor high rnolecular'weight isoenzyme (MIü- of. 20,000). Both forrns

were eluted in their original volurnes of elution when refiltered on

Sephadex G-200 indicating that the two isoenzymes did not interconvert.

No atternpts were rnade to investigate the relationship between the two

isoenzyrnes. The low rnolecular weight isoenzyme was purified I000-

fold. This highly purified enzyme preferred cAMp as substrate but

exhibited considerable activity with respect to cGMp and cIMp when

assayed with rnillirnolar concentrations of substrate.

i-.---.



19

¡l.9. (b) ¿pplç¡ga'l_e-d-g9:*g3&g5-.

Thornpson and Applernan (67) reported the separation by gel

filtration on a column of agarose A-5M of the cAMP phosphodiesterase

frorn a sonicated 20,000 x g supernatant fraction of rat brain cortex

into two rnain actívity peaks: a high rnolecular weight species (M\,v of

400,000), a low rnolecular weight species (M\{ of.200,000) as well as

a rninor exclusion peak. The high rnolecular weight enzyrrT.e preferred

cGMP as substrate (K_ for cAMP = 100 pM, Kr' for cGMp = 13 t¡M).

The low rnolecular weight enzyfire preferred cAMp as substrate (K
na

for cAMP = 5 pM, K* for cGMP = 10.5 pM). Furtherrnore, while the

high rnolecular weight enzym.e obeyed Michaelis Menten Kinetics, the

lower rnolecular weight errzyrrre displayed negative co-operativity. The

exclusion activity peak had substrate specificity sirnilar to that

exhibited by the low rnolecular weight enzym.e and the authors postu-

lated that the exclusion peak errzyrr:le may be derived by the association

of the low rnolecular weight forrn wih particulate rnatter.

An analysis of extracts from other rat tissues indicated that

they, too, had similar isoenzyme patterns. FÏeart, skeletal rnuscle,

adipose tissue and kidney possessed. rnultiple isoenzyrnes of cAMp

phosphodiesterase (68). The exception was rat liver which exhibited a

single activity peak (MVr 400,000) on gel filtration on agarose A-1.5 M.

It hydrolyzed cGMP and cAMP at approximately the sarne rate. This

single activity peak was resolved into three different activify peaks on
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chrornatography on DEAE-cellulose (4I). The first and. second enzyrne

peak carne rnainly frorn the soluble fraction of the rat liver. The

third enz\Ìrr'e peak was derived rnainly frorn sonicated. 100,000 x g

particles of rat liver. Enzyrnes frorn all three activity peaks possessed

the sarne rnolecular weight of 400, 00Q. They exhibited different sub-

strate sp ecificities. The enzyrne frorn the first activity peak preferred

cGMP as the substrate; the enzyrne frorn the third activity peak pre-

ferred cAMP as the substrate, while the enzyrne frorn the second.

activity peak hydrolyzed cAMP and cGMp at approxirnately the sarne

rate. At pH 7.4 cGMP rnarkedly stirnulated (by 100-800%) the

hydrolysis of cAMP by the eîzyryle of the second. activity peak. cGMp

inhibited the hydrolysis of cAMP by enzyrnes of the other two activity

peaks.

8.9. (c) Kakiuchi and co-workers

Many investigators (5 3,54) have estabrished that c^2* by itself

does not stirnulate cAMP phosphodiesterase. That i", c^2+ cannot
2L

replace Mg'' . Kakiuchi and co-workers (60) found that cAMp phospho-

diesterase in the crude extract of rat brain could be partially inhibited

by low concentrations of EGTA (ro-4 M) in the presence of excess
2J-

Yg'' (3 rnM). Gel filtration on Sepharose 68 of the 100,000 x g

supernatant of rat brain revealed two isoenzyrrrres: a high rnolecular

weight e',zyrrLe requiring lo92* but independent or. c^z+, and a lower

molecular weight enzyrne which required both Mgz* 
"rrd 

c"Zl fot
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enzyrnic activity (57,61). The two isoenz)rrnes weïe different in

many ways:
1L

(a) The Ca"'-d.ependent, isoenzyr,'e was less stable than
,: . : _.. ,'- .'. ,,t_

tine CaZ*-independent isoen lzyrrre (57 , 6I). 't't.,'¡.',,''¡:,

(b) A protein activator frgrn rat brain activated t}." c^2* -

dependent enzyrne in the pïesence of low concentrations

of C^zt but had no effect on the C"2*-irrdependent

enzyrrre (57,6l).

(c) The CaZ*-independent enzyrne hydrolyzed cUMp to a

negligible extent but hydrolyzed cAM.p and cGMp to

approxirnately the sarne extent. Thu C"2*-dependent

erlz)¡rne hydroryzed cuMP at approxirnately the sarne

rate as it hydrolyzed cGMp, but was twice as active

with cAMP (5?,61).
)L

using ca"'/EGTA buffer to d.eterrnine the concentration of
)L

free ca' ' , Kakiuchi and. Yarn azakí (s6, sT) weïe able to show that

only very low concentrations of. c^z* (r0-6 to 10-5 M c^zr) were
)-L

required to activate the ca"'-dependent cAMp phosphodiesterase

frorn rat brain in the presence of exces" MgZ* (3 rnM). 'w'hen no

protein activator was added, activation began at r.?5 x t0-u * c^zr,

Addition of excess protein activator decreased the threshold of acti-

vation to l. 25 x lo-6lr¿ c^2*. rn the absence of added protein

activator, exces t C^2* activated the enzyrne substantially. Addition

-,.t!+:
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of excess protein activator only incïeased. this Ca21 activation (in the

presence of exces 
" c^z+¡ slightly. Thus, although Kakiuchi and co-

workers could dernonstrate t]nat activation by the protein activator 
,,,,,,,'\Ã,'as cornpletely dependent on c^2*, they could only dernonstrate a ,'::r:

partial dependence on the protein activator for the activation of the
7J-

enzym.e by Ca"'.
l: :

i..,-'.,,

B' 9' (d) Hrapchak and Rasrnussen 
:,',Ì,Hrapchak and Rasrnussen (55) purified beef heart cAMp phos

phodiesterase to high degrees of purity. Their purification procedure .,

involved arnrnoniurn sulfate fractionation, protarnine precipitation,

gel filtration on Sephadex G-200 and DEAE-cellulose colurnn chrorna-

tography. They found that DEAE-cellulose colurnn chrornatography

. could separate the enzyrne into two active isoenzyrnes. The first

activity peak (M'w'= rzl,5oo), the rnajor forrn, was purified IB0-fold;

overall yield was 3%. Their final products \Ã/eïe not hornogenous.

They clairned that the total er,zyrr,e activity could be accounted for at

all stages of purifícation and there was no indication that a cofactor,

protein or otherwise, was rernoved. during the purification. The fwo

isoenzyrnes exhibited sirnilar Kr. for the hydrolysis of cAMp; the

values for cAMP of the lower rnolecular weight forrn and of the higher

rnolecular weight forrn \Ã/'eïe 36 and 69 ptvt, respectively.
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8.9. (e) Goren and Rosen

Goren and Rosen (53) developed a new procedure for staining

cAMp phosphodiesterase activity on disc gels. using this rnethod, 
,,,:,,,::,,..,,

they dernonstrated that the crude hornogenate of beef heart possessed ::':':::

only a single errzyrrre activity band (P.DE-II) tf ¿i"" gel electrophoresis

Exposure to high ionic strength during arnrnoniurn sulfate fractionation,

chrornatography on DEAE-celluIose, or aging at 4oc for I to 4 weeks,

resulted in the appearance of another enz rnle activity band (PDE-l)

on disc gel electrophoresís.

Goren and Rosen (53) purified isoenzyrne PDE-II and PDE-I

to apparent hornogeneity. The purification procedure used by thern

was a rnodification of the procedure developed by Butcher and

Sutherland (471 with the addition of gel filtration on sephadex G-200

and preparative disc gel electrophoresis. PDE-I and PDE-l[ were

found to have rnolecular weight values of. 175,000 and !25,0O0,

respectively. SDS disc gel electrophoresis of purified PDE-II

revealed two rnain bands indicating two subunits of 48,000 and 38,000.

A nurnber of other rninor bands appeared on the SDS gel electropho-

resis pattern (49) and the author described thern as irnpurities. On

the basis of these findings, Goren and Rosen suggested that PDE-I was

rnade up of 3 subunits of rnolecular weight of 38, 000 and one subunit of

rnolecular weight of 48,000, and. that PDE-rr was rnade up of two sub-

rrnits of rnolecular weight of 38, 000 and one subunit of rnolecular

weight of 48, 000.
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Both crude and partially purified beef heart cAMp pDE

possessed two Kr' for the hydrolysis of cAMP, but hornogenous pDE-r

and PDE-II each exhibited single K values for cAMP. only one Kr'rn 
::::lfor cGMP (4 x Lo-5 l,rt) was displayed by both isoenzyrnes at aII ::...:':.

stages of purification. The ratio,--' R¿ite of cGMP hydrolysis'
rernained consistentLy at 1.3 up to the hydroxyapatite chrornatography 

:,:.-,,
stage of purification (49). Further purification by gel filtration on '',:',:,'r,

t: : ,.

':
Sephadex G-200 and preparative disc gel electrophoresis decreased i,r:,i:-:

i.,.i.:',::

the ratio to 0.5. Hornogenous PDE-I and PDE-II possessed ratios of 
i

0.48 and 0.53, respectively.

The protein activator reduced the Kr' for cAMP frorn 520 to

220 p"M. The protein activator had no effect on the K for cGMPrn

although it increased the Vrrr"* for cGMP hydrolysis.

B. 10. Inhibitors

A variety of cornpounds inhibit the activity of cAMp phospho-

diesteras e (54,69). Butcher and Sutherland (47) dernonstrated the

inhibition of beef heart cAMP phosphodiesterase by the rnethyl

xanthines. Cyclic nucleotides that are good substrates aïe also good

cornpetitive inhibitors (49). A nurnber of pharrnacologically active

agents are known to be effective inhibitors of cAMP phosphodiesterase.

Phenothi azírre, pr orn etha zír:re, p roarnide and. tolbutarnid e have be en

shown to inhíbit the enzyrne (54,69). One of the rnore potent inhibitors

t: :.: ;
ì:.r: t:.
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reported is the vasodilator, papaverine.

cAMP phosphodiesterase is inhibited by rnercurial agents such

as p-hydroxyn).eïcuribenzo ate (49,70). The inhibition is reversible

by 2-rnercaptoethanol suggesting that sulfhydryl groups on the enzyïne

are necessary for activity.

B. I l. Activators

B. 11.. (a) Protein activator
1 ' '''"," '

Cheung(71),andKakiuchi,YarnazakiandNakajirna(62,)
:

independently discovered the existence of a heat stable protein acti- 'i

I

vator of cAMP phosphodiesterase 
i

Cheung (7i) noticed that purification of cAMP phosphodiesterase j

|, :

frorn bovine brain resulted in partial loss of enzyrne activity due to the 
l

I

dissociation and separation of a heat stable non-diaLyzdr.Le activator 
l

frorn the enzyrne. The crude hornogenate contained excess non-

dialyzable activator. Arnrnoniurn sulfate fractionation resulted in

partial separation of the non-dialyzable activator frorn the enzyrne;

the supernatant being richer in the activator and the pellet being

richer in the enz)rrne. Excellent separation was achieved by chrorna-

tography on DEAE-cellulose owing to the large differences in their

isoelectric points; the isoelectric points of the non-d.ialy zable activator

and. PDE enzyfiLe r)ilere 4.0 anð, 5.7, respectively.

Most of the work to date on the characterization on the non-

dialyzable activator ñìay be credited to cheung. The properties of
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this non-díaLyzable activator ff).ay be iternized as follows:

(a) It is protein in nature since it was found to be insensi-

tive to digestion by DNA.se, RNAse and lipase but was

rapidly destroyed by proteolytic enzyrnes (71).

(b) Cheung (71) deterrnined the rnolecular weight of the

protein activator to be approxirnateLy 40,000 by geI

filtration on a calibrated colurnn of Sephadex G-I00.

Kakiuchi, Yarnazaki and Nakajirna (62) obtained a

figure of about 60,000 for the rnolecular weight of the

protein activator frorn rat brain using Sepharose 6B

gel filtration. This figure is probably inaccurate since

the protein activator was eluted close to the vôid

volurne.

(c) The protein activator possesses rernarkable heat

stability. Goren (49) reported that a prepaïation of
:. , :

this protein activator frorn beef heart lost only 33!o of. ..,,:,:.'

its activity upon heating at 90 
oC fot 5 rninutes. Cheung ,, ,,,,,

(71) observed that the bovine brain protein activator was

stable in 8 M urea, and to heating at lO0 oC at pH I. Z

for short periods of tirne. lîowever, boiling the protein ;,.t,,

activator at pH 12.3 rapídly obliterated all activity.

(d)Cheung(71)reportedthattheproteinactivatord.ecreased.

the K by 3-fold and increased the V bv the sarneIn - rnax
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extent when cAMP was used as the substrate.

Proteolytic digestion of the cAMP phosphodiesterase

could also activate the en.z\fÍrle, reducing the Kr' and

increasing the Vrrrr* to approxirnately the sarne extent

as that achieved by the protein activator. Activation

by the protein activator and by proteolytic digestion

weïe found to be non-ad.ditive and to proceed by

different rnechanisrns; the activation beíng stoichio- i,',,,,,'., ,,

rnetric for the forrner and catalytic for the latter. The

protein activator exhibited no proteolytic activíty when 
;

sayed. with three substrates: p-toluene sulphenyl-L-

arginine rnethylester, N-b enzoy|-L-tyrosine ethyl

ester and casein.

(e) Activation of cAMP phosphodiesterase by the protein

activator is specific (71). Proteins with approxirnately

the sarne rnolecular weight and isoelectric point do not

activate the enzyrne.

(f) The protein activator was found in all rnarnrnalian

tissues investigated by Cheung (54). A protein activator

frorn one tissue cross activated effectively a partially

purified enzyïne frorn another tissue indicating a lack

of tissue specificity.
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(g) A heated partially purified preparation of the bovine

brain cAMP phosphodiesterase (zl) could still activate

the enzyrne activity of an unheated. preparation of the

salrLe errz\rfrre. There was thus residual protein acti-

vator in the partially purified erlzyrrle preparation.

The difficulty in rernoving this residual protein acti-

vator activity was viewed by Cheung (?l) as evidence

of very strong affinity of the protein activator for the

' eo,yr'.e. Goren and Rosen (53) confirrned the findings

of Cheung. Beef heart cAMp phosphodiesterase

(PDE-II) apparently homogenous on analytical disc gel

electrophoresis contained residual protein activator

activity.

(h) cheung (71) deterrnined that the protein activator did

not bind cAMP.
i. ..1 . ..: : ... :

-- :1,'.:::i:; :'.(i) Distribution of the protein activator activity in different :,:',,:.:,-.;:,r.,
I :.. ì..':.: ,:. :

areas of the bovine brain follows the distribution of the i,.',,,t 
'."',,,,''..

cAMP phosphodiesteras e (54).

B. I 1. (b) Activation by Arnrnoniurn lons 
,.,:,,i.,a:.., ,,,,

According to Nair (50), arnrnoniurn salts in the concentrationl 
r::-::: i'irr ":

2_l
range of lO-" to l0-'M produced arnaxirnurn of 1.S-fold activation

.

of crude and partially purified cAMp phosphod.iesterase frorn dog
)J-

:_...-:,: .: -.:-_ .:.1heart in the presence of optirnal levels of Mgo-. 
¡,r,,1.,,,;,,,,,,,
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B. 11. (c) Activation by lrnidazole

Butcher and Sutherland found that 40 rnM irnidazole in 0. 04 M

Tris buffer pH 7.5 activated purified beef heart cAMp phosphod.i-

esteras e by 75To cornpared to enzyrne activity in 0.0g M Tris buffer

pH 7. 5. T'his concentration of irnidazole also shifted the pH optirnurn

frorn 8. 0 to 7. 5.

B. I1, (d) Activation by Red.ucíng Agents

Goren (4Ç) reported that dithiothreitol activated by Eo% to 60%

partially purified. beef heart cAMp phosphodiesterase. Maxirnurn

activation was at the concentration of 5 rnM dithiothreitol. Kinetic

analysis revealed that dithiothreitol decreased the Kr' for cAMP frorn

500 pM to ?30 pM but did not affect th" Vrrr"* for the hydrolysis of

cAMP. Under the sarne conditions, 5 rnM Z-rnercaptoethanol activated

the enzyrne activity by  Zlo.

B. 11. (e) Activation by 5tGMP

Goren and Rosen (72) reported t'oat 5tGMp but not 5rAMp or

5tIr{P, activated fresh beef heart cAMP phosphodiesterase to a

rnaxirnurn of 75%. 5' GMP increased the v but had no effect onrnax

the Kr,' for the hydrolysis of cAMP. 300 uM 5tGMp \Mas ïequired for

half rnaxirnal activation

The ability to be activated by 5t GMp was found to be very

labiIe. rt was lost when the enzyrne was stored above -10 
oc or when

t-:_::



30

exposed to pH greater t.]nan 7.5. rt was not possible to retain this

property beyond the DEAE-cellulose chrornatography stage during

the purification of the erlzyrr'e. For relatively crude enzyrne, this

property could be rnaintained for up to z rnonths when the enzyrne

was stored at -150 
oC in liquid nitrogen.

B. I 1. (f)

Frank and MacManus (?3) found t'nat a particulate fraction

(2,0,000 x g pe1let) of rat thyrnus lyrnphocytes possessed a cAMp

phosphodiesterase with Kr' values of 0. l3 and g pM for the hydrolysis

of cAMP. cGMP inhibited the enzyrne when the substrate concentration

was relatively low (1 pM cAMP). However, cGMp at a concentration

range between l0-7 and to-5 Il. activated the hydrolysis of cAMp at

higher substrate concentrations (r0 ¡.r,M cAMp). cGMp concentrations

higher than lO-5 lul inhibited the enzyr-ne activity.

