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ABSTRACT

The aim of the present investigation ﬁaq to study

the'various regulatory mechanisms;involded in the
control of cAMP éhosphodieéterase§ in ;ét skeletal -

. myoblasfs. In an effo?t to do this,'cAMP phospho; ‘
diesterases present in rat skeletal myoblasts and adult
muscle were firsé purified and charaétefized.

In rat skeletal myoblasts and adult muscle

extracts, four forms of a Qigh affiniiy CcAMP phospho-

» . .

*diesterase are found in.vitro. ' These are termed PDE I,

PDE II, PDE III and PDE IV, and have approximate

6

' molecular weights of 1,5'x 10, 400,000, 120,000 and

60,000, respeetively. Evidence is ?resented to show
that there is only one primary form of.phosphodieste;ase
in myoﬁlahts,‘yiz. PDE II, with the rest of the forms
being derived from it, ., Various conditions are /
described under which PDE ;I can be aqgregated.tq PDE I
or degraded to PDE IiI and PDE IV, PDE I consists of
only one type of subunit with a molecular weight of
about 94,b00; PDE III consists of one subunit of about
60,000 and PDE IV has two’subuhits of molecular weight
28,000 and 30,000. Among a}l the forms of phospho-

diesterases, only PDE II -is activated by broteasesn.

J

NaSCN and a=-tocopheryl phosphate.




"«_V . ' Lt ) ' -
In the presence of BtchMP or compounds which are

able to auq%nt 1n vivo concentratrons of cAMP in the ‘

- t

culture medium, the phosphodlesterase act1v1ty of
skeletal myoblasts increases ahout 2-fold w1th1n.30 "
min of culture. PDE II is modified in some way which
makes the’ enzyme honnesponsive £0‘activat%ngveffect of

. snake venom. Aciivation:ie/ﬂbt affected by inhibitors
of protein synthesis. Modification of PDE II can be
demonstrated in oell—free extracts. Mo&#fication is
ehtirely dependent on ATP and cAMP, The activation

can be reversed by incubating extract; fdrther';ith i }
aqid phosphatase. Evidence is presepted to show that
dering in giEEQVactivaEion of phosphodiesterase, 'PDE II
is'phosphoryl‘ate('ir Homogeneous preparations of PDﬁ.I

L Y
are also phosphorylated in vitro. A 90,000 phospho-

proﬁein was alsolpartieily'purified after labelling.the :/
cells with 32P--o'r'thophospho'ric acid, }:
When the myoblasﬁs are esposed to BtzoKMP for 10-16
hours the activihy of PDE III increases &onsiderably.
Leupeptin prevents thefingffase in the 1e6els of PDE IIT
suggesting that a protease in vivo may be responsible |
for the fofmation of PDE III from PDE II. Spontaneous
or Rous ' Sarcoma virus-transformed myeblasts, however,
. show altered regulatlon of the two forms of PDE. In.-.
the presence of cAMP in thej\me‘dium, unlike the non- '

transformed cells, the levels of PDE III do a'f increase

. . ' : Ve

t ! «




. .
. . - -

but the activity of PDE .II rises. Simultaneously, PDE
II becomes fefractp;y to activation, by proteases.

The altered mode of PDE regulation’ in transformed

. -~

.. cells is dominant in.hybrids between hormal and trans-
"formed myoblasté, which~§uggestslthat altered regqulation

s due to an 'acouisition' of some new pioperfy by

a
-

. transformed cells.

|
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CHAPTER 1. INTRODUCTION

Since the disoovery of cAMP hy Rall.and Sutherland

(1958), several functions have been'assigned to this

nucleotide. In.procaryotic ceiLs CAMP has been shown
to be a regufatory molecule for‘cohtrolling gene'ex-
pression (Paetan and Adhy;,1976). In euchryotic cells.
CAMP has’beEh suégested to be a second messenger of -

3

seve;ﬁl hormongs and neurotransmitters. (Robison et al.,

A97Y; Greengard 1978) . Levels of cAMP have been cor-

related w1th cell shape and morphology (Sandoval and
Cuatrecasas, 1976), Liet gl., 1977), cell growth and
transformation (Pastan et a}., 1975; Puck, 1979) and dif-

. - > '

ferentiation (Butter et al., 1973y McMohan, 1974; Willing-.

ham, 197§; Kessin; 1981; Knecht et al., 1981). Itsrolein

myoblast differentjation is discussed below.