Beavo, ÍIardrnan and Sutherland (74) investigated the effects

of cGMP on the hydrolysis of cAMp by both soluble and particulate

fractions of cAMP phosphodiesterase frorn a nurnber of rat tissues.

They found that cGMP within the concentration range of 0. 0g to z0 pM

activated the rat liver enzyrrre for the hydrolysis of cAMP at substrate

concentrations between 0. 5 to 40 pM. cIMP exhibited lesser activation

while cGMP concentrations in excess of 20 ¡,r,M inhibited. the erLzyrrre

activity. Activation by cGMP was shown only by particulate fractions
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1_.1:.:.ì 1.:.Ì

Ì:1::

of rat heart and kidney. For rat liver, brain and thyrnus, both

particulate and soluble fractions of the enzyrrLe could be activated

by ccMP. cAMP did not activate the hydrolysis of cGMp by phospho-

d.iesterase frorn rat tissues. cAMp at concentrations above Z pM

inhibited the hydrolysis of cGMp. Russe1l, Terasaki and Applernan

(41) recently confirrned the findings of Beavo and. co-workers.

B. 11. (e) Activation bv Naturallv Occurrinø Linirts

Bublitz (75) reported. that several naturally occurring 1ipids

activated the hydrolysis of cAMp by soluble rat brain cAMp phospho-

diesterase. N-propanol, guanidine-Hcl and. a variety of synthetic 
:

detergents díd not exhibit sirnilar activation.

B. 11. ft)

Senft and his co-workers (76) reported that insulin at a level
_6

of 2 x 10 'M activated by Z-f.ord the activity of beef heart cAMp

phosphodiesterase in vitro. This concentration of insulin was rnuch

higher than the physiological level of insulin. However, Menahan,

Hepp and W'ieland, (77)' aïnong others, found. that insulin had no effect

on cAMP phosphodiesterase frorn the soluble fractíon (100,000 x g

supernatant) of rat liver. In rat liver, 80 to 90To of.the total enzyrne

activity was in the soluble fraction. Sirnilar results \ñ/ere obtained

for the enzylne frorn rat cells. Many other researchers working with

cAMP phosphodiesterase frorn the soluble fractions of other tissues
i: :: r:.::l t r r:-al.. .. -
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have confirrned the results of Menahan and. co-workers. of signifi_

cance is the recent report by House, Por1is and'W'eidettrann (78) that.

isolated plasrna rnernbranes contained cAMP phosphodiesterase that

was directly stirnulated by physiologícal concentrations of insulin.

rt is quite possible that cAMp phosph,odiesterase pïeparations of

Senft and co-workers (76) contained sirnilar rnernbrane-bound phos-

phodiesterase activity which was activated by insulin.

c. Th. Rul"tior"hip But*u.r c"2* "rd "AMp ir Mo".l.

rt is well established that c^z* is the coupling agent befween

excitation and contraction in rnuscle. This requires that the concen-
)J-

tration of Ca"' ir, rrrrrscle cells be regulated very precisely.

The concentration of calciurn of a typical rnarnrnalian cell is

in the range of I to 8 rnM if all the calciurn is soluble and evenly

distributed throughout the cell water (79). The concentration of free
)J-

ca'' in the cytosol is not known. An educated guess is that the con-

centration of free cuzi in the cytosol is probably between l0-5 
"r.d

-R10 - M (79). rn rnuscle cells, the bulk of the cellrs calciurn is

cornpartrnentiz ed in rnitochond ria, rnic ro s orne s and sarc oplasrnic

reticulurn (80). Tlhe extracellular fLuid has a C^Zt concentration of

approxirnately I rnM. Thus, there exists a gradient of calciurn concen-

tration across the plasrna rnernbrane.

In order to rnaintain this distribution of calciurn within the cell,

there exists an externally d.ire cted ca?* porrrp in the plasrna rnernbrane
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and an internally directe d C^Zi purnp in the rnitochond.ria, rnicrosornes

and sarcoplasrnic reticulurn (80,81). The rnaxirnal rate of c"2* flrr*

acïoss the rnitochondrial rnernbran.e is 100 to 1000 tirnes rrLore rapid

than that across the plasrna rnernbrane (82). consequently, transient

changes in the rate of C^2* entry acï.oss the plasrna rnernbrane will

prod,uce veïy litt1e change in cazi concentration in the cytosol of

cardiac rnuscle cells. However, only a veïy srnall change jo c^Zr

concentratíon is required to cause rnuscle contraction since it

responds as a function of the fourth power of the C^2* concentration

(8 3).

Iv'hen epinephrine acts on the heart, it elicits (a) an increase

in the heart rate, (b) an increase in the force of contraction, and

(c) an increase in glycogenolysis. Although the rnechanisrn under-

lying the first change is not well established, rnuch is known about

that of the other two changes.

Epinephrine activates heart adenylate cyclase resulting in an i',,1,i'.,,-
.:-..... -::.
tt:-:_::

increase in cellular cAMP (1). T'his signal is arnplified vía a cascad.e ,..',"'''
:'

of enzyrnes resulting finally in the activation of phosphorylase.

lïowever, in the absence of an adequate concentration of c^z+, tln"

conversion of phosphorylase b to phosphorylase a does not take place ¡,.r,'.-,

because phosphorylase b kinase requires cuzl (I0-7 M) for activity
Ë

(8+¡.
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)J-Epinephrine also stirnulates an influx of ca'- into the heart.

It is not known whether t]n" CaZt influx is a result of a direct effect

of epinephrine on rnernbran 
" c^2* transport or is rnediated by the

effect of cAMP on one or rnoïe cellular rnernbranes. There is

evidence to support both concepts (83,85).

T'he concept of the rnediation by cAMp in the epinephrine-
aJ-

induced ca"' influx into the heart i¡rvolves the inhibition by cAMp

of the externally-directe d c^2+ purnp of the plasrna rnernbrane and
)J-

the internally-directed ca"' p,'rrrp of the rnitochondria and a stirnu-

lation by cAMP of. C^zt uptake by the rnicrosornes and the sarcoplasrnic

reticulurn. The net result would. be (a) a shift oÍ. cuz* to the sarco-

plasrníc reticulurn and (b) a rneans of increasing.the rate of relaxation

(8 3).

In addition, there is a coupling between the surface rnernbïane
)-L

depolarization and the release of. ca"' frorn the sarcoplasrnic
'.'-,, -.,.reticuturn (86). 'W'hen surface depolarization takes place, a É;rnall ,,,,,,.,,

1-J- .r-, ,',.
arnount of Cao- (trigger Cu"') enters the cytosol frorn the extracellular ,.,,r¡,

:

ftuid ætd/or is released. frorn the surface rnernbranes of the cell.
'>L ?+This "trigger ca"' tt serves to initiate the release of ca¿+ frorn the

sarcoplasrnic reticulurn (83,86). The subsequent increase in cytosolic l,::,.-,

caLciurn excites the cardiac rnuscle to contract as well as providing
1t

sufficient cuzr to activate phosphorylase kinase. Thus, cardiac

glycogenolysis and cardiac contraction occur in step.
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ïn skeletal rnuscle, epínephrine increases skeletal rnuscre

gLycogenolysis without causing contraction. In contrast to the situ-

ation in the heart, there are at least two independent rneans of

stirnulating glycogenolysis, oïre of whích invoLves cAMp while the

other does not. Electrical stirnulatiqn of skeletal rnuscle results in

very rapid (within seconds) increases in phosphorylase a activity (gz).

This is rnediated. by cuz+ and. does not involve cAMp. rn skeletal

rnuscle (in contrast to heart) both the non-activated and the activated.

forrns of phosphorylase b kinase are stirnulated by increases ín c^?r

concentration. The only difference frorn the situation in the heart is

that the K fo, c^2* is approxirnately to-6 vt for the non-activatedrn

forrn of the erlz\Fr,,e and is lo-7 vt for the activated forrn (Bg). vtrhen

skeletal rnuscle is electrically stjrnulated., the release of caZl* is

sufficient to stirnulate the non-activated forrn of the enzyrne (gg).

Iil'hile cAMP regulates the rnetabolisrn of c^z* in the ce11,
)-L

cau' in turn regulates the concentration of cAMp too. rt is well

known that caz*inhibits adenylate cyclase. Marcus and Aurbach

(89) and Robison et aI. (90) have shown that adenylate cyclase

preparations (disrupted rnernbranes) were inhibited by caz+ and were

activated by EGTA.

Rat brain cAMP phosphodiesterase is regulated by physiological

concentrations of. cuz*. 10-6 to to-5 tvt concentrations of. c^z* acti-

vates the enzyrne (52). The protein activator enhances the cuZ*

-.:: ..: 
, 
,'
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activation and enables the

tration of C^Zt.

erlzyrîe to be activated at a lower concen-

Thus, there is evidence that both the rate of production and

the rate of degradation of cAMp are influenced by Caz+.

D. Regulatory Proteins

Regulatory proteins f such as the protein activator for cAMp

phosphodiesterase] are rnade by the cel1,not for any catalytic activity

of their own, but solely for the control of the catalytic activity of

certain enzyfi).es. These regulatory proteins reversibly rnodify

quantitatively or even qualitativeiy the activity of a variety of

enzymes. They do so either as chernical signals in thernselves

(protein inhibitors and activators) or as rnediators of other chernical

signals (regulatory subunits).

regulatory subunit of aspartyl transcarbamylase. Aspartyl trans-

carbarnylase can be separated by treatrnent with rnercurials into

catalytic subunits (Mw = 48, 000) which are insensitive to crp,

and regulatory subunits (Mu¡ = 28,000) which are devoid of cata-

lytic activity but act as the rnediator between the allosteric

effector (CTP) and the catalytic subunits (91).

An exarnple of regulatory proteins which are in thernselves

chernical signals is the protein inhibitor of cAMp-dependent protein

kinase. 'w'alsh .t "! (92) partially purified and characterized the
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protein inhibitor frorn rabbit skeletal rnuscle. It is a highly acidic

protein, rnolecular weight of approxirnately 26,ooo as d.eterrnined by

gel filtration, and is rernarkably stable to heating at 96 
oC and to

precipitation with 5To trichloroacetic acid. The protein ínhibitor does

lnot bind cAMP.

a-Lactalburnin is interesting in that it causes a qualitative

change in the catalytic activity of rnarnrnary gland galactosyl trans- 
,

ferase (93). ø-Lactalburnin changes the substrate specificity of the 
ier]zytI;re frorn N-acetyl-D-glucosarnine to glucose, thereby converting ,

the enzyrne frorn an N-acetyllactosarnine synthetase which cataLyzes

the reaction:
t

i

UDP-galactose * N-acetyl-glucosarnine 
--Þ 

UDP * N-acetyllactosarnine :

I

,

to a lactose synthetase which catalyzes the reaction:

UDP-galactose * glucose ---+ UDp * Iactose

Thus, the drarnatic appearance of large quantities of cy-lactalburnin at

parturition, diverts the biochernical apparatus frorn one that synthe-

sizes glycoproteins to one that synthesizes lactose. Kinetic analysis

of the lactose synthetase systern by Morrison and Ebner (94) revealed.

that a-Iactalburnin is a special type of rnodifier which cornbines with

the enzyrne only after the binding of the carbohyd.rate reactant by the

errzyrrle and is released frorn the lactose synthetase - ø-lactalburnin
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protein cornplex upon the discharge of the product. Thus, ø-lactalburnin

acts in a rnanner analogous to a reactant (although the cv-lactalburnin

by itself does not undergo a chernical change) and. not as a subunit of

the enzyrne.

Many research workers (Ç5, 9,6) have successfully fractionated

the troponin frorn skeletal rnuscle into three active cornponents.

Troponin TN-I, with a rnolëcular weight of. 24,000, inhibits actornyosin

ATPase, both in the presence and. absence of. cuZ*. Troponin TN-T,

with a rnolecular weight of 37,000, interacts with tropornyosin.

Troponin TN-c, with a rnolecular weight of 12,000, confers c^2*

sensitivity to the tropornyosin system. Troponin TN-c possesses
)-L

high ca'' binding affinity and exhibits a 1ow isoelectric point. The

dissociation constant for t],'e cazt bound. at the high affinity site is

consistent with the low C^2* concentrations required for activation of

rnyofibrils, natural actornyosin and. single rnuscle fibers. Reconsti-

tution of troponin activity requires the sirnultaneous presence of all

three cornponents.



II. OBJECTIVE

The airns of this thesis were:

l. To purify the protein activaior of cyclic .A'MP phosphodiesterase :,.:
.. t.: l

...'j'' ';

from bovine heart to hornogeneity and to chãracterize it with

reference to its physical structure

Z. To elucidate the rnechanisrn by which the protein activator 
,¡1,,,;,

activates the cyclic AMP phosphodiesterase e,,zyr,'e. This 
':'::':

l,t't,-:-

involvesstudyingthefactorsthatinf1uencetheinteractionof
l

the enzyme and the ¡notein activator.

The thesis is divided into two parts" The first part deals rnainly with i

thepurificd,tionandcharacterizationof.theproteinactivator.The
Isecondpartofthethesisinvestigatesthemechanisrnofactivationof

the enzyrne by the protein activator

39



III. MATERIALS

Acrylarnide Eastrnan Organic

Adenosine 3t:5r rnonophosphate Sigrna

('H¡ Adenosine 3r:5' rnonophosphate
(5 to 15 c/rnMole) S 

"h*^.rr-Mann
I -arnino - 2 -napthol-4- sulfonic acid
(.A'. C. S. grade) fisher

Amrnonium sulfate (4. C. S. grade) Fisher

Arnrnoniurn rnolybdate (4. C. S. grade) Fisher

Aminophylline (theophylline) Sigma

Bariurn chloride (.A.. C. S. grade) fisher

Beef pancreas chyrnotrypsinogen
(6 x crystallized) Mann

Calciurn chloride (,{. C. S. grade) Fisher
Lq('"Ca¡ Calcium chloride (0. O3Z rnClVg

calcium) Arnersharn Searle

Chelex-lOO (rninus 400 rnesh) BioRad

Cobalt Chloride (4. C. S. grade) eaker

Cupric Chloride (4. C. S. grade) Fisher

DEAE-cellulose (rnedium capacity) BioRad

DEA'-cel'ul0se (DE's'-, rnicro-granular) wrratman 
rr,,,-,;...;

2,5 diphenyloxazole (scintanalyzed grade) Fisher 
i':"':\"'

I, 4 bis (2-(5-phe nyloxazolyl) benzene
(s cintanalyzed grade ) F.isher

Fresh beef hearts Burns Food Ltd. of '':Winnipe g i',",-,' ',",

40



,:. i: --.; -'-: --,rd¿.- t:." -'":--.u,:tr:¡ìi'-::.1.:]:'1.:<r:j:j;: ¡:i-1:,;, ;!i i ,: i,::iii:_:.:t;,:|',i

Ferrous sulfate (.A.. C. S. grade)

Guanosine 3' :5 t rnonophosphate

?("H) Guanosine 3 r: 5 | rnonophosphate

Irnidazole

Is oprote renol

Lactate dehydrogenase (2 x crystallized)
Type X

Lysole cithin

Magnesiurn acetate (Analar grade)

Manganese sulfate (Analar grade)

Myoglobin (2 x crystallized frorn sperûl
whale)

Napthalene ( s cintanalyzed)

Nickelous sulfate (4. C. S. grade)

5r nucleotidase (partially purified frorn
venom of þþlSgs eqelqq4jçg s) 27 . 6 -

units/rrtg Ñi"- 
'--

Ovalburnin (2 x crystallized)

Pe riodic acid

Ribonuclease .A' (3 x crystallized)

Riboflavin

Sephadex G-100, G-75, G-50 and G-25

Sodiurn potassiurn tartrate (.A.. C. S. grade)

Sodiurn sulfite (,A'. C. S. grade)

Sodiurn bisulfite (A. C. S. grade )
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Baker

Sigrna

Schwartz-Mann

Sigrna

Gift of Dr. Depak Bose

Sigma

Nutritional Re search

British Drug House

British Drug House

Mann

Fisher

Baker

Sigrna

Mann

Matheson Colernan and
Be11

Sigrna

Fisher

Pharmacia

Fisher

Fisher

Fisher
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Sodiurn chloride (,A'. C. S. grade)

Sodiurn dodecyl sulfate (SDS)

Sodiurn hydroxide pellets ("A." C. S. grade)

Strontiurn chloride (4. C. S. grade)

Troponin C. frorn rabbit rnuscle

Ultrafiltration rnernbrane s UM 2

Zinc chloride (analar grade)

tr'ishe r

Schwarz Mann

Fisher

Fisher

Gift of Dr. Jirn Stull

Arnicon

British Drug House



TV. METHODS

A. æSg "f Cv.lt. N""t..ü

cyclic nucleotide phosphodiesterase activity was routinely

assayed by the rnethod of Butcher and sutherland (42) with slight

rnodifications. This rnethod rnonitors the inorganic orthophosphate

released by the combined or sequential action of cyclic nucleotide

phosphodiesterase (PDE) and 5rnucleotidase. This method was chosen

for routine assays owing to its sirnplicity and convenience. It is,

however, lirnited by the low sensitivity of its assay for inorganíc

phosphate; it requires subs trate concentrations greater than 0. 5 mM.

For lower substrate concentrations, the radioassay rnethod of Brooker

et al. (91¡, âs modified by Thornpson and Applernan (67),was used..

A" 1. EUgiqh"t" M"th"d "f B"t

The reaction involved in this rnethod may be diagrarnmatically

represented as follows:

PDE 5'nucleotidase
cAMP 

---> 

5'AMp --\l Adenosine

The product of the cAMP phosphodiesterase reaction, 5'AMp, is con-

verted to adenosine and inorganic orthophosphate (Pi) by 5tnucleotidase.

ln the original rnethod described by Butcher and sutherland (4?), the

venorn of crotalus atrox was used. rn our rnethod, partially purified

43
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5rnucleotidase (purchased frorn Sigrna) prepared frorn the venorn of

Crotalus adarnanteus was used. The partially purified 5tnucleotidase

was free of PDE activators which \Ã/ere reported to be present in 
1::;:,:crude venorn (98). Incubation of PDE with the purified 5'nucleotidase , :::r'

did not result in a change in the catalytic activity of the pDE. This

5|nuc1eotidasepreparationhadawidepHrange(pH6-pH9)of
i,, ,,.r,,,

activity (99) and reguires divalent cation (tutgz+) for activity. Table , ";,':;:.,"':

1-:..: -:,::shows that this 5tnucleotidase was unaffected by the conditions or .;;,,;.,,,,,

effectors that influenced cAMp phosphodiesterase activity.

. The 5rnucleotidase reaction was carried out eif,her concurrently

with the cAMP phosphodiesterase reaction (a one-step assay) or after

terrnination of the cAMP phosphodiesterase reaction by boiling r.or Z

rninutes (a two-step assay). Both the one-step and the two-step assays

gave similar results.

A. 1" (a) One:step phosphate_rnethod 
,,.,,:,,,,,,
,',t"-t,t 

t.ltl

In a routine assay, the reaction mixture, in a volurne of 0.8 rnl 
,,,..,,,¡,'..,

contained, in addition to cAMp phosphodiesterase and the protein "¡':"".''1

activator, 0. l6 prnotes of caclr, 36 ¡-r,moles of rris, 36 pr,rnoles of

imidazot ê, 2.? ¡.r,rnoles o, rrr"*nlsiurn acetate and 0.2 unit of :......

5rnucleotidase, all at pH 2.5. This rnixture was incubated at 30 oc-

for 5 minutes, and then 0. I rnl of 10.8 rnM cAMP was added to initiate

the reaction. The reaction rnixture was further incubated at 30 oC fo"
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Tabl-e 2

ENZYME ACTIVITY OF 5' NUCLEOTIDASE UNDER DIFFERENT CONDITTONS

The 5 rnucl-eotidase enzyme activity !¡as determfned by rneasurl_ng the
lnorganic phosphate released frorn 5tAlufP. Experimental conditions
and procedures were similar to that for the assay of cAMp pDE enzyme
activity with the difference that 5IAMP was used as substrate ínstead
of cAI"fP. The reactlon nríxÈures contained 40 ñ Trrs-HCl buffer pH 7.5,tJ-
3 rnM Mg'', 0.3 units of 5tnucleoËidase and 0.35 nM 5rAì4p.

Addítlon

None (Control)

40 ml4 Imídazol_e

0.5 mM CaCL,

0.1 mM EGTA

5o mu t"tg2+

0.4 M NaCl

0.66

0.69

0.69

0.69

0.69

o.67
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30 rninutes and then 0. 1 rnl of 55To trichloroacetic acid was added to

stop the reaction. r'ollowing centrifugation at g, 000 x g for one

rninute, 0. 5 rnl of the supernatant was transferred to a  -rnltest tube

containing 0.5 rnl of 0.55% arnrnoniurn rnolybdate in l. I N HZSO4. A

blue color was obtained by adding 0. 05 rnl of an aqueous solution con-

taining 0.IZTI sodiurn bisulfite, O. Ol% sodiurn sulfite and 0 . OOZSTI

1-arnino -Z-napthol-4-sulfonic acid. After it was allowed to stand at

roorn ternperature for z rninutes, the optical density was read at

6ó0 nm. The concentratíon of the cAMP phosphodiesterase used in

the assay was so chosen that the oD660 readings did not exceed 0. Ç.

This ensured that not rnore tlnan 30To of the initial substrate was used

up during the reaction.

A. l. (b) !se- r-t9p-pþ9jpþat. !ss!b"d

In certain situations, it was advantageous to use the two-step

rnethod rather than the one-step rnethod. The procedure for the cAMp

phosphodiesterase reaction of the two-step rnethod was id.entical to

the one-step rnethod with the difference that 5tnucleotidase was ornitted

in the lst stage reaction. After incubation at 30 oC fo. 30 rninutes, the

reaction mixture was heated at gS oC for Z rninutes to stop the phospho_

diesterase reaction. After the reaction rnixture was cooled to 30 oc,

0.3 unit of 5tnucleotidase was added and the reaction mixture was

further incubated at 30 oC fo" another 20 rninutes. The 5tnucleotidase
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reaction was stopped by the addition of O. I rn1 of.55To trichloroacetic

acíd and the ínorganic phosphate released. was assayed as d.escribed

for the one-step assay rnethod.

A. 2. &e&eqqqy-9lEbg$¡"di""tuj.". A"tirlry

The radioassay procedure rnay be diagrarnrnatica[y repre-

sented as follows:

"pDE,Srnucleotidase-H-cAMp 

---Þ' 
'"tur,{Mp 

- 

3H-Ad.rrosine
'À ¡irra to AGl -xz A' \ _.

anion-ex'change resin Yl

Trítiurn labelled cAMp or cGMp was used. as substrate. The steps

involved were essentially sirnilar to the phosphate assay with the

difference that the enzyrne activity was rnonitored by the production

of tritiurn-labelled adenosine rather than by the release of inorganic

phosphate. A two-step incubatíon \/as carried out as for the two-step

phosphate assay except that the 5'nucleotidase reaction was terrninated

by heating at 95 
oC fo" two minutes, instead of by addition of trichloro-

acetic acid. 1 ml of a slurry of washed BioRad anion-exchange resin

AGl-x2 (one partAGl-xz to one part water) was added and after

centrifugation, 0.5 rnl of the supernatant was added to I0 rnl of scin-

tillation rnixture in a Zo ml vial and. counted in duplicate in a Beckman

LS-250 liquid scintillation spectrorneter. Blank reâctions were run

corrcurrently with the test reactions. These blank reactions were
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identical to the test reactions with the exception that the blank reaction

rnixtures were heated at 95 
oC fo" 3 rninutes prior to tfr" addition of

the substrate. Total radioactivity (of 3H-"AMp o, 3H-.GMp) 
was

deterrnined by measuring the 3H-u.d"trosine or 3H-grru.rrosine 
obtained

by prolonged exhaustive incubation of, the tritiurn-Iabelled substrate

with large excess of PDtr. The scintillation rnixture was cornposed

of l25 g naphthalene, 7.5 g of z,s diphenyloxazore and 0. 375 g of.

1,4 bis 2-(5-phenyloxazolyl)-benzene dissolved in one liter of dioxane.

One unit of cAMP phosphodiesterase enzyme activity is defined

as the arnount of enzyrne which, when maximally activated by the

protein activator rrrd cu.Z*, hydroly zes r prnole of cAMp per rninute

at 30 oc 
"t a substrate concentration of. r.z rnM under standard

conditions.

B. Assav of the Activitv of p_fgleil éSliyltel_o_{_g{Mp gD_E

PDE-I preparations, largely free of protein activator by ,,,,, 
,,,,.

tr.,:..:,.a;,..r:r;,:

chrornatography on DEAE-cellulose, always possessed low but 
.':¡r,.,,,,:,.
,:-.-.:r'.: :.::_significant PDE enzylne activity. 'When this activator-deficient pDB-I

was titrated with protein activator, the activation curve (Fig. l)
showed a hyperbolic curve indicating that the enzyme saturation by :.:.:-:::,.

. 1,¡,,,,..,,:,, ',the protein activator was approached asyrnptotically rather than

abruptly.

One unit of proteirì activator activity is defined as the arnount i

of protein activator which gives half rnaxirnal stirnulation of o.o1z rr.,;,,,,ì,.,,
i ::r: '
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Fig.l- PDE-I ENZYME ACTIVITY AS A FI]NCTION oF PROTEIN AcTIvAToR
coNcENTRATroS. PDE enzyme activíty \¡ras measured by the turo -
stage phosphate method. The reaction mixtures contaÍned 0.012
unit of PDE-I' 40 mM Tiis-HCl, 40 nM irnidazole pH 7.5, 3 rnr"r ugl+tL
0'l- mM ca'' and varylng concentratÍons of protein actÍvator.
The PDE-I enzyme used had been rendered free of protein actfvator
by prior chromatography on DEAE-cellulose. Thís curve is aLso

referred to as the t'PDE-r actívlty - protein acËivator titration
curvett
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unit of .AMP phosphodiesterase (pDE-I) in the presence of excess
)J-

cau' (0. I mM) under standard conditions. Fig. 2 shows that the

same concentration of protein activator gave half rnaxirnal activation

of a wide range of pDE-I enzyûr.e concentrations.

Protein activator activity was. d.eterrnined by protting the

enzyrrle activity of a fixed concentration of protein-activator-deficient

PDtr-I (0.012 units/rnL) as a function of the volurne of protein actívator

sarnple under standard conditions. For any given sample of protein

activator, an activation curve sirnilar to that in Fig. I could be

obtained. tr-rorn a knowledge of the volurne of the protein activator

sarnple required to give half rnaxirnal activation, the total activity

of the protein activator sample can be calculated" \,Vithin lirnits, this

rnethod of assaying protein activator activity is independent of the
l

enzyrne activity used. (see tr'ig. z). our experience showed that this l

rnethod of assaying protein activator activity was reproducible. It
was also veÏy sensitive being able to detect protein activator activity 1'.:,.r,,'...

..".1','.t,down to about 5 rg /rnl of. protein activator. -.'..,.t,

w'hen a high degree of accuracy was not required., the protein

activator activity was assayed by measuring the extent of stirnulation

of a standard arnount of pDE-I und.er standard conditions and then r..'-,,'.

cornpared to a standard curve.

C. Protçin {gpÊy

Protein concentration was determined by the method of Lowry ¡,.1,., , ,,
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ENZYME CONCENTRATION pDE enzyme actívity lrras measured by the one _
stage phosphate method. The pDE-r enzyme used had been rendered. free
of proteln activator by prior chromatography on DEAE_cell_ulose. The
enzyme reactíons vrere carried out with 40 rnM Tris-Hcl, 40 nM ÍrnÍdazole
PH 7.5, excess peoteÍn activator (20 units), 3 rnu ug2+, 0.1 mM ca2* and
1.2 mM cAt"fP. The values of Ã50' were each obtafned from seperate PDE_I
actlvÍty - proteln actÍvator titration curves
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et a1. (100) for rnost cases except for eluant frorn chromatographic

colurnns when the optical density at zB0 nm was utilized.

D. Gel Ðlectrophoresis

D. I. Disc GelrElectrophoresis at pH B" !

The rnethod of Davis (101) was used.. The concentration of

acrylarnide of the separating gel was l5% with acrylarnide/bis ratio

of 38 for most diagnostic runs. The concentration of acrylamide of

the spacer gel was 1.25% with acrylamide/bis ratio of. 4.

D.Z. 
"

The method of w-illiams and Reisfeld (l0z) was used. concen-

tration of acrylamide used. was r5lo with an acrylarnide/bis ratio of

38.

D. 3. Stainingls¡r E¡pÞi4 o¡ Disc Ge1

The proteins in the gels were stained for 1 /z }.our in amido

black ín 7To acetic acid. The gels were destained by successive

washings wit]n 7% acetic acid.

D. 4. Deterrnina!ig-91_E*buÉ_W_9ieht

The rnethod of weber and osborn (r03) was used for sDS gel

electrophoresis. For the deterrnination of subunit weight, ro% acryr-

arnide gels were used with acrylarnide/bis ratio of 38. l0 pg protein

in 30To sucrose solutions containing brornophenol blue, 2-mercapto-

ethanol, sDS and buffer were rayered on the gers. After electrophoresis
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the gels were stained for one hour in a solution of 50% methanol

containinE ?.5T0 cornassie blue and 9. ZTo aceticacid. The gels were

destained by successive washings with 7To acetíc acid containing 5lo

rnethanol

D. 5" Periodic Acíd-Sgþiff Sraining_Me!@

Disc gels were stained for carbohydrates by the rnethod of ,-1,..,,

.4,:4.:_Kapitany and Zebrowski (104). :.....
:l'i r :..

,::-:,.::

E. Removal- of CaZ* froln--Reagents

Chelex- 100, a resin specific for chelating divalent cations, was

used. for rernoving caz* f"o* aIl stock solutions of reagents. The

resin was washed once with I N HCI and then with I N NaoHprior to

the packing of the colurnn. The packed colurnns were then washed with

double distilled water. Double distilled water, Tris-HCl (0. 3 M),

and imidazoLe (0.3 M) were separately treated for the rernoval of. CuZ*

by passage through chelex-100 colurnns (20 x 3 crn). cAMp solutions

(10.8 imM) were passed through a chelex-I00 colurnn (ó x 1.5 crn) to
_z+remove ca- . Plastic colurnns and connections were used in the

colurnn chrornatography. The puritied reagents were always stored

in plastic containers and. al1 reactions were carried. out in plastic

vessels. ' A Perkin-Elrner atornic absorption spectrophotorneter rnodel

303 was used to rnonitor the concentration of calciurn in these stock

reagents. The lirnit of detection of calciurn by this instrurnent is 4

¡ - : '-.:.'.:



pprn. After chelex-100 treatrnent, the calciurn content of stock

reagents was found to be berow this lirnit of detection.

calciurn was rernoved frorn the protein activator and cAMp
phosphodiesterase (pDE-r) samples by treatrnent with 0.5 rnM EGTA

for z0 rninute s at 4 oc; th.se rnateriats were then desarted by get

filtration through Sephadex G-25 colurnns (30 x 1.5 crn). Chelex_I00

treated water and buffer were used at all steps. Atornic absorption

spectrophotometry showed that the c^?* concentrations in both the

enzyrne and the protein activator samples were less than 4 ppm.

Magnesium acetate and cobart chloride stock solutions used

were essentially free of calciurn contarnination. Strontiurn chloride

was contarninated wit]n CaZ* to the extent of 0.002%. Since the highest

concentration of St2* used. was 0. ZZ rnM, the resultant contribution of
Z+ -aÇa was less than l0 " M.

r'. Determination of ca2* Binding by purified protein Activator

n"*.,' ñ;ä,;i
rnodified by tr'airclough and Fruton (106), was used to deterrnine the

2J-
binding of ca'' by the purified protein activator of cAMp phosphodi_

esterase' A colum''. (60 x 0.9 crn) of sephadex G-25 was equiribrated

at 24 oc *ith buffer containing 25 mM Tris-HCr, z5 mM imidazole,

and 3 rnM rnagnesiurn acetate with a known concentration of c.2+ pr,-r"

trace arnounts of 45cu, 
The column used was a plastic pharmacia

K9 /60 colurnn. chelex-100 treated reagents were used throughout.

54
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Desalted protein activator, 86.4 p,g in 0"4 rnr, was used for each

calcium binding deterrnination. The gel filtration was carried out

at 24'c 
"t a flow rate of 3 rnl per hour and 0" 6 rnl fractíons were

collected. Aliquots (80 pL) of each fraction were analyzed. for radio-

activity in duplicate in a Beckman LS,-250 liquid scintillation spec-

trorneter. The scintillation rnixture used. was cornposed of. rzs g

naphthalene, 7.5 g of.2,5-diphenyloxazore, and 0. 375 g of L,4-bis-z-

(5-phenyloxazolyl)-benzene dissolved in one liter of dioxane.

G. æterErt"gtton of Molec

.A. colurnn (1.5 x 90 cm) of Sephadex G-25, equilibrated with

0.02 M Tris-HCl buffer, p]H7.s, containing I rnM irnidazole, I rnM
)J-

Mg'', and 0. I M KCI, was used to deterrnine the rnolecular weight of

the protein activator. 1ml fractions were collected at the rate of

H. -Ullfeg_errlr1lpåaji9.n

A Beckman rnodel E analytical ultracentrifuge was used. The

molecular weight of the protein activator was deterrnined by the con-

ventional sedirnentation equílibriurn rnethod as well as by the sedimen-

tation diffusion rnethod. In the first rnethod, r. z mg/rnl and z.o rng/rnt

5 rnl/hr. Dextran blue was used. to rnark the void volurne and ad.enosine

was used to rnark the vr. Molecu1ar weight markers used were sperûl

whale rnyoglobin, ovalburnin, beef pancreas chyrnotrypsinogen and ,,,,,: :.::,
t'.: -: l

ribonuclease A. :::ì::r::
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of purified protein activator weïe centrifuged at zz,ooo rprn at zooc

until equilibrium. was reached. In the second rnethod, purified protein

activator samples of different concentrations were centrifuged at

60,000 rprn at ZO oC. In the d.eterrnination of diffusion constant, the

synthetic boundary cel1 was used., and the centrifugation was carried.

out at the low rotor speed of 6000 rprn at ZooC. The diffusion constant

was deterrnined frorn the spreading of the boundary as a function of

tirne. Both diffusion and sedimentation constants were corrected to

the stand.ard conditions, i. e . zo oc in water. The density of the

buffer used in the centrifugation studies was deterrnined by the use of

a Pycnorneter. The viscosity of the buffer was deterrnined using an

Oswald viscorneter (Cannon Fenske, series 50)

I. -A.rnino Acid Cornposition

A Beckrnan arnino acid analyzer model lzo c was used. for

amino acid analysis. Lyophilized purified protein activator (800 r.rg)

was hydrolyzed with 6N Hcl at llooc for 24, 4g, andrz hours.

J. Isoelectric Focus_ing

The isoelectric point of the protein activator was deterrnined

by isoelectric focusing in a sucrose gradient in an LKB isoelectric

focusing column (rnodel BIol) with capacity of 110 mI. sucrose density

was frorn 0To to 4OTo. The pH of the ampholyte was lO (top of colurnn)

to 3 (bottorn of colurnn). z ,ng of approxirnately 60To p.,r" protein

a : .- -r_.:: :.t'
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activator was applied to the colurnn and isoelectric focusing was

carried on for 3 days at 4 oc. l. 5 rnl fractions were collected using

a fraction collector.