Though cAMP has been known to regulate several
't . Ed

cellular functrohs, how cells regulate the levels of

‘CAMP itself is not clearly understood. In eucaryotic
|8 113 . ‘

cells, levels of cAMP are controlled mainly by the

3
.

relative activities of adenylate cyclase (the enzyme
which’ synthesizes cAMP) and phosphodlesterase (té
enzyme which deqrades CAMP). Regulation o actlJ tles
of both these enzymes has been the subject of great 3

interest in the past several y-ears.~ Adenylate cyclase

is & membrane bound enzyme and is stimulated by several
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- béwildering multiplicity of ngms in different kinds

vertebrate tissues are made up of -different kinds of cells,

- contribution of one type of phosphodiesterase from each N

')can.be cultivated easily in the laboratory and ‘can be

‘(Gain and Appleman, 1978). Its activity is known

-

hormdnes and neurotransnitters (Rodbell et al., 1981, . .
Sellinger and Cassel, 1981, Londos et al., 1981). Phos-'
bhddiesterage, on the other hand, is known to be

: : Y
located both in cytosolit and particulate fractions

to be affected by several biologically feleva;; ]
substances fsee below) , but the, ekact mechanisms of
regulation have not béen described (Vaughan'gg\éi., 1981).,
Paucity of information regarding the regulation of
phosphodiestéréses is due not only to the unstable

-

nature of the enzyme, but adso due to the presence of

of tissues (Strada and Thompson, 1978).
The bulk of studiesonphosphodiesterases reported in

the literature have been made on tissues, and since

4 4 Y
it seemed plausible to us that the variety of phosphodie-

sterases geen in whole tissues may simply be due to the

?11

cell. fype. It appeared reasonable that if we were to

succeed in studying the regulation of phosphodiesterases

we should work with a cell type which does not have-a
:}1 - .

large number of isozymic forms. The cells employed in the

present investigation were rat skeletal myoblasts, which

grown under a variety of environmental .conditions., These

w

/
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cells have only one type of phosgﬁg@iestérase, vig.t
.. the low Km, calmodulin-independeht'form. Using the
knowledge obtained aboutythe low Km enzy;g frém
. from ﬁyoblasts,‘we havq,@urifieq it ffom adult
skeletal muscles and studied its _structural and‘
) regulatory characteristics. in the follawing pagess I
" have summarized-briefiy information ébqut the experi-

mental material and whatever lijtle is known about the

nature and mode of requlation of phosphodiesterases.

I
]

-

1.1 M!bgénesis ’
‘Myogenesis is the process whereby‘mononucle;ted )

myoblasts fuée to form multinué{gated myotubesg

The latter become striated and contract spontaneously.
. . ~ B
This process of myoblast differentiation involves

several morphological and biochemical changes. Major

AS

morphological events wre active cell division, align-

ment of cells in arrays leading to cell fuéiqn.
-‘Biochemical éhanges involve increase -in the activit& .

of s?ve;al enzymés required for muscle function (e.g. - -
© creatine phogpﬁokinase, Ca24 dépendent ATPasé);'acetyl

choline esterase receptors and muscle specific proteins

. like actin, ﬁ&osinaetc. The .subject has recently . , v
-~

o e 4 .
‘ﬁfen reviewed by several workers (Buckingham, 1977;

Merlie et al., 1977; Sanwal, 1979; Pearson, 1981).

"The process of %yqblast diffe}entiation can be g -
studied using both the primary culture (derived from .

s - . > T, ‘e
. '




embryo muscle) and éeﬁondéry cultured (i.e. permanent)
" cell lines, (H;u;chka, 1972). Prima;;\bulture offers
the advantage of being closer to the in vivo situation.
.In addition, tﬂese cells. show a éynchronizéd fusion,

"R difficulty in using such_cultures\}é the inability .
toécarry them for long-term in Cuitére. It is also
usually quité diffic¢ultr to obtain a homogeneous pop-
uiation of ﬂ!!blaSts’in,pgimary cultures. On the other
ﬁand, permanent cell lines can be'cultur;d in the
laboratory for indefinite periods of time. Moreover,

-

since these cell lines are deriéed by céll cloning,
they éllow gene;;;.ﬁanibulations-often fequirqg,to
sdive biochemical problems.® In the work presentéd
here we have chosen to employ two permanent cell lines

I4

of. rat skeletal myoblasts L6, and L8, first isolated by

-

Yaffe, (1968). :

"The mechanism of mYobigst differe%tiaélon is stillr
.an quesolved problem of biology. Basically two theories
have Been proposed. According to one, the process of
differentiation does not ;eéuire synthesis of DNA and
Mis reversibly pontrolled"Sy the components present in'
the medium in which ﬁhe cells are dultured,(Konigsberg:
1971). The other theor§,proposes tﬂe occurrence 8f an
essential event dﬁring ‘quantal mitosis' which produces
one/Qaughter cell'i}reveréibly comﬁitted‘to(differentiaﬁe.

(Hoitzer, 1970). Both these theorigs have some degree

£

2 )



" of support. It is generally agreed that environmental -
factors do control thefzihg course of differentiation.
‘The major disagreement at present is about the exact
point in"the cell cycle at which thé'myoblastsvgecome
irreversibly gomﬁitted to differentiation. (Buckingham,

1977; Merlie et al,1977; Sanwal, 1979; Pearson, 1981;

Levenson and- Housman, 1981).

Q

1.2 Role of cAMP in Myoblast Differentiation

One aspect of myogenesis which concerns this

. investigation-is the role of cAMP in differentiation.
Reporter (1972) found a drop in the levels of cAMP
during the proeess of fusion. This was 1ater~ascribed
to a fall in the activity of the enzyme adenylate
cyclase (Wahrmann et al,1973). ‘However, Zalin and
Montagge (1974) found éﬂaﬁ here is a transient r¢se
.in the levels of cAMP prior ﬂ\ the onset of fusion
ofﬂchick myoblasts growe in primary cul;ure. From

the same laboratory it Q;s réported that addition.of
péostaglandin (fGEl), a compound which elevates the
conéenq;ation of cAMP in the cells, caused a precocious
burst éf cell fusion (Zalin and Leaver, 1975; 2alin,
1977; zalin; 1979). The onset of cell fusion“ﬁsﬁ'
'completely‘blocked when aspirin and indomethacin’
kinhibitors of prostaglandin syntﬁesis) were added to
the growth medium. However_thé inhibitory,effect of

these compounds was completely reversed bv the addition
)

—— A




of PGE, (zalin, 1977). Thdg, these sets of experim%pts

suggest that % transient riée of cAMP serves as a
signal for myoblast differenti&tion. A similar
sudden rise of cAMP levels followed by its.decline .
has also been seen in the permanent cell line of LC
myoblasts (Ball and Sanwai, 1980), suggesting a role
of cAMP in myoblast differentiation. Recently,.Cu;tis
and Zalin (i981) have shown that epinephrine ana
%éoproterenol provoked primary chick myoblasts to ¥
initiate pfecocious cell fusion. Both the rise in
intracellular cAﬁP and cell fusion generated by thesé:
effectors were prevented by propranolol, a specific
blocker of B-adrenergic recépEo;s. Propranolol had no
effect on the cell fusion provoked by PGE; or on cell
fusfon in control cultures.. The results support the
idea that a rise in cAMP is the intracellular change
responsible for initiaéing events that culminate in
myoblaétﬂdifferentiation 4 tb 5 hours }ater. The
results also indicéte that the hormone responsible

for the régulatibn of myoblast differentiation in vitro
is not acting through éLadrenergic receptor.

1.3 MultiBle Eorms of Phosphodigstéraées

The presence of multiple qums of cAMP phospho-
diesterases in mammalian tissues has been well

documented (réviewed by Stfada and Thompson, 1978).




h i

These for%gtinclude those which have low affiﬁity for
CAMP and are_activéted by calﬁodulin, those with high
affinity for.cAMP‘;nd are unaffectgd by calmodulin,
the forms capable‘of hydrolyzing both cAMP and CGMP as
substrates and thosé which are capable of hydrolyzing
both cCMP'and cAMP as substrates. Recently, cal-
modulin-activated phosphodiesterase has been purified
to homogeneity from Bovine brain (Klee et al., 1979;
Morrill et al., y979 and Sharma et al., 1980), and from
bovine heart (La Porte et gl.;~1979).’ So far there has
been one report of putjfication of a high affinity cAMP
phosphodiesterase, that from dog kidne& (Thompson et al.,
1979). Recenti& the enzyme form which degrades both
CAMP and cGMP has also been purlfled from bovine adrenal
. and heart tissues (Martins et al., 1982). The enzyme
form hydrolyzing cCMP and cAMP as substrates has also
been purified from pig liver'(Helfman and Kuo, 1982;
Helfman ‘et él.;.lSSl)u