K. Çqncentqe!þ¡ of .Protein Activator Solutions

Concentration of protein activator solutions was carried out by

ultrafiltration at 5O psi using Arnicon ultrafiltration rnernbrane UM-2.

L. UV Absgrption Specjra_of plotein Activator

spectra of protein activator purífied to homogeneity were

recorded by rneans of a cary spectrophotorneter rnodel 15"

M. Fluorescence Studies

A Arninco- Bowrnan spectrophotofluororneter rnodel 4- SZOZ

was used for fluorescence studies. The buffer used was 5 mM Tris-

HCI pH 7"5 c'ontaining 0. I M NaCl.

N. Handling of Beef Hearts for SubseggeÉ_IBo1ation of e_eE__qf

Protein Activator

As soon as the beef hearts were obtained frorn the local

slaughterhouse, they were kept at 4 oc. The beef hearts were then

cut into two-inch cubes and. stored frozen at -20 oc bufo". r¡"u.

1....-..
i-:.l.r:l . ' r'.,.
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V. RESULTS

Kakiuchi and Yarnazakí (56) have found that low concentrations

of EGTA inhibit rat brain cAMp phosphodiesterase. our data (Fig. 3)

show that this chelating agent, in the presence of exces" Mg2+ (3 rnM),

inactivated cAMP phosphodiesterase of a crude extract of bovine

heart to a rnaxirnurn of 67%inhibition. Thís result suggests that a
)J-

Ca"' -dependent cAMP phosphodiesterase also exists in bovine heart.

The finding that there \Ã¡as considerable cAMp phosphodiesterase

activity in the presence of excess EGTA suggests that a c^21-

independent enzyrne was also present. rn the absence of EGTA,

however, 30 pM C^zt activated the enzyrne by less than lo% (F.ig. 3).

Presurnably this is because a sufficient arnount of endogenoo" c"2*
was present in the assay rni:<ture. These two forrns of cAMp phos-

phodiesteïase can be separated by chrornatography on a colurnn of

DEAE=cellulose. A rnethod has been d.eveloped by Dr. Honor Ho

(107) in our laboratory for the partial purification of the two forrns

of beef heart cAMP phosphodiesterase.

procedure adapted frorn the rnethod of Butcher and sutheúand. (47)

and developed by Dr. Honor Ho (l0z) in our raboratory. rt invorved

A.

B.

Existence of rwo Forrns of Beef Heart cAMp phosphodiesterase

Mp phosphodiesterase

cAMP phosphodiesterase frorn beef heart was purified by a

58
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(a) hornogenízation with Tris-HCl buffer, (b) arnrnoniurn sulfate

precipitation, (c) centrifugation at 100,000 x g and (d) DEAE_

cellulose colurnn chrornatography (see Fig. 4).
: tt,,',', ', 

t

': ---
8.1.

Frozen beef hearts (I kitograrn) were thawed, put through a

rneat rnincer and hornogenized in a'W'aring blender for l0 seconds at t.,,,,',' ,,',
.:':.:-: ;,: :.a:

low speed with z r/z volurnes of 0. r M Tris-Hcr buffer containing r.::.:r:.

2 ,,'M EDTA. The hornogenate was centrifuged at 3000 x g at 4oc 
l"'.''l''

;for l5 rninutes. The pellet was discarded.

B. Z. Arnrnoniurn Sulfate precipitation

The 30oo x g supernatant was titrated with 5 N NaoH to pH

8.8. Powdered arnrnoniurn sulfate was add.ed to bring the 3000 x g

supernatant rapidly to s1lo saturation with respect to arnrnoniurn

sulfate at 4 oC. Centrifugation at 4 oC 
\Ã7as caïriêd out irnrnediately

(within thirty rninutes of addition of arnrnoniurn sulfate) at 10,000 x g

for 20 rninutes- The pelret (here referred to as pH g. g pellet) con-

taíned alrnost all the cAMp phosphodiesterase e,'zyr,'e activity while

the supernatant (here referred to as'the pH g. g supernatant) contained

the rnajo rity (60lo to 8O%) of the protein activator activity.

The pH 8. B supernatant was furtheï pïocessed separatery

(discussed in section c 'rpurification of the protein Activator,,) by

proced.ures designed for the isolation of the protein activator The

pH 8'8 pellet was used as a source of cAMP phosphodiesterase enzyrrre.



6L

pH adiustecl to 4.
o.osM'Mfiþcetaie- - --J ¡

fpH¿ PELLET I
ffipHBbuffer

PDE-I
+

PDE-II

Extract heated 8oo ómin

BEEF HEART

2mM EDTA

5o% sat.[ñHo]so4
o^.r{.l.1iltl-ct,õHe.e

RUDE HOMOGENA

000x9

I{8.8 SUPERNATA

DEAE -CELLULOSE

2nd DEAE-CELLULO

S EPI{ADEX G -too

Fig.4 PIIRIFICATION SCHEME
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The separation of the phosphodiesterase enzyû)-e frorn its

protein activator was found to be dependent on three factors:

(I) First of all, the tirne lapsed between addition of
-.., 

_.....:..:..
arnrnoniurn sulfate and centrifugation was a critical factor in d.eter- ,',,',',r,,;'.',

rnining the efficacy of the enzyrn ef activator sepaïation. Irnrnediate

centrifugation after addition of arnrnoniurn sulfate resulted in high 
;,,,,,,,,,,.:,,_,,,
: . t.,,-: -. .,..-.yields (60To to 80To) of the protein activator in the pH g. g supernatant. ,,,',.,.,',,1,,':

The longer the delay in centrifugation after arnrnoniurn sulfate addition, .,:'.,:: ,:-,:,,'': .' :.'

the lower was the recoveïy of protein activator activity in the pH g.g

supernatant. The recovery of the enzyrne activity in the pH g. g
:pellet was independent of tirne. 

.

(2) Secondly, the rnoïe alkaline the pH (up tp pH 9.0) at

which the arnrnoniurn sulfate precipitation was carried. out, the greaterrvvas

'the recovery of protein activator activity in the pH g. g supern atant. 
:

(3) Thirdly, the inclusion of z rnM EDTA increased the

.,:-,. , ,t.at 
-,t 

'recovery of protein activator activity in the pH 8. B supernatant. ,,,,.',,.,,1.,,,,r.,,,,

,,. .., r' , - ,'.:.:.¡. . -:.'.

B. 3. High speed centrifugation :::,'-:'j:: r:''
:

The pH 8.8 pellet was dissolved in a rninirnal volurne of Tris
HCl buffer pH 7.5 and *"" d.i"Iyzed overnight against 0.02 M Tris-HCl .::.

, l:."':::::.:'.::.:,

ro1, 
:::': :

zo pM cacl- and I mM rnagnesiurn acetate. rt was then centrifuged' ¿ 
o_ 

' rL w4Ð l,rrËrr Çt,rlLf].lLlgeq

at 100,000 x g at 4 oc fot one hour. The pellet was discarded
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This high-speed centrifugation step was necessary because of

the presence of a considerable arnount of particles in the pH g. g

pellet which could not be rernoved by 1ow-speed centrifugation. This
:::t:-:_-partículate fraction was found to cause cornplications in the subsequent ,,::.,,.:,,,,,',

DEAE-cel1ulos e chrornatography steps.

B. 4. DEAE-Cellulose Colurnn Chrornatography

The cAMP phosphodiesterase in the 100,000 x g supeïnatant

was further purified by a unique type of affinity chrornatography on

colurnns of DEAE-cellulose. conventional affinity chrornatography

utilizes a ligand (such as substrate, inhibitor, or activator) covalently 
i

bound to an inert support (such as agarose) to bind the desired protein.

In our version of affinity chrornatography we used protein activator>i.

(which copurified with the cAMP phosphodiesterase) reversibly bound

to DEAE-cellulose to bind cAMP phosphodiesterase. The protein

activatot (pI = 4.0), having a rnuch lower isoelectric point than cAMp

phosphodiesterase enzyrrle (pI s.7), was bound rnore tightly to the

DEAE-celluIose colurnn than the enzyrne.

8.4. (a) Fi""t DEAE-."llolo"u 
"o1*r .h"o*"togt"phy of pDE

The dialyzed 100,000 x g supeïnatant was applied to a 4 x 40

crn DEAE-cellu1ose colurnn. Elution was by a linear gradient frorn

'i'The pH 8.8 pelIet, used as a source of pDE er7.z\rrrre, usually con-
tained sufficient protein activator for affinity chrornatography.



0.05 M NacI to 0.4 M Nacl in 0.02 M Tris-HCl buffer pH 2.5 con_

taining 20 pM cuZ*, I rnM turgzr and l0 rnM z-rnercaptoethanol

Inclusion of. 20 pM Caz+ in the elution buffer ensured. rnaxirnal binding

of the cAMP phosphodiesterase to the proteín activator. Fig. s

shows that the cAMP phosphodiesterase activity peaks were retarded

nain protein peak. Two cAMp phosphodiesteraserelative to the rnain protein peak. Two cAMp 
1

activity peaks, PDE-I and PDE-rr, were obtained. pDE-r and pDE_rI

'weïe eluted at the ionic strength of 0.zz anð.0.27, respectively.

PDE-I was inhibited" 85% by low concentrations of EGTA, while pDE-rr

was inhibited less than l0%by EGTA. pDE-ï was purified t5-fold by

this step alone over the hornogenate (see Table 3). r-or rnost purposes,

this purity was sufficient. tr'or studies on the interaction between

PDE-I and the protein activator and for rneasurernents of kinetic

pararneters, PDE-r was further purified by rechrornatography on a

second colurnn of DEAE-cellulose.

8.4. (b)

PDE-I was pooled, dialyzed and applied to a 2.5 x 30 crn DEAE-

ceIlulose colurnn which was equilibrated. with 0.02 M Tris_HCl pH 7.5

buffer containing t0 rnM 2-rnercaptoethanol, 0. l rnM EGTA and I rnM

rnagnesirrrn acetate. Elution was by the sarne buffer with a linear

gradient frorn 0.05 M Nacl to 0.4 M Nacl. only one cAMp phospho-

diesterase activity peak was eluted (at ionic strength of 0. l5). rt was

64

second DEAE-cellulose corurnn chrornatography of pDE-r
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. t.l

eluted ahead of the rnain protein peak as is shown ín Fig. 6. cAMp

phosphodiesterase activity was inhibited, 90To by 0. i rnM EGTA showing
)J-

tloat ca"' *"" required for er,zyr,.e activity. The cGMp phospho-

diesterase activity prof*e coincided with the cAMp phosphodiesteras" 
,,.,,,,

activity profíle. cGMP phosphodiesterase activity was only slightly

inhibited by 0. I rnM EGTA. Hydrolysis of both cyclic nucleotides

was rneasured at a concentration of. I.2 rnM. T'he specific activity of 
.,..,,r.

PDE-rrs cAMP phosphodiesterase activity was l.7 units/rng protein. 
: 

"ì

¡.,';,This represents a 65-fold purification over that of the hornogenate i.:::;

(see Table 3).

rn the second DEAE-cellulose colurnn chrornatography,

inclusion of 0. I rnM EGTA in the elution buffer, resulted in very low

concentrations of free C^Z*. This weakened the interaction between

the protein activator and. cAMP phosphodiesteras e erLzyrne ar.å th.r.by

allowed the cAMP phosphodiesterase enzym.e to be eluted ahead of the

rnain protein peak as is shown in Fig. 6. Fig. 6 also shows that

PDE-I, on rechrornatography on DEAE-celIuIose, did not convert to

PDE-rr to any significant extent. PDE-rr, on rechrornatography on

DEAE-cellulose, also did not convert significantly to pDE-r as is

shown in Fig. 7.

PDE-r enzyrne preparations obtained by DEAE-cellulose

chrornatography always possessed low but significant enzyïne activity

assayed in the absence of added protein activator or in the presence
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of EGTA' Fig. 37 shows that this low basaL enzyrnic activity was not

inhibited by EGTA in the presence of exc""" Mg2+ and was therefore

independent of c^2*. These pDE-r preparations possessed. negligible

concentrations of protein activator. T'he concentration of protein

activator in PDE-I preparations heated at gS oC for Zrninutes (to

inactivate the PDE activity) has been found to activate unheated pDE-I

preparations by less than 3%. Hence the 'basar pDE activity'' of

PDE-I preparations was not due to activation of the pDE-I enzyrne by

residual protein activator..

c. Purification of the protein Actívator of Beef Heart cAMp

i

Phosphodiesterase 

iT'he procedure (see Fig. 4) f.or the purification of the protein 
I

activator of beef heart cAMp phosphodiesterase involves hornogeni- :

;

zatíon, arnrnoniurn sulfate fractionation, acid precipitation, heat 
I

treatrnent, ion-exchange chrornatography on DEAE-cellulose colurnns, i,,,,.,,,,,.

and gê1 filtration on Sephadex G_I0O colurnns.

C. 1. Hornogenization

T'he procedure was identical to that described for the purifi-
cation of cAMP phosphodiesterase enzyïne.

C.Z. Arnrnoniurn Sulfate Fractionation

T'he procedure was identical to that described for the purifi_ :

cation of cAMP phosphodiesterase enzyme. The pH 8.8 supernatant i.i,.,ì,:.,,,.,i
;..-1".,,:,1
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'was used as a source of protein activator.

C. 3. Isoelectric precipitation

More powdered arnrnoniurn surfate was add.ed to the pH g. g
I

supernatant so as to trrng it, to 60% saturation with respect to

arnrnoniurn sulfate. 1 M rnagnesiurn acetate solution was added to

give it a finatr concentration of 0.05 M. The pH of the sorutíon was

adjusted to 4.0 by adding t0 N Hcl. The solutionwas then alowed

to stand at 4 oC overnight. There was forrnation of copious arnounts

of dark brown precipitate rich in protein activator. precipitation of

protein activator was essentially quantitative. This suspension was

centrifuged at 10r 000 x g at 4oC for 15 rni¡rutes. A rninirnal volurne

(about 200 rnl) of 0.04 M Tris-Hcl buffer pH 8.0 was added to the

' precipitate and the pH of the slurry was adjusted to 8.0 by the addition

of 2N NaoH. The rnixture was then stirred vigorously for l0 rninutes

roorn ternperature.

C.4. Heat Treatrnent

The rnixfure was heated at g0 oc fo" six rninutes. Large

arnounts of inactive protein, precipitated out of solution by this heat

treatrnent, was rernoved. by cåntrifugation at g000 x g at 4 oc for l0
rninutes. This heat treafrnent resulted in the loss of less than STo of.

the protein activator activity. The solution was dialyzed overnight at

4 oC:against l0 volurnes of o.ozM irnidazole pH 6.5 buffer containing

0.ZM NaCl and I rnM rnagnesiurn acetate.

:.:.::': :ìl, l- .--:.:r.-:
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C. 5. DEAE-Cellulose Colurnn Chrornatography

The dialyzed heat-treated extract of the pH 4. 0 pellet was

applied to a 4 x 40 crn DEAE-cellulose colurnn which had been equili-

brated with 0. 02 M irnidazole pH 6.5 buffer containing 0.2 M Nacl and

I rnM rnagnesiurn acetate. The colurnn q/'as washed. with the sarne

buffer until no rnoïe protein was eruted. The protein activator was

then eluted by the sarne buffer with a linear gradient frorn 0. z M

Nacl to 0. 6 M Nacl. Fig. I shows the results of a typical DEAE-

ce11ulose colurnn chrornatography. Approxirnately BO% of. the total

protein was washed out frorn the colurnn as a huge inactive protein

peak by the buffer containing o.z M Nac1. The protein activator was

eluted as a sharp peak at an ionic strength of 0.36. The trailing edge

of the activator peak overlapped with the leading ed.ge of a protein

peak which contained a group of largely acidic proteins. The 1eading

and' trailing edges of the protein activator peak were sacrificed and

the fractions representing the principal portion of the activity peak

'weïe pooled and dialyzed. at 4oc f.or rz hours against 5 volurnes of

0.02 M irnidazole pH 6.5 buffer containing 0.zM NacI and I rnM

rnagnesiurn acetate. This DEAE-cellulose step alone resulted in a

large increase in specific activity arnounting to 26-f.old purification

(see Table 4).

l.-,-
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c.6.

Th.e dialyzed protein activator frorn the first DEAE-cellulose

colurnn was applied to a srnaller DEAE-cellulose colurnn (2.5 x 30 crn) 
.,.,....whichhad been equilibrated with O.OZ M irnidazole pH 6.5 buffeï con- ',.'"..

taining 0.2 M NaCl and 1 rnM rnagnesiurn acetate. Ylhereas the first
ion-exchange colurnn was packed with fibrous DEAE-cellulose of

¡ ,ñ. ñ 
"t, 

t'

rnediurn capacity (BioRad Cellex D), the second. colurnn was packed :..,'",'

with rnicrogranular DEAE-ce1lu1ose of higher capacity ('Wleatrnan ,.,,',-,

DEsz). The rnicrogranular DEAE-cellulose gave better resolution

though at a lower flow rate. The result of a typical rechrornatography

iis shown in Fig. 9. The increase in specific activity was not as 
:

drarnaticasthatgainedbythefirstDEAE-ce11u1osechrornatography.
:

llowever, this rechrornatography was vitally necessary because of the l

abnorrnal behavior of the protein activator on gel filtration. on gel

filtration, it was found t],,'at, although it has a rnolecular weight of 
: i, rt,,.15,000 as deterrnined by the sedirnentation equilibriurn rnethod (see ;',',,,":-:':'¡

Table 6, pagelO1), itrnigrated as though it was of rnuch higher rnolecu-- l.r:.,'it'
' ,-:.

lar wei.ght of.27,000 (see Table 6, page l0?). Thus, if it \Ã/.ere con-

tarninated with proteins of rnolecurar weights or. 27,000, thes" 
. ,. . ,

contarninating proteins rnust be rernoved by ion-exchange chrornatog- I ¡,-,.',n,,

raphy first (assurning that they possessed charge characteristics

different frorn that of the protein activator) since they cannot be

elirninated by the subsequent gel filtration. At this stage, the protein
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activator preparation eluted frorn the second DEAE-cellulose colurnn

was at least 20To pute. For sorrre preparations, their specific activity

indicated that their purity was at Ieast 601o.

tt.=-,

C .7 . Gel Filtration on S ephadex G- t 0O

The fractions rnaking up the rnain part of the activity peak .were

pooled and concentrated by ultrafiltration through a IJMZ rnernbran" 'r,.,.,
t,t 

.,to approxirnately z rnr. This was applied to a 2.5 x B0 crn sephadex 
i,,.,,r,'

G-IOO colurnn. T'he buffer used in developing the gel filtration was 
;::'::::'

:'
5rnMTris-HC1,PH7.5buffercontaining0.lMNaC1and0.02fosodiurn

l'azide, the last constituent being included as a pïeservative. l.Z rn1 
i

fractions were collected at a frow rate of z rnl per hour at 4 oc. I

t..:
Fig. 10 shows the result of a typical ge1 filtration. A rela- t 

,

' tively large high rnolecular weight protein peak (which contained no l

,

activatoractivity)wase1utedinthevoídvo1urneand.thiswasvery]

well separated frorn a srnall protein peak which coincided. with the i,,,,..
i''ì't "activity peak. The specific activity was found to be constant throughout 
¡,,..:.',.,

the activity peak. The fractions rnakiog ,rp the rnain part of the ','.'ì"".'

activity peak weïe pooled and concentrated to approxirnately I rnl.

Disc gel electrophoresis at pH B. 9 on I 5lo acrylarnide gels indicated 1,:,,,:.:,,.,
'ì,,t',t..,-

thatitwasabout99%puIe.Thespecificactivitywast0B,O0ounits¡tn8

protein. The yield was 259,000 units of protein activator with an

overall yield of lg%. The arnount of protein obtained frorn I kilograrn
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of beef heart was 2.4 ^g. In actual practice, protein activator puri-

fied to the stage of lst DEAE-cellulose chrornatography frorn two

different batches was cornbined for, further purification. This saved

tirne and labor. On one occasion, 6 rnilligrarns of protein activator

eluted frorn the Sephadex G-100 colurnn was obtained in an apparently

hornogenous state. Except for this preparation, all other protein

activator sarnples obtained aÍ.ter the Sephadex G-100 stage had srnall

arnounts of irnpurity. The arnount of irnpurity varied. between l\o to

5To of' the total protein as judged. by the intensity of the arnido black

stain.

Atternpts were rnade to rernove the irnpurity by electrophoresis

using a canalco preparative disc ge1 instrrrrnent rnodel pD-1. The

protein activator sarnples so obtained were found to contain srnall

arnounts of the irnpurity. This rnethod of purification was abandoned

after fwo atternpts.

Table 4 shows that the yield of protein activator was I 5To to

zo%.

D. Purity of Protein Activator

The protein activator preparations obtained by the rnethods

discussed in the preceding pages weïe found to be hornogenous in

analytical disc ge1 electrophoresis and. on SDS gel electrophoresis.

tr'igs. l1 and l2 show that single bands were observed on analytical

- :.,: .:
l.:::,1 :

r'.t l
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Þisê,Gel,'Eleetrophoræis fu¡l{ I.$ }
, Ey Methsd of Þavis c

7-%

.

: riì:-:r:::::::.:::

12%

:,fìF Þye Marker
::.. ,.., .::

: rr,,ì ' '-'rri:

'',:¡È '

f Slo'€-Acrylarnide
Cmeentration

Fig.11 DISC GEL ELECTROPHORESIS AT pH 8.9 OF PROTEIN ACTIVATOR

BY THE METHOD 0F DAVIS (lol) - Each gel r¿as loaded with 15 to 20

Fg of protein activator which had been purífied to the stage of

sephadex G-100. After electrophoresis, the gels were sÈained with

amido black
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Þrsc: 6e¡ E ¡ rophores¡s: ( Pþ{ ?'(}}
Bv fllethod . of Wi$rarms &'Reñsfeld

Fj^ø.L2 DISC GEL ELECTROPHORESIS 0F PROTEIN ACTIVÀTOR AT pH 7.0

Each geL was loaded

purified to the stage

gels were stained

;..ljfrDye Madter
,lilQËFl:.,j

...$r:¡.:;ì..üìi'

12?A.

BY THE }MTHOD OF 'I^IILLIAMS 6; REISF¡T.O (IOÐ
t:

with 15 ug of protein activator r¡hich had been

of Sephadex G-100. After electrophoresis, the

with arnido b1ack.
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disc gels of three different acrylarnide concentrations (TTo, rz% and

l5Toj at two different pH values (7 and 8.9). These gels were stained.

with arnido black. A parallel gel was cut into I rnrn slices and the

protein activator activity of these slices were rneasured. Fig. t3

shows that the activator activity profile coincided with the arnido-black

stained band. Fig. 14 shows also that single bands \Ã/ere obtained on

SDS disc gels of two different acrylarnide concentrations (IZTI and ISTo).

The SDS gels were stained with coornassie blue.

Purified protei¡r activator preparations found to be hornogenous

on disc gels sedirnented as single syrnrnetrical peaks on ultracentri-

fugation at 60,000 rprn when visualized by Schlieren optics. A typical

sedìrnentation pattern is shown in Fig. 15. These sedirnentation

patterns indicate that the protein activator prepaïations exarrrined

were free of contarninations by irnpurj.ties which have rnolecular

weights distinctly different frorn that of the protejn activator. The

rnethod ernploying Schlieren optics is lirnited in its ability to reveal

irnpurities which are sjrnilar in rnolecular weights to the protei¡

under study.

Fig. i6 is a graphical representation of data frorn conventional

equilibriurn sed.irnentation deterrninations at a protejn activator con-

centration of 2 rng/rnl. The plot of log c veïsus t' ," a straight line

indicating that the protein activator sarnple analyzed was hornogenous.

(For a definition of c and r, see Appendix A).



B3

B nu mbe

.f^

r of gel slices

bromo-phenol
blue marker ----)

aù
U7

Fig.13 LOCAITZATION 0F PROTEIN ACTIVATOR 0N DISC cEL - 25 pBof
protein activator, purified to the stage of Sephadex G-100r 'wâs subjected
to electrophoresis by the method of Davis (fOf) on L57" acrylamide disc
gel at pH 8.9. After electrophoresisr Ëhe dísc gel \,ras cut by the use of
a razor blade into 1.5 mm thick slices. Each slice r,¡as immersed in 0.5 ml
of 2A rnM Tris-IICl buffer pH 7.5 conrainíng 1 ,r,¡t ttg2+. Samples were

t.aken for assay of prot.ein activator activiËy.
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S83S Ðlsc Gel El¡*ctrophonesrs.
BV NfrETHO.Þ írF WEEER E OSBORN

ñ6+

protein actívaËor which had been purífied to
G-100. After electrophoresis, Ëhe gels were

b1ue.

loaded with 20 pB of
the stage of Sephadex

stained with comassie

: FDye Marker

12e/, 1596 (--ffHm'$i"

Fig.14 SDS GEL ELECTROPHORESIS 0F PROTEIN ACTIVÀTOR BY THE METHOD

OF IdEBER & OSBORN (rO3) Each gel was
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Fig.15 SEDI},mNTATION PATTERNS OF PROTEIN ACTIVAToR - The protein
activator used for this study had been purifíed to the stage of
sephadex c-100. The purified protein activator (2.2 mg/m1) in 20 mM

Tris-HCt buffer pH 7.5 containing 1d Mg2t, l mM irnidazole and 0.1 M

KCl, was centrifuged. at 20oc in a synthetic boundary ce1l. Photographs
shown were taken at 15 (A), 30 (B) and 60 (c) minutes after aËtainmenË

of 60,000 rpm. The sedimentation is from left to right.
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Fíg.16 
NATION OF THE

oBY INTERFERENCE OPTICS _ rro.
purifíed to disc gel eleetrophoretic homogeneity, was used for thísstudy. The buffer used was r0 rnM Tris-HCr pH 7.5 containing 0.1 M Nacl.rr c tt ls the concentratlon of the protein acÈivator in fringes at variousradÍar dístances rr r rr in cm. For the equation pertalníng to this
method see Appendix A.
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Protein activator sarnples found to be hornogenous by the

above rnentioned criteria had specific activity of 10g,000 units per

rnilligrarn of protein. T?re concentration of protein was deterrnined

by the rnethod of Lowry et al. (100).

E. Structure of Protein Activator

E. 1. Molecular 'W'eight

The approxirnate rnolecular weight of the protein activator was

estirnated by gel.filtration on a calibrated colurnn of Sephadex G-25.

The protein activator sarnple used was partially purified with a

specific activity of 750 units /rng. Fig. l? shows that the protein

activator behaved on Sephadex G-75 as though it had a rnolecular

weight of. 27 ,000.

ultracentrifugation studies using the Beckrnan analytical

ultracentrifuge rnodel E were carried out using protein activator

preparations which were shown to be hornogenous by analytical disc

gel electrophoresis. Fig. l8 shows that the sed.irnentation coefficient

was dependent on concentration of the protein activator only to a

slight extent. 'When extrapolated to zero protein concentration, the

sedirnentation c oefficient (SZ0,w) had a value of 2 Svedberg units.

The Becl<rnan analytical ultracentrifuge Mod.el E was used. to

deterrnine the diffusion constant at three different protein activator

concentrations. Diffusion constant (Dz',w) values of B. z3 x l0-7
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OT TM PROTEIN ACTTVATON The proteln actlvator used Ì¡ad been purlf
led' to dlsc gel electropho¡etlc honogenelty. The buffer used. ¡ras 10 nlflbts-H.l pH ?.5 contalnlng 

'.rM 
r{acl. .ther detalrs aæ .escrlbed ln

"Methods'r.
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9.39 x l0-7 and 9.03 x ro-7 
"rnz per second were obtained at protein

activator concentrations oÍ. Z. J, 3.45 and 4.6 rng/rnl. Since the
Dz', * values weïe largely independent of protein activator concen_

tration' a sirnple aveïage (9.0 x r0-7 .*'p"" second) of the three ,,,,1 
:

experirnentally deterrnined. values was taken. The partial specific
volurne (ü) of the protein activator was calculated frorn the arnino , 

,

acid cornposition (108). The rnolecular weight calculated frorn D - \x7 ,.'"',.'r Dro, w, :

sz''* and (ú) was found to be r 9, 000. 
,¡, ¡,,,,.,,,,,

The rnolecular weight of the protein activator was also deter-
rnined by the rnethod of conventional equilibriurn sedirnentation. The
rnolecular weight, deterrnined by this rnethod, was found to be 

.

14' 800 and l s,zoo deterrnined on protein actívator samples with
concentrations of. r.2 rng/rnr and.2 rng/rnr. The average value of the
rnolecular weight by this rnethod was 15,000.

The subunit weight of the protein activator was deterrnined by
the rnethod of 'Weber and osborn (tO3). Fig. 19 shows that the subunit ,....1;,1,,,;,,..

',. 
t,,, ,'weight \Mas numerically sirnilar to the rnolecular weight as deterrnined ,.,,,,,.,,.

by ultracentrifugation (1g,000 to 19,000).

8.2. Isoelectric point

Partially purified protein activator with a specific activity of
60,000 units /rng protein was subjected to isoelectric focusing in a
sucrose density gradient at, 4 oc using an LKB isoerectric focusing
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instrurnent rnodel BI0r. Fig. z0 shows that the protein activator

possessed an isoelectric point of. 4. O.

E. 3. Periodic__4ç!déchiff Stain

Disc gel electrophoresis of protein activator on lïfto acrylarnide

gels at pH 8.9 was carried out according to the rnethod of Davis (l0I).
The gels were stained for carbohydrate by the rnethod of Kapitany ,,:,,:; 

,,.,,,,,,,,:,1

and' zebrowski (104). The protein activator showed no positive "

staining by this rnethod, even when the gels were overload.ed. parallel ;"1''"t.""'

gels run with ovalburnin showed positive band.s stained by this rnethod.

According to Kapitany and Zebrowski, the rnethod was sensitive to

glycoprotein with carbohydrate content as Iow as Z to 3 ng of bound ''
carbohydrate.

8.4. UV Absorption SgeSl¡g

The UV absorptíon spectrurn of the protein activator purified
to disc gel electrophoretic hornogeneity is shown in Fig. zr. The

protein ðoncentration as deterrnined by the Lowry rnethod was 3.47

rng/rnr and the pH was 2.5. At this pH, the uv absorption spectrurn

shows a broad absorption band between 250 and 290 nrnwith peaks at

255, z5B, 267, Z7l and' Z7B nrn. The absorbance at 260 nrn, cornpared

to that at zB0 nrn, is rather high, giving a A260//,z}o ratio of 0.87.

other well characterized c^z*-binding proteins have been reported to
exhibit sirnilar uv absorption spectra. porcine intestinal cu.2+_birrdirrg
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o.5
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280

W,A,VELENGTH fnm)

Ftg.21 * - pureproteln
actÍvator (3'46 ng/nl) was used. The buffer used, v¡as 5 ulf rrls-HC'
pH 7'5' The solid lfne is the absorptión spectrum in buffer containing
0'1 ¡*t ca2+. The dashed 1'ne fs the absorptfon specËrurn of Èhe saure
protel.n actlvaÈor soluËfon containfng 0.2 nl4.EGTA and 0.1 ny Ca2*-
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protein (I09) and the rabbit skeletal rnuscle troponin TN_c (I10, lll)
both possess sirnilar uv absorption spectra with A260 lrzgo ratio of
t. 0"

c^z* seerns to have an effect on the uv absorption spectra of
the protein activator. Fig. 2r shows, the uv absorption spectra at
pH 7.5 in the presence of 0" 15 rnM c^z* and 0. 15 rnM EGTA. c^zt
decreased absorption between 270 and 2g0 nm (to the extent of. zTo at

280 nrn) and between 295 and 340 nrn (to the extent of. 26To at 340 nrn).

The same concentration of c"z* was observed to increase absorption

between 243 and- zE7 nrn with amaxirnumincrease at z4B nm of 30%.

since only one spectral rneasurernent was rnade, it is not possibre to
say if the perturbations in uv absorption spectra were reproducibre.

Dorrington et ar. (r09) reported. that row concentrations of
)I

cau' induced sirnilar changes in the uv absorption spectrum of the

porcine intestinar carciurn-binding protein. The perturbations in the

uv absorption spectrurn of the protein activator are of a rnagnitude

sirnilar to that of the porcine calciurn binding protein (109). In the

latter case' the effect of c^2* was attributed to conforrnational change

arising frorn binding of. Cu?.*.

Fig. 22 shows the uv absorption spectrurn of the protein acti-
vator in 0. I M NaoH at a protein concentration of I rng/rn'" In the

presence of 0' I M NaoH the functional groups on the constituent arnino

acids of the protein activator were fulry ionized giving rise to two
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96

UV SPECTRUM
(o.t lv NaoH )



97

absorption peaks; one d.ue to

peak to tyrosine at 297 nrn.

indicate s that phenylalanine

phenylalanine at 249 nrn and

The greater size of. tine 249

is the predorninant arornatic

a srnaller

nrn peak

amino acid.

E. 5. Ilgg.fg_ggg rc e Spe c tr a

Arnino acid analysis (Table

rnolecule possessed 7 phenylalanine

resid.ues were absent.

5) revealed that the protein activator

and. 2 tyrosine resid.ues" Typtophan

Excitation of the tyrosine residues of pure protein activator
(buffered at pH z. r) at ?7g nrn resulted in a rnajor fruorescence

emission peak at 325 nrn and a rninor ernission peak at 635 nrn (Fig.
23)' Excitation at 255 and 267 nrn also resulted in identical ernission
spectra although at rower quanturn yields. Trrlis indicates that photon

energy absorbed by phenylaranine residues was transferred to the

tyrosine residues before it was emitted as fluorescence energy.

The fluorescence of the protein activator at pH 7. I was found

to be affected by 1ow concentrations of cuz*. Fig. 23 shows the

fluorescence emission spectrum of the protein activator in 5 rnM

Tris-Hcl pH 7.5 buffer containing 0. I rnM EGTA. Addition of 0.2 rnM
)-L

ca"' increased the ernission intensity at 3zE nrnby 46T0. Addition of
excess EGTA (0. grnM) reversed the effect on cuzt. Fig. 24 shows

that very low concentrations of. C^2* were required to give rnaxirnurn

enhancernent of fruorescence. o. I rnM EGTA d.ecreased the ernission
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Table 5

AMINO ACID COMPOSITION OF PROTEIN ACTIVATOR t ¡nou Bnu¡'
Expressed as molar ratío with prolíne

Protein activator, which had been purifled to disc
reÈic homogeneíty, was used for amlno acid anal_ysÍs

ge1 electropho:

equal to 2

Protein activator \4ras
with íodoacetate prÍor

reduced with dithÍoÈhreirol and aLkylatedto aeíd hydrolysis.

The tryptophan content of the proÈe1n activator was seperatedlydetermined by the spectrophotometric method of Goodrnrln & Morton tfS¿)(and see fíg.22) príor to acid hydrolysÍs.

The figures for unstable amino acÍds were obtafned by extrapol_ationto zero time of hydrolysís.

24 Hours

Hydrolysfs
48 Hours

HydroLysis
72 Hours

Hydrol-ys
Nearest

iühole

Number

Lysine

Histídine
Arginine
Aspartate

Threonine

Seríne

Glutamate

Proline
Glycíne

Alanine

Half-Cystine
Valine

Methionfne

Isoleucine
LeucÍne

Tyrosine

Phenyl-alanine

Tryptophan c

6. B0

0. 98

4.s4

L9.82

8.61

2.4L

23.77

1. 89

9 .46

9.3L

0. 00

6.94

7 .24

6.58

7 .75

1. B0

6. B0

0. 00

7.0L

1.11

4.90

19. 86

7 .66

L.82

23.73

L.75

9 .4s

9.34

0. 00

7 .06

6. 91

6.30

7 .70

L.64

6.81

0. 00

6.67

0.86

4.82

19.53

6.7s

1.38

23.LL

L.64

9.01

9.04

0. 00

6.66

7.08

6.r7
7.56

1.59

6.60

0. 00

6.82

L.t7
s. 00

L9.84

9 .57

2 .97

23.75

2.00

9.48

9.34

0. 00

7.00

7. 30

6. 51

7 .84

L.96

7.07

0. 00

7

t

5

20

10

3

24

2

or 10

9

0

7

7

or7
I
2

7

0
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Protein
actívator (0'1 mg/rnl), which had been purif'ed to dísc geL
electrophoretic homogeneity, r¡ras used for this study. Excitation
vras at 278 nm- The sor-id líne 1s the emlssion fluorescence spectrun
in the pïesence of 20 pM caclr. The dashed 1Íne ís the emlssíon
fluorescence spectrum of the same sor.ution of protein acti.vator
fn the presence of 20 ¡rM CaCl, plus 300 ¡-rM EGTA.
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intensity at 325 nrnby 3rls. The fruorescence at 325 nm was titrated
)r

with Ca''. Half rnaxirnal and. 90% enhancement of fluorescence

intensity were attained by adding 24 and. 126 ltrn c^zr, respectivery.
z+Mg at the sarne concentration did not rnirnic the effects of c^z*.

van Eerd and Kawasaki (rrr) have reported that a sirnilar
enhancernent of the tyrosyl fruorescence of rabbit skeletar rnuscre

troponin TN-c occurred upon binding c^2* at its high affin ity caz+
binding site. Carboxylic groups in protein rnolecules have been

demonstrated to quenchthe tyrosyl fluorescence if these carboxyric
groups are bonded to or located near the tyrosyl side chain (rtz). If
this quenching rnechanisrn is operating in the case of troponin TN-c and
the protein activator, t',e caZ* induced fruorescence enhancernent

could be exprained by the removal of carboxylic groups frorn the vicinity
of the tyrosyl side chains as a consequence of the postulated confor_
mational change arising frorn binding CuZ*.

8.6. He at Stabfli_tf-g{lhg_ pr ote in Activato r
The stability of the partially purified protein activator at

different ternperatures was investigated. The activity of the protein
activator sarnpres was rneasured after incubation in r0 mM Tris_HCl
pH 7' 5 buffer containing t mM ,rrgzr for various tirne periods at 0o,

3oo, 55o, 75o'and 95o, and the results are shown in Figs z5A, zs|
and 25c" A1I three figures are different graphicar representations of
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the sarne data- These results indicate that the protein activator is

rernarkably heat stable. Incubation at 9S 
oC for l0 minutes and 3O

rninutes caused a loss of only 9% and ZgTo of the original activity,
respectively. c.z* was found to have a drarnatic effect on the heat

stability of the protein activator. ll/hen 0. i rnM C^2* was included

in the buffer, the protein activator lost on\y 30lo of its activity when

heated at 95 
oc fo" 30 rninutes at pH 2.5. Frowever, when 0. r rnM

EGTA was included in the buffer, the protein activator rost T06o of.

íts activity when heated in the same rnanner. Thus low concentrations
)J-

of ca'' app"at to protect the protein activator frorn heat inactívation.

The role of rnetar ions in stabilizing other proteins have been

well established ( I l3)"

The experirnents on heat stability were carried out in collabo-

ration with Dr. FIonor:Ho.

E. 7. Disestion of Proteinégliyelgr_jg4b._lrJpqiAl,

Fig. 26 shows that row concentrations of cu?t (r0 r¿M) protected

the protein activator frorn loss of activity arising frorn brief digestion

by trypsin. Digestion of a sarnple of protein activator with trypsin for
20 rninutes in the presence of I0 pM c"2+ had very sright effect on the

activity of the protein activator. Ho*"rr"", digestion of a sirnilar

'l'The experirnents on trypsin digestion were carried out in collaborationwith Dr. Honor Ho.
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H DrcosrroN By

TR STN - Protal¡ ectlvator (l 
"drt)rrhtch lr¿d, been purlfted. to dlsc çr

clectrophoretlc honogenelty, was lncureted. rlth 0012 pg,/nr trypsln 
'n 

20 ¡rM î¡1e-
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sarnple of protein activator with trypsin in the sarne rrranner in the

presence of 100 pM EGTA resurted in a much greater ross of protein
activator activity" It rnust be point.ed out that r0 pM c^zt has no

significant effect on the activity of trypsin. The results of Fig. 26

can be explained by postulating that c,azr, on binding to the protein
activator, induced it to assurne a conforrnation such that less of its
trypsin sensitive peptide bonds are exposed.

E. 8. Amino Acid Composition

Protein aótivator purifìed to hornqgeneity was reduced with
dithiothreitol and alkylated with iodoacetate as described in ¡rMethods. rl

ït was then hydroryzed by 6N HCr at rr0 oc for 24,48 and 72 hours
and the cornpositions of arnino acids in the hydrorysates were deter_
rnined by the use of a Beckrnan amino acid analyzer. The resurts are
shown in Tab1e 5 (see page 9g).

Cysteine and carboxyl mctìiyl cysteine

acid hydrolys ate s .

The uv absorption spectrurn of the protein activator in 0. r N
NaoH is shown in Fig. ZZ (see page 96). Calculation of the content of
tryptophan by the spectrophôtometric rnethod of Goodwin and Morton
(l 14) using the data of Fig. zz reveared that tryptophan is absent and
that the absorption peak at ?96 nm in Fig. zz was due entirery to
tyrosine. Tabre 5 shows that each morecure of protein activator
possesses 7 phenylalanine and 2 tyrosine resid.ues and this ratio of

were not detected in the
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the two-arornatic arnino acids is reflected in the uv absorption

spectrum of Fig. ZZ.

A few other outstanding features of the arnino acid cornposition

of the protein activator are enurnerated below.

l' Glutarnicacid/glutarnineandasparticacid/asparagine

residues together rnake up r/3 of the total arnino acid residues. The

ratio of acidic to basic arnino acid is 3.4. This high proportion of
acidic arnino acid residues account for the observed low isoelectric
point (pI = 4) of. the protein activator.

z' There are onry two proline residues per rnolecure of
protein activator.

Table 6 shows a rist of the physicar pararneters of the protein
activator.

f'. e"tiveting_Efgpeflies qf_Frotein Activator

F . I. Hv"!e=q!!_e_4ç-trye_tþ!_o_{-E!El

In a study of the interaction between cAMp phosphodiesterase

(PDE-I) and its protein activator, it was observed that enzyme reactions
often followed the course of non-linear lines. The characteristics of
these pïogress curves were dependent on rnany factors. 'when an

enzylrLe reaction (using PDE-I) was carried out in the presence of a
saturating concentration of the protein activator, the rate of product

forrnation was constant over 40 rninutes (Fig. 27, curve A). At a
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Table 6

' ToR FROM BEEF HEART

SEDIMENTATIoN COEFFICIEMT ( S20,, ) Z.O S

DIFFUSION COEFFICIENT ( ozo,, )

E-cr]t. AR ]rErcur ( lou_ )
oY gel filtraríon ts

MoIjTCUIAR I{IEIGHT (tr}r^, )
s edimentaEion / diff.us iðä method
calculated from S20r, & D20r,n

MOLECIILAR I4TEIGHT ( MçT_ )sedimentation equilibrïfim method

SUBI]NIT I,TETGHT

-

by SDS ge1 electrophoresfs

FRICTIONAL RATrO ( f:f^ )calculated from W"d &tD2',on

ISOELECTRIC poINT ( pr )

PARTTAT, SPECIFTC VoLUME ( ? )

e.Qs x 1o-7
cm'/sec

27,000

19,000

Arr'/mg protein

Azao/ Azøo

1_5,000

l-8,000 ro 19, 000

1.35

4.0

0.72

0.169

0.78
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suboptirnal arnount of the activator, the tirne course of the e',zyr,,e

reaction showed a downward. curvature (Fig. 27, curve B). In

addition, the characteristics of the progress curves depended on the

conditions of incubations of the reacting corrì.ponents prior to the :. _ _. i- : :_ :: '

enzyrne catalysis. For reactions described by curves A and B in

Fig. 27, the enzyrne (PDE-I) and the protein activator had been rnixed

..,,t'," t',,i 'and incubated at relatively high concentrations prior to enzyrrte :.:,,;,,,,:,,.,,.,,,,

reactions ' E;nzyrne reactions were initiated by direct dilution (9 fold) ,,,,,.,.,,: ,,.,.
':-._ .:,. :,:.-.-:_ : .-:'

of the enzyïne-activator mixture into solutions containing substrate.

when the pre-incubation of the enzyrne and the protein activator was
:

ornittedandtheenzyrnereactionwasinitiatedbytheadditionof

rnixtures of the protein activator and cAMp to enzyrne (pDE-I)

solutions, the progress curves showed upward curvature irrespective
:

of the protein activator concentrations (curves c and D of Fig. z7), 
,

thus suggesting a slow activatíon of the enzyme (pDE-I) by the protein

activator' Cheung (?1), however, showed that the activation of bovine ,.,','.1.',,,',,','
'.. .,... .,..: . . .. ..

brain cAMP phosphodiesterase by the protein activator was instan- .,.,',,',',',' ',',"

::: :taneous. It should be noted. that after l0 to z0 rninutes of enzyrne

reaction, all the progress curves approach straight rines. The sropes

of these linear regions depended only upon the concentrations of the , , :

r.: :_-::'-: -_::;_.:- : ..

activator" Thus, for Fig. 27 t]he sropes in the rinear region of curves

A and B are essentiarly the sarne as those for curves c and D,

re spe ctively.
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The observed reaction curves in Fig. zT rnay be readily under_
stood by a sirnple scheme which assurnes that; (a) the e,,zyr,'e (pDE_i)

which has 1ow or no activity associates reversibty with the protein
activator to forrn an active cornprex, and (b) the forrnation and

dissociation of the protein cornprex are slow processes relative to
the enzyrne catarysis. According to this scheme and the law of rnass

action, dilution of a mixture of the enzyrne and. the protein activator
will alter the equilibriurn among the various protein species so as to
result in a srow 

.dissociation of the protein cornprex. This slow

dissociation can account for the downward curvature observed in curve
B of Fig. 2.7. when the concentration of the protein activator is
sufficiently high so as'to saturate the enzym.e under the assay con-

ditions, the dilution of the enzyrne and protein activator rnixture wiII
not result in the dissociation of the cornprex and a linear progress

curve will be expected (curve A). Sirni1arly, the scherne also accounts

for the upward curvature observed in curves c and D of Fig. 27. This
upward curvature corresponds to the association of the enzyrne and the

protein activator. The linear region in a[ the curves fiLay represent
the rate of reactions cataryzed. by the equilibrium concentrations of
the active enzyïne species.

rnitiation of the cAMp phosphodiesterase reaction by the

addition of cAMp to rnixtures of the enzyrne (pDE-I) and the protein
activator was also found to give rise to curved. progress curves. For



an experifirent repïesented in Fig. zB, a solution of the enzyrr.e(pDB_I)
and the protein activator was diluted 9_fold into buffer and then incu_
bated at 3o oc. At various intervars, aliquots (8.75 rnr) of the diluted
solution were withdrawn and rnixed with 0" 25 rnrof 0. 36 rnM cAMp
solution to initiate the e,.zyr,'e reaction. Fig. zg shows a farnily of
progress curves (curves B, c, D and E) for sarnpres preincubated for
different time after the dilution. As the tirne of incubatíon increased,
the progress curves changed gradually frorn downward.ry curved to
upwardly curved lines. since the dilution of the enzyme_activator

mixture may resurt in srow dissociation of the protein cornplex,
sarnples incubated for different tirnes prior to enzyrrte reaction are.
expected to exhibit different progress curves. The observation that
progress curves for sarnples after r5 and 22 rninutes of incubation
are closely sirnilar suggests that the equilibriurn between the enzyme
and the protein activator interactions can be attained after approxi_
mately l5 minutes. The pronouncedly upward curvature observed. in
the progress curves (curves D and E oftrig. zB) indicates that the

\ 
enzyme rnay be slowly activated by cAMp. One possible rnechanisrn

of this activation is that the cyclic nucleotide enhanced the interaction
between the enzyme (pDE-r) and the activator. This interpretation is
supported by the observation that the activation was slow and rnost
apparent when the diluted enzyme and protein activator had reacted to
equilibrium (curves D and E of Fig. zg). Furtherrnore, when enzyme

ltl
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reaction was carried out in the presence of a saturating

protein activator, a linear progïess cu-rve was obtained

Fig.z8).

amount of the

(curve ,A. of

An alternative e>çlanation for the results of Fig. zB is that an
rrallosteric effector" of PDE-I (protein or otherwise) may be srowry

dissociated frorn PDE-I during the 9_fold dilution. Addition of cAMp
to start the PDE reaction could have induced a slow reassociation of
this 1'allosteric effectoril with pDE_1.

F" Z. Eff e c t s_o llhe_Efgtejn_4Sltveler q n the Kine ti c Par apgle {_q__g{

PDE-I

other investigators (67,6g) have observed that the protein
activator activates c,A.Mp phôsphodiesterase by increasing the t_u.*
and by decreasing the Kr' for cAMp" Fig. 29 shows that addition of
srnall arnounts (I. z units) of protein activator to pDE-r resurted in a
rrr'ore than 3-fold increase in the maxirnuo, velocity of the reaction.
This low level of protein activator showed iittle effect on the Kr' for
cAMP, 'which rernained at 1.4 rnM. 'When 3.3 and lI units of protein
activator were added, the Kr' values for cAMp decreased to 0" 6T and,

0.4 rnM, respectively. However, no further increas" i, V_rx was

observed" Thus, although both Vr.r"* and Kr'of pDE_I enzyme were
influenced by the protein activator, the two effects were observed at
different concentrations of protein activator.
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cA}fp CONCENTRATTON
FOR PDE-I The PDE-I enzyne used had been rendered free of prot"fn
actÍvator by DEAE-cellur.ose chromatography. Each 0.9 ml reaction
mixture contalned 0.021 unft of thfs pDE-r enzlnne, 40 mM lmfdazole and
20 mM Mg'' . The reactfon velocfties. are expressed as auro/l. mrn.
Neither cr2* ,ro. EGTA was added to the reaction mfxtures.



115

The extent of activation was found. to be dependent on the con_

centration of the substrate. Fig. 30 shows that rnaxirnurn activation
(r400To increase) of the hydrolysis of cAMp by PDE-I was observed

t,,',tt.'at 20 prn cAMP. At millirnolar and rnicrornolar concentrations of :.:;:.::.:

cAMP, the activation of cAMp hydrolysis were 500 _ 6006oand B0O _

900T0, re spe ctively.

., -l 
ttt,,:ttt 'The protein activator exhibited differential activation of ,,:," :

hydrolysis of cAMP and cGMP. Fig. 30 shows that hydrolysis of i' 
,,,,1.t,,,.,

... :" . a.-

cGMP by PDE-I was activated by only 30 - 4l%by the protein acti_
vator at rnillirnolar concentr¿tions of cGMp. At lower concentrations
of cGMP, the activation of cGMp hydrorysis u¡as rnuch greater; at

;rnicrornolar concentrations of cGMp the activation was TOOTo.

Fig. 6 (see page 67) shows that at 1.2 rnM substrate concen_

tration, the ilbasal PDE activityr',r of PDE-I hydrol 
"r"UcGMp 

faster
.than cAMP' 'when the protein activator and cuzr were added to the

assay rnixture, PDE-I hydrolyzed cAMP faster than cGMp at I .z rnM .':.,,.,,,¡,,;,,,'

,',,,r,,,substrate concentration' Fig. 3l shows the relative rates of hydrolysis ,1.,,i.,,,,

of cAMP and cGMp at different substrate concentrations. rn the

absence of protein activator, PDE-I hyd.rolyzed cGMp faster than

cAMP at all substrate concentration investigated. Frowever, when ,,,' ',, ..,

'l'PDE-r activity in the absence of protein activator and in the presenceof EGTA.
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excess protein activator

cAMP faster than cGMp

¡.urn but hydrolyzed cGMp

Iower than 40 prn.

: :j-,:.:¡- ;¡..-i-.1'.,.r

urrd. C^Zt were added, PDE-I hydrolyzed

at a substrate concentration in excess of 40

faster than cAMp at substrate concentrations

i18

G. F?cters that 4ffect the Interactiqn Betweeq the Protein

Activator egd PDE_I

l'vhen a fixed arnount of pDE-r (freed of protein activator by

DEAE-cellu1ose chrornatography) was ïeacted with increasing concen_

trations of protein activator, a PDE-I activity - protein activator
titration curve such as shown in Fig. r (page 49) was obtained. The

value of ouoro for a particular titration curve is the concentration of
protein activator required to give half rnaxirnal activation of this fixed
concentration of PDE-r under standard conditions. under conditions

when PDE-I exhibits greater affinity for the protein activator, a Iower
concentration of the protein activator is requirêd to give half maxirnal
activation of pDE-I and consequentry a lower value o, ouo%is record.ed.

Thus tn" ouo% can be considered to be a paraïïLeter anarogous to the

K,,.' for a substrate; the ASno/.being an index of the affínity of pDE-I
for the protein activator while the Kr' can be an index of the affinity of
an e''zyrÍre for its substrate. Many facfors such as pH, ionic strength

etc", are known to affect the activity of pDE-I. By empirically rnaking

a plot ot ouoro as a function of these factors it is possible to d.eterrnine

if these factors exert their effect on the activity of pDE-I by influencing
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the affinity of pDE-I for its proteín activator.

G. 1. ÇençS¡Lllelion of p_DE-I_Eqzfa.rr..

Fig. 2 (see page 51) shows that, as the concentration of PDE-I
was increased in the pre.sence of exce"" C.2* and the protein activator,
the enzyrne activity increased but not in a rinear rnanneï" The prot of
e'.zyffre activity curved downwards slightly at high concentrations of
PDE-I. The reason for this is not clear. prelirninary experiments

were unsuccessful in dernonstrating the existence of an inhibitor in
the PDE-I preparations. Fig. z also shows that the varue" o, ouo%

were not significantly affected by the concentration of 
'DE-I.

G. Z. p_u

Fig. 3Z shows that,under the

PDE-I exhibited a pH optirnurn of 7.

the values of .A.__ __50%.

conditions of the errzyrne assay,

5 and that the pH did not affect

G. 3. Te¡qpqa2lulq

PDE-' enzyme activity as measured by the one-step phosphate

rnethod was observed. to increase linearly with respect to ternperature
between 200 and z6 0c (Fig. 33A). 

'DE-I 
activity-protein activator

titration curves at Z0o, 30o and 36 oC, 
shown in Fig. 338 indicate

that the value " of ouo% did not vary with temperature. lrowever,

since no controls were run on the effect of ternperature on the

5rnucleotidase reaction, the results were not conclusive.
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G " 4. Ie¡rc_ql{e¡glh

PDE-I enzyffre activity was observed (tr.ig" 34A)

a non-linear rrLanner with an increase in ionic strength.

shows that an increase of ionic strength frorn 0.09 to 0.

tjae enzyrne activity by ZTTo but had no effect on the value

to decrease in

Fig" 348

28 M decreased

ot ouoo,

G. 5. Irnidazole CgrceTrtration

Fig' 354 shows that irnidazore at relatively high concentrations
enhanced the pDE-I enzyme activity assayed. in the presence of excess

?T
Ca"' and protein.activator. Maximum activation was observed at
irnidazole concentrations in exces s of zs rnM. Fig" 358 shows that,
although 40 rnM imidazore activated pDE-r enzynìe activity by 95T0,

the value of .z{ rr¡1 q n¡aîÇ^^+^Å-- --5OTo was unaffected.

c. 6. Substrate Concentration

As previously mentioned above (section on rEffects of protein
Activator on Kinetic parameters of pDE-I, see pege lI3), the effects
of the protein activator on pDE-I enzyûre activity were found to be

dependent on the concentration of the substrate as depicted in Fig. 30.
Titration curves for the hydrolysis of cAMp and cGMp by pDE_r in
the presence of exce"" c"2* were obtained at different concentrations
of substrate' These titration curves were obtained in collaboration
with Dr" Honor Ho. The prots of reciprocar of our%against the con-
centration of substrate is shown in r-ig. 36. At mi[irnorar concen_

trations of substrate, pDE-r exhibited greater affinity for the protein
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activator in the presence of cAMp than in the presence of cGMp. For
the hydrolysis of cAMp, decreasing the cAMp concentrations frorn
rnillirnolar to rnicrornolar 1eve1s in.creased the values of I ,OrO*O, u
rnere 70%" For the hydrorysis of cGMp, decreasing the cGMp con_
centrations from rnilrirnorar to micro.rnolar leve1s increased. the

values of 7/r'^106obY approximately 600%. Thus, the affinity of pDE-I
for the protein activator varied slightly only with variation in cAMp
concentrations but varied rnarkedry with changes in cGMp concen_
trations. From the data of Fig. 30 and 36, it can be seen that the
extent of activation of cGMp hydrolysis is parailer to the affini ty of.

the protein activator for pDE-r. However, the extent of activation of
cAMP hydrolysis does not parallel the affinity of the protein activator
for PDE-I. The reason for this is not clear.

G.7. ce3ke3ss-llr?lþas

Fig. 32 shows that the activity of pDE-r in the absence of
added protein activator ('rbasar pDE activityr,) was not inhibited by
EGTA in the presence of exces" MgZ* and was therefore independent

))-
of ca"'' 'w'hen excess protein activator was added, the enzyme activity
was activated ten fold. This activation by the protein activator was
completely aborished by low concentrations of EGTA in the presence of

)L
exces" Mg''. This indicates that the activation of pDE_I required the
simultaneous presence of protein activator and row concentrations of

z+
UA
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Although the preceding results suggest that pDE-I i" ^ c^z*_
dependent enzyrne, the possibility that BGTA had a direct effect on
PDE-I or that a metal ion other t]nan CaZ* *"" responsible for the
enzyrne activation cannot be excluded. To establish unequivocally
that caZ* activates the enzyrne, rernovar of contaminating c^z*in the
reaction rnixture and direct dernonstration of the cuz* activation are
essential. Fig. 3g shows that when reagents and protein sarnpres
relatively free of the contaminating C^Z* were used, activation of

')+
PDE-I by ca" 

"1tt be shown. In the absence of the protein activator,
increasing the cuZ* concentration to 0" z mM resurted in rittle
activation' At a saturating level of the protein activator (13 units /rnt¡,

z+ua could bring about a t0-fold increase in the enzyme activity. At
a lower lever of the protein activator, the rnaximar c^z* activation of
PDE-r was also rowered. Furthermore, addition of protein activator
shifted the activation curve towards rower concentrations of. c^zt. In
Fig' 38 in the presence of 1.4 and r3 units of protein activator, the
concentrations on cuzt required to achieve half rnaxirnar activation
were 3. 6 and 2.3 ¡lM, respectively"

The results presented above dernonstrate that activation of
2TPDE-I by cao- was dependent upon the presence of the protein activator

and the data of Fig. 39 show that the activation of pDE_I by the protein
activator was dependent upon C^2*. In the absence of. C^Z+, PDE_I
activify was not stirnulated by the protein activator. At r00 ¡lM c^z*,
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however, pDE-r was activated by increasing concentrations of the

protein activator to a rnaxirnurn of. 600To. Both the extent of the enzyme
activation and the concentration of the protein activator required for
half rnaxirnal activation (As'yo) *"t. function" of c.Z*. At a lower
concentration of au'*, pDE-I was activated by the protein activator
to a srnaller extent and rrì.ore protein activator was need.ed to achieve
50To rnaxirnal activation of the enzyme. Thus the resurts of Fig. 3g

and 39 indicate that activation of pDE-I was achieved onry when both,)-
Cau' and the protein activator were present.

since alr enzyrne assays in the present study were carried out
in the presence of 3 rnM MgZ*, the dernonstration of C^Zt activation
índicates that MrgZ* did not substitute for cuz* in the activation of
PDE-'' However, ttg,r was essential for the catalytic activity of
PDE-I since the enzyme was inactive in the presence of. cuz* alone.
Thus, the enzyme is dependent on both Mgz* 

"rrd c^z* for its fulr
activity. To further study the specificity of. cuz* activation of pDE_I,

the enzyme activity in the presence of 3 rnM t*gzr and one of several
divalent cations has been exarnined. Tabre 7 shows that srz* , coz*

"rd M.rZ* were the only divalent cations which exhibited appreciabre
enzyû).e activation at a concentration of 27 vM, The rnagnitude of
enzyme activation by these cations, were, however, rnuch Iess than

)-L
that by Ca"' .
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Table 7

ACTIVATION OF BEEF HEART cAMP PDE BY DIVALENT CATION

The reaction mixtures contaíned 0.015 unit of pDE_I, l0units of protein activator, 40 mM Tris-Hcl, 40 rM imidaz'le
pH 7.5 and 27 ul"I of a dfvaLent cation ín addition to 3 mM ttg2*.
PDE-I;+the proteín actÍvator and all reagents used. were freedof Ca'' by the procedures described in rMethodsf . cAl,lp pDE
enzyme actívÍty was measured by the Ëwo_stage method.

Catíon Added

(27 yMr)

ÉoE acrivirv

(Units)

S timulation

("Á)

None

c^2*

^2+Þr

Mn2+

co2*

-2+LN

trli2+

c,r2*

B^2*

F"2*

0.00205

0.0147

0.00s75

0.00383

0.00360

0.00287

0.00243

0.00242

0.00227

0.002L7

6L7

180

87

76

40

18

1B

11

5
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In order to deterrnine whether the row level of activation
achieved by st2+ 

"td co2* were due to low affinities of these cations
for the binding sites or to 1ow maxirnar enzyme activations, pDE_I

activity in the presence of excess protein activator had been exarnined
as a function of the cation concentration. Fig. 40 shows that pDE_I
was ûÌaxirnally activated by Srz+ 

"rd Co2* to 900T0 and 300T0,

respectively' under the sarne cond.itions, rnaxirnar c^z* activation of
the enzyme was IOOO%. Concentrations of SrZ* 

"rd CoZ* required to
provide half rnaxirnal activation were 36.3and t 9.2 ¡-tM, respectively;
about l0 to 20 tirnes higher than that fo, C^Z*. Thus C^Zt appeared
to be the rnost effective divarent cation activator for pDE-I.

one possible explanation for the rnutuar dependence of c.z* ..rd
the protein activator in the activation of pDE-I is that the two activators
have to combine to forrn a metal-protein cornplex in ord.er to activate
the enzyrne. The possible forrnation of the c.z+-p"otein activator
cornplex has been investigated by the equiribrium binding technique on
a sephadex G -25 ger filtration corumn.(r05, t06). Fig. 4I shows the
elution profile for a typical binding experiment. The appearance of
45 ca peak and troughs in the profile is indicative of the binding of. crz*
to the protein activator. The radioactivity peak coincided exactly with
the activity peak of the protein activator. In most e>cperirnents, double
troughs have been observed in the erution profire, but the origin and
significance of the double troughs are not clear. For the calculation of
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lrENl OF CAT,CII¡M

BINDING BY THE PROTEIN ACTIVATOR The proced.ure used. is d,escrlbed
ln "Methodsf'. The ra.dloactlvlty of 45ca ln the fractlons eluted. wlth
buffer contalnlng O.?1 r¡I{ Cu* r€, and. tt¡at eLuted. r¡ith br¡ffer
eontainlng, O.lI u¡{ ca?l'plus J00 u}f Sr2+rgg¡. proteln actlviator
actlvlty ln fractlons eluted wlth tuffer contarnrn g 0.1L,,Ìr c"ärH,
and that ln f:ucttons eluted. wlth truffer contalnln g o.l! rrM caä prus
5oo uM s"2*r{ra. The sane anount of proteln actl'ator (g6.k ug)
ras used ln both sets of, experJ^nents.
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the arnount of bound c^zr, onry the data at peak regions have been

used"

In a preceding section, it has been shown that Sr2* can replace
)J-

ca"' (see Tabre z and. Fig. 40) in the activation of pDE-I. This
rnetal ion, therefore, is expected to cornpete f.o, C^Zt binding sites
on the protein activator if. caZ* binding was indeed. involved in the

enzyûr'e activation. As is shown in Fig. 4r, binding of. c^Zt to the

protein activator rnay be significantly reduced in the presence of 500
.^. ^ 2+ z+UM-Sr At a Ca"' concentration of 0. Z ¡.r,M, the amount of C^Z*

bound per rnole of protein was reduced frorn o.zo5 in the absence of
)!

Sr'' to 0.092 in the presence of Sr2*. Although the result does not
show that the two cations corn.pete for the same binding site, it does

agree with such an interpretation.

The stoichiometry of the interactíon betwee n C^2* and the

protein activator and the dissociation constant for the cornprex have

been deterrnined frorn a scatchard plot (Fig. 42). The scatchard plot
consists of two linear regions having two different slopes. The resurt
suggests that there are two types of. c^z* binding sites on the protein
activator having different affinities. Frorn the slopes, the dissociation
constants of c^zt in the high- and low-affinity sites are calculated to
be 2.9 and 11.9 pr,M,,respectivery. since kinetic studies indicate that
the caz* concentration required for half rnaxirnal enzy*Ìe activation at
a saturating concentration of the protein activator was 2.3 pM, it rnay
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be suggested that onry the high-affinity caz+ binding site is invorved

in the enzyrr'e activation. The stoíchiornetry of the interaction

between cuzt and the protein activator may be.calculated frorn the

intercepts on the horizontal axis of the scatchard plot. Extraporated

lines for the high- and row-affinity sites intercepted at r.04 and. 3. zS

rnoles per rnole of the protein activatpr, respectively. This indicates
that there is one high-affinity cuz* binding site and z to 3 iow-affinity

2+ca-' binding sites per rnolecure of the protein activator"

It has been observed by rnany investigators (5 3, s7) that high
concentrations of Mgz+ (above z0 mM) inhibit pDE enzyrne activity.
High concentrations of vrgz+ were observed to inhibit PDE-I (Fig. 43A)

but to have no effect on pD.E-Ir (Fig. 438)" Fig. 43A also shows that
additions of adequate arnounts of C^Z* can coïrLpletely reverse this

inhibition by high t g2* concentrations
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VI. DISCUSSION

The discussion is divided into six sections:

A. Multiple forrns of PDE in beef heart. ,,, , '

B' Purification, structure and physical properties of the protein
activator.

. ,'. :

::a t':a-:-c. Interaction between pDE-I and the protein activator. ..,', -';:"-':
;. .: ..:'. i', "_'j j.

D. MoIecular rnodel of the activation of pDE_I
_i.._: ::.:i.rr_rl

E. Physiological irnplications

t44
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A. Mgþlpl. F.orn s of pDE in Beef Hg-art

Hrapchak and Rasrnussen (55) observed that the pDE activity
in the soluble fraction of beef heart could be separated into two forrns,
PDE-I and pDE-Ir, when it was chrornatographed on a corumn of
DEAE-celIuIose. w., too, found tha.t the pDE activity in the soluble
fraction of beef heart could be separated into two simirar enzyrne
forrns, 

'DE-I 
and pDE-II, by DEAB-cellurose column chrornatography.

W-hile PDE-I could be activated 4 to l0 fold by C^Zt and the protein
activator, PDE-r.I was relativery insensitive to either c^zt or the

protein activator. Hrapchak and Rasmussen (s5) did not find any
indication of a protein activator in beef heart mainry because very
little effort was e)cpended by thern in-looking for it. Kakiuchi and his
co-workers (57) reported that the soluble pDB of rat brain courd be

separated by gel f'tration into a 10wer molecure weight forrn of pDE
(fraction rI) which could be activated by c^2* and the protein activator
and a higher molecurar weight forrn of pDE (fraction I) which was
insensitive to either cuZ* or the protein activator. It appears that
our PDE-I is sirnilar to Hrapchakrs pDE-I and to Kakiuchi,s fraction
II.

PDE-I, partialry purified to the rst or znd DEAE-cellurose
stage, always possessed row but significant pDE enzymic activity in
the absence of added protein activator or in the presence of excess
EGTA. This 'tbasal pDE activity, was not due to activation of the



PDE-I enzyrne by residual protein activator as it was found that the
concentration of protein activator in these pDE_I preparations were
too low to account for it. Since the, ilbasal pDE activity,r of pDE_I
preparations and the enzyrnic activity of PDE-II were both insensitive

)I

to ca'' or the protein activator, it would seern possible that contami-
nation of pDE-r preparations by srnall arnounts of pDE-II ,nay explain
the "basa1 pDE activity.'r Howeveï, pDE-rI and the ,,basar pDE

activity" of pDE-I preparations exhibited very different K- for cAMp.
Their Kr,., for cAMp are s4 and lz00 p,M for pDE-Ir and for the ,,basal

PDB activity, of pDE-I preparations, respectivery (data of Dr. H. Ho,
Table 8). Furtherrnore, our data indicate that beef heart pDE_I and
PDE-rI did not interconvert; they were eluted in their original volurnes
with no conversion into the other form when rechrornatographed. on

DEAE-celluIose. Thus, it appears that pDE-r possessed intrinsic
rrbasal PDE activity. which was independent of C^?* or the protein
activator.

our results show that the protein activator activated pDE_ï by
decreasing the Kr' and increasing the Vrr,."* for cAMp. Dr" Honor Ho
(107) in our raboratory has carried. out a more cornprehensive study of
the kinetic parameters of pDE-I and pDE-ïI. Her kinetic data are
shown, with her perrnission, in Tabre g. They show that the two iso_
enzyrnes exhibited distinctly different kinetic constants. Both forms
appear to have lower Kr' varues for cGMp than for cAMp. Furtherrnore,
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Tab1e I

(Data of Dr. Honor Ho (107))a

Non-Activared PDE-I

Actívated PDE-I c

PDE-II

K
m

(pM)

cAMP cGMP

1200

160

s4

2LO

11

30

v
max

irel-atÍve unf ts) 1

cAMP cGMP

1

2.5

1

0.42

0.40

0.7 4

The data shoqm in this table has been incl_uded
the purpose of discussíon with kínd permissíon

l_n

of

this thesls for
Dr. Honor Ho.

The PDE enzyme preparations used for these kínetic measurements
r.Iere not pure and. therefore the Vr"* rrlres are given in arbitraryunit i Vrr*'s of the non-activated pDE_I and PDE_II are assigned
the arbitrary values of 1. comparfson of v -__ values is va1Íd onlyamong the same enzyme form. max

Reactíons r^7ere carríed out at saturating concentratíon" of ca2*(0.f mU) and the protein actlvator (30 units).
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the protein activator decreased the Kr' for cGMp by z0-fold while it
decreased the Kr. for cAMp by onry z-ford. These results are in
agreerrrent with the findings of Kakiuchi and his co_workers (rr5) who
found that the protein activator frorn rat brain had a rnuch greater
effect on the hydrorysis of cGMp than ít did on the hydrotysis of cAMp.
Thus, it appears that PDE-I is rnore of a cGMp enzyme than a cAMp
enzyme' our results (Fig. 31, page 116) support this contention.

The I'basal pDE activity'r of pDE-I preparations hydrolyzed cGMp
faster than cAMp at al1 concentrations of substrates investigated.
The "activated pDE activity" of pDE-r preparations hydr oìyzed cGMp
faster than cAMp at substrate concentrations berow 40 ¡_r,M and hydro_
lyzed cAMP faster than cGMp at concentrations above 40 ¡r,M.

However, the concentrations of cAMp in the celr serdorn exceed r0-5
M and the concentrations of cGMp are arways one to two orders of
rnagnitude bel0w that of cAMp. Thus, the observed relative rates
of hydrolysis of the two substrates observed in vt¡_q rnay not refrect
their relative hydrolysis rates in vivo.

Pu r í f i c a tro n, S t r u qlg r e_ e ng_Ehy91gqlllgpgllþ!__o i th_e_ ï, r o1gþ
Activator

The protein activator exists in very 1ow concentrations in beef
heart; there being onry rz to rg milrigrarns of protein activator present
in each kilograrn of beef heart. In spite of its very row specific
activity in the crude extract, the protein activator courd be purified
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to a state of near homogeniety, owing partly to its rernarkable heat
s tability.

The beef heart protein activator appeaïs to be a single poly-
peptide rnade up of rz. to rz9 arnino acids and having a molecurar
weight of approxirnatery r5, 000. cysteine residues are absent and
conseque.ntly there are no disulfide rinkages. There are onry two
proline residues per rnorecure of protein activator. It is werl known
that proline residues irnpede the forrnation of a-he1ix in porypeptides.
It would be of intçrest in this context to deterrnine the cv-helix content
of the protein activator by studying its circular dichroic spectrurn.
cheung and his co-workers (1 r6) have very recenty reported the
purification to homogeniety of the bovine brain protein activator. The
bovine brain protein activator appears to possess an arnino acid.
cornposition, rnolecular weight and isoelectric point very sirnilar to
that of the protein activator frorn bovine heart. Thus, the protein
activator frorn the two tissues of the saûLe anirnar appears to have the
sarne or simirar structure. It is known that the protein activator and.

PDE from different tissues of the safire anirnal and even from different
species can cross-react (5J).

wang et aI. (r07) have rnade a coû).parison of the physicar and
chemical properties of the beef heart protein activator and the rabbit
skeletal rnuscre troponin TN-c (r ro, r r 1, I lz). Both proteins have
sirnilar rnolecular weights and uv spectra, bind ca2* at high affinities
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and possess rernarkably sirnilar arnino acid cornpositions. w.ang et ar.
(107) have deterrnined that troponin TN-c and the protein activator are,
however, not the sarne protein sinc.e (a) a sarnple of pure TN-c was
found to be .inactive towards the activation of beef heart pDE_I and
(b) the two proteins did not have identicar tryptic peptide maps

Although the tryptic peptide rnaps were not identical, they had similar
patterns and 3 out of a total of sixteen tryptic peptides of rN_c were
found to have identical arnino acid cornposition to corresponding tryptic
peptides of the protein activator. Thus, there is a good possibility
that homology u*irr" between the two C"2*-birrding proteins. Recenly,
troponin TN-c, parvarburnins and alkali-right chain of rnyosin have
been shown to be homologous (lIz, rrg). Thus, these proteins, along
with the protein activator, forrn a farnily of homorogous proteins of
diverse function.

C. Itt. "ggllo. ËSl-uu. thg ef_glg¡IéStivator and PDE-I
The extent of activation of pDE-I and the affinities of the

protein activator for pDE-r were found to be dependent on the concen_
tration of the substrate. The rnechanisn-r by which the concentration
of substrate influences the interaction of the protein activator and
PDE-I is st'r a subject of speculation" cheung (zr) had deterrnined
that the bovine heart protein activator did not bind cAMp. Thus, the
effect of substrate concentration on the interaction is not mediated
via the protein activator. The possibility exists that cAMp or cGMp
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binds to a reguratory site on the pDE-ï enzyrne, and this resurts in
a conforrnational change in the enzyrne rnorecule reading to a change
in its affinity for the protein activator

Based on experirnents carried out in EGTA _ C^Z* buffer,
Kakiuchi and his co-workers (60) have concruded 

''at 
a c^zt-dependent

cAMP phosphodiesterase is present in rat brain. In the present study,
a sirnilar e'.zyïrre, I'DE-r, is arso found in beef heart. Brostrorn et
al' (88), in their study of c^2* activation of phosphorylase kinase, have
suggested the use of c"Z*-f.ue reagents rather than EGTA - c^z*
buffer to control the concentrations of free C^Z* in the study of C^Z*
effects on the enzyrnes. This is because EGTA also chelates other
rnetal ions, and the possibility of a direct effect of EGTA on the
enzyme activity is difficurt to rule out compretery. rn addition, cuz*
concentrations in enzyme assays can be more accurately determined

)-L

if ca"'-free reagents are used.. For these reasons, we have used. a. 2+ca"' -free systern in our study on the interaction of pDE-r and the
protein activator.

Kakiuchi and his co-workers (56) observed that activation of
rat brain PDE (fraction II) was absorutery dependent on low concen_
trations of c-2* but that the activation by cuz+ was onry partiary
dependent on the protein activator since activation of the enzyme by

z+ua was shown to be quite appreciable in the absence of added protein
activator. Furtherrnore, they dernonstrated. that, in the presence of
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protein activator, a significantly lower concentration of c"z* *""
needed to activate the enzyrne (56). These observations are confirmed
and extended in the present study with the bovine heart pDE_I enzyrne.

our data show that the activation of beef heart pDE-i required the

sirnultaneous presence of both C^2* and the protein activator. These

findings rnay be exprained by posturating that pDE-I is activated by
the cornplex of the protein activator and c^2*. such a posturate is
supported by the observation that the purified protein activator binds

2+ua It is signi.ficant that the observed dissociation constant for the
c^2* bound at the high affinity site of the protein activator is very
similar to the concentration of C^2* required to give half rnaxirnal
activation of 

'DE-I 
in the presence of excess protein activator.

Furtherrnore, s.z*, which can substitute for cuz* in the e,.zyfire

activation, was shown to reduce the c^Zt binding to the protein
activator. Bindin g of. c^z+ at the high-affinity site appears to induce

a conforrnationar change in the protein activator. The conformational
change results in changes in its physicar properties viz : uv spectra,
fluorescence spectra, heat stability and resistance to tryptic digestion.
of the nine divarent cations investigated, cu,* was rnost effective in
the activation of pDE-I, being abre to activate the enzyrne to the

greatest extent at the lowest concentration.

Many investigators (5 3,57) in the past have noticed. f,'at Mgz+,

at concentrations in excess of z0 rnM, partially inhibited the activity

I52



of cAMP phosphodiesterase. Beef heart PDE-I was inhibited to a

consid.erable extent (60T0 inhibitíon at 70.rrM Mgz+) by high concen_

trations of. Mgz+. This inhibition c.ould be cornpletely reversed by
the addition of cuz* . This suggests that Mgz*, at very high concen-
trations, inhibits I'DE-I activity by cpmpeting with c^z* for the

calciurn binding site on the protein activator. v/hereas the binding.
of calciurn to the protein activator results in the activation of the

protein activator, the binding of rnagnesiurn does not result in a

corresponding activation. This hypothesis is supported by the obser_
vation that high concentrations of. Mg}+ had no effect on the activity
of PDE-II (Fig. 438) or on the ,,basal pDE activity,, of pDE_I. (Both
enzyffLe activities were independent of either c^2* or the protein
activator' ) Kakiuchi and his co-workers (57) have dernonstrated that,
when the concentration of Mgz+ was 

'owered 
frorn t0 r,'M to 0.3 rnM,

the concentration of. cuZi required to give half rnaxirnal activation of
rat brain PDB was lowered frorn about 9 pM to I pM.

Frorn an analysis of the progress curves (Fig. 27 and zg) of
the enzyme reaction of pDE-I under different conditions, it can be

concluded that (a) pDE-I, the protein activator and the pDE_I _ protein
activator cornprex exist in equiribriurn with each other and (b) the

forrnation and dissociation of the pDB-I - protein activator comprex
are slow processes rerative to catalysis. The experirnents depicted
in Figs. 27 and, 28 were carried out at an early stage of our work when
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the irnportance of c^zt was not yet realized. lllhen these experirnents
were repeated with exce"" crZ* in the reaction mixture , ragphases

in the progress curves were stirl observed although the 1ag times
were shortened. to approxirnately one to two rninutes.

The reversibre forrnation and,dissociation of the pDE - protein
activator cornplex have been demonstrated by direct rneans in a recent
report by Kakiuchi and his co-workers (1r5). They showed that, when
the soluble fraction of rat brain was filtered on a colurnn of sepharose-
6B with EGTA in.the eruting buffer, a pDE enzyme activity peak
(molecular weight about r50,0oo) exrribiting only basar enzyme activity
and a protein activator activity peak (morecular weight about zg, 000)

were obtained' when the ge1 filtration was repeated with c^z* in the
buffer, the chrornatographic profile was drarnaticalry changed. The
position of the protein activator activity peak was shifted to coincide
with the PDE enzyrrì.e activity peak which, in turn, was shifted,
eluting slightly earrier indicating an increase in rnorecurar weight to
approxirnately 200, 000 suggesting that (a) pDE - protein activator
cornplex formed in the presence of carcium and dissociated in the
presence of EGTA and that (b) two molecules of protein activator binds
to each rnolecule of pDE in the presence of c^Z*. Cheung and his co_
workers (116) recently reported that similar results were obtained
when they repeated the experirnents of Kakiuchi using pDE and protein
activator from bovine brain.
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D. Model of rbe 4ctiyelige_gf PLE;!

' Fig' 44 reptesents a rnodel of the rnechanisrn of activation of
PDE-I by the protein activator. rn,this rnod.el, the protein activator
rnolecule exists in two conforrnational states, pA (active) and pA
(inactive) which are in equilibrium. Binding of one c^z* at its high-
affinity binding site induces PA (inactive) to change its conforrnation

to that of PA (active). This rneans that at cazt concentrations below
I pM, the protein activator exists rnainly in the pA (inactive) forrn,
while at c^2* concentrations above 5 pM, the protein activator exists
rnainly in the PA (active) forrn. whereas pA (inactive) has very Iow
affinity for PDE-I, pA (active) has high affinity for pDE_I.

Like the protein activator, pDE-I arso exists in two confor_

rnational states which are in equilibriurn. rn the absence of the protein
activator or at cuzt concentrations berow r pM, it exists rnainry in
the PDE-r (basal) form. rn this forrn it binds ,tgzr but not c^Zt 

^nd
exhibits low catalytic enzymic activity which is the ,,basal pDE activity.
rt has high affinity for the PA (active) forrn and very low affinity for the

PA (inactive) form of the protein activator. Binding of the protein

activator induces a conformational change in the enzyrrLe giving rise
to the activated forrn of the enzyme, pDB-I (activated), which has

enhanced catalytic activity. The two forrns of the enzyïïi.e are in
equilibriurn with each other. one rnolecule of enzyrne binds two

rnolecules of the activated forrn of the protein activator. when the

il
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PDB-I. (bas¿f)

På,(actrva )

PDE-I. (aotlvetad)

Fí9.44 MODEL OF THE MECHANISM OF ACTIVATION OF PDE-I

PA (ínactlve)

PA(active)

PDE-I (basaL)

PDE-I (actfvated) = actlvated form of

protein activator

inactive form of protein activator

actíve form of protein acLivator

Non-actLvated form of pDE-I enzyme
which by irself exhibir s1íght pDE

activlty ; "basal pDE actívlty'r

PDE-I (activated
,J-

and Ca'')

by



2+
ca-' of the protein activator, in the cornplex of the protein activator
and the e',zyr''e' is rernoved. by chelation with EGTA, the cornprex

breaks down into its cornponent par,ts.

This rnoder does not exclude the possibirity that caz* can

activate PDE-I directry in the presence of the protein activator.
Dr" H. Ho in our raboratory has deterrnined that highry purified
preparations of pDB-I did not bind ca2* (r0z). It therefore appears
that the activation of pDE-I by c^2+ is rnediated in an obrigatory
rnanner by the pr.otein activator.

Dr" Honor Ho has indirect evidence (102) to show that pDE-I

undergoes a change in conforrnation upon binding of the protein activator.
she found that pDE-r was rerativery stabre at 5s oc 

arrd pH 7. 5 either
in its free state or when one of the activators was present. In the

presence of both c^2* and the protein activator, the enzyme rapidry
lost its activity' The rate of therrnal inactivation for the cornplexed

enzyrrLe was about 7 tirnes higher than that for the free enzyrne. Thus,
indirect evidence is availabre to show that the protein activator upon

2I
binding cau', and pDE-I upon binding the protein activator, undergo
conforrnational change.

.E;. pþy¡f9.1_9gtçe1 ]rnptications

The fact that the functions and the rnetabolisrn of cAMp and.
)-L

cau' are closely related has been pointed out in a review by Rasmussen

et al. (83). In the heart, both CaZ* and c.A'Mp have been irnplicated in
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the horrnone-

inve stigators

the free CuZ*

into the cell.

regulated myocard.ial contraction. Several groups of
(119, 720, IZI) have suggested that cAMp may control
level in cardiac rnuscle by facilitating the inflow of CuZ*
Kirchbeïger et aL eZZ) have shown that the uptake of

)-L

ua may be stirnulated by cAMp in the presence of cAMp-dependent
protein kinase. This observation rnay suggest that the inotropic
effect of epinephrine is rnediated by an effect of cAMp on c^2*
metabolism. The present observation that cAMp phosphodiesterase

frorn bovine heart is activated by c^2* suggests that the concentrations
of cAMP could in turn be regulated by c^2* in cardiac muscle. That
this ca2* activation of the enzyme is operative in intact hearts is
supported by the observations of Namm et a'. (r23) that cAMp concen_
trations in rat hearts can be increased or d.ecreased upon perfusion of
the hearts with ^ cuZ*-free or 

^ cuzl-rich mediurn, respectively. It
should be pointed out that caZ* has only a sright effect (generally
inhibition) on adenylate cyclase (lZ4). The range of. C^?* concentration
effective in the activation of cAMp phosphodiesterase, r to I0 pM,
also suggests that this caZ* activation may have an important reguratory
role in the cardiac contraction. It has been suggested (r25) that the)r
ca"' level during the rnyocardial contraction cycre fructuates in the
range of 0. I to 10 ¡,lm. Although it is not clear as to ho* C¿Z* activation
of cAMP phosphodiesterase contributes to the reguration of rnyocardial
contraction, it could be an irnportant rnechanism for the removal of the

'i:--'.: :t-ì
:,'.: : i : . : . .'



.AMP used for the excitation of the rnuscle. In addition, ti,,e caz*
activation of cAMp phosphodiesterase could. even be involved in the

control of myocardial contraction in the absence of the horrnonal
stirnulation' Brooker (126) has recently dernonstrated the fluctuations
of cAMP concentration during the contraction cycle of electrically
stimulated frog ventrical strips.

of the two forrns of pDE in the soluble fraction of beef heart,

r59

activated PDE-I exhibited Z to 3

PDE-II (Table B). Furtherrnore,

tirnes higher Kr' for cAMp than

the in faiJg. concentrations of cAMp
seldorn rises above to-5 tvt. The question therefore arises as to
whether PDE-I and the protein activator play a significant rore, if
ãfy, in controlling the in vivo revels of cAMp. To resorve this
question, one rnust consid.er not just the rerative K_ for cAMp but
also the relative trrru.* for the hydrorysis of cAMp by the two isoen-
zymes. It is not possibre, at this juncture, to rnake a rneaningful
'cornparison of th. t^"* of pDE-I and PDE-II from the data of rabre
8 since the preparations of both pDE-r and pDE-Ir were not pure.
Thus, a definitive answer to the above question awaits the purification
of both isoenzyrnes to homogeniety.

on the other hand, there is no doubt that 
'DE-I 

and the protein
activator play an irnportant rore in the in vivo rnetaborisrn of cGMp.
First of all, the K- for cGMp of pDE-I (rr ¡r,M) is three tirnes lower
than the corresponding K- for cGMp of EDE-ïI (Tabre g) and secondry,
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the protein activator has been shown to have a greater effect on the
hydrolysis by PDE-I of cGMp than cAMp. However, the biological
role of cGMp in cardiac muscre is as yet not clear and. consequenry
the role of pDE-I and the protein activator in this respect rernains
to be resolved..
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Appendix A

I,rref ght

The sedímentation equilibrium meÈhod studíes the concentration
distribution of molecules at equilíbrium positions. At equilibrJ-urn, the ;,:,;

total potentlal of any component in the centrífuged solution is constant. 
;:::.';

The total potentÍal can be defÍned as the sum of the solutíon's chenicaL i,,,',,,,

andcentrÍfuga1potentía1s,itschernÍca1potentia1beingafunction'of

concentratíon and pressure and its centrlfugal potentfal being a functíon
of the centrífugaL fíe1d and thus of the positi_on ln the ce1l.

rf appropriate expressíons are supplied for the effect of concentrat_
ion (RT/c), pressure (Mv) and distance (-ttw2r¡ and if the derivative of
the total potentlal ís set to zeror the following equation can be \dritten :

M _ 2RT dlncr'l =
(r - üp)wt;(T

..:. : ..'..:where M = molecular weíght ".",,".','
. '.: :

R = gas constant (8.313 x lOTergs/degree mole) ,..,,,r,,,,

T = absolute temperature

ü = partlal specffic volume

P = densÍty of solution , :::: : ..:;: : i':.. :

Trr = angular velocity

c = concentration

r = dfstance from axis of rotation (radial distance)

ue1-, '"'
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alL the terms in the above êquaËion r^rere constants except for,,c,,an.
"r". Hence a plot of rn c agaÍnst ,2 L, a straight line if Èhe protein
actÍvator sample was homogenous. The concentration of the protein
activator ín the centrÍfugar- ce11 vüas expressed Ín terms of fringes.