In most tissues the different Vhrieéies of phospho-
diesterases coexist. For instance, Gain and.Applemap
(1978) have reported the presenée in adult rat skelet;1
muscle of both low and high affinity phosphodiesterases.
Such is also the case in liver and several other tissues
(Strada and Thompson, 1978). When a distinction
' betw%gn several phosphodiesterases within one cell type
can be made on the basis of substrate affinity, substrate

1

specificity,lo‘r modulation by effectors, it is reasonable
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to assume that the enzymes are probably structurally
unrelated to each other. However, when multiple forms

sterases are present ig?the same cell,

implg kinetic or regulatory criteria, two questions

of some significance arise. First, whether the various
forms are interrelated or interconvertible., and sgcond
whether such interrelation#hips have any metayélic or

regulatory significance.

1.4 pégulation of Phosphodiesterases

If the presence of multiple forms of phosphodiester-
ases in the same cell tvpe has any hysiologiéal
significance it is’quite loéical to\ assume that each of
Ehese forms is regqulated by mechanisms'inﬂependentiy
of each;othgr. 1f one goeé‘through the literature
onef%iﬁds that this indeed is the case (Strada and
Thompson, 1978). .Since most of these forﬁs are quite

unrelated to each other and are not present in myoblasts

{See Chapter 2), it is unnecessary -to review the

--enormous amount of literature available in this area.

In the fqllowing, therefore, only tﬁe éertihent
information regarding thepregulation of phosphodiesterase
forms present in rat myoblasts is discussed; This form

of phosphodiesterase has been terméd as low Km phospho%.

diesterase and is regulated by the levels'of)cAMP in
. o

t




insulin and by proteases.,

1.4.1 Regulation of Phosphodiesterases by cAMP

The activity ofhlow Km cAMP phosbhodiesteraees
has been shown to be jincreased by cAMP or the agents
which elevate the'cqgcentration of cAMP in the cells. "
There are two ways by which CAMP regulates phosphodiester-
ase activity. One-ls the short term activation which
usually\requlres a brief exposure (1 min to 6P min) of
cells to cAMP and dogs not require any de novo ‘protein
synthesis. The second is by the long term exposure Of
the cells to cAMP (sometimes up to 48 h). This process
requires de novo protein syntheéie. Both theee mechanisms
of regulation have been reported in several systems
(Strada and Thompson, 1978; Vaughan et al., 1981). °

Short term activation of phgsphodlesterase by cAMP
was reported about 10 years ago by Pawlson'gt al., (1974)
who found that when rat fat cells were incubated with
ACTH, epinephrine of‘theophylline for 2 to 10 min, the
activity of low Km %hosphodiesterase increased by about
35 to 50%. It was suggested that this increase in the
activity of the enayme was secondary to acqumulation of
cAMP, whether caused by stimulation of adenylate cyclaee
(ACTH, epinephrine) or inhibition'of'cAMP degradation
(theophylline): Similar activation'of phosphodiesteréee '

by cAMP have been observed by Zinman and Hollenberg

- “\ 3
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.‘ ~(1974) using fat cells; by Allan and Sneyd (1975) and
Leten et al (1978) using rat hepatoeftbs end by
glvarez et al, (1981) using human platetets. ' B ;'
he mechanlsm of actlvatlon of phosphodlesterase
by cAMP is still largely unknown. . The activlsion of
hesphodieséerase by cAMP has -also been found in our ’ A

system (See Chapter 3) and has been proposed to invelve _

a protein phosphorylation stép (Chapter 3 and Ball éE Q/ .

/-

al, 1980) . S - o
Induct;op of phosphodlesterases by cAMP has also

been reported in several systems. d'Armiento (1972) S,

/ i

found that in 3T3 cells phosphoﬁiesterase was induced
when “thre cells were exposed to BtchMP and MIX. ‘
Similar results were obtained by Manganiello and

'~ vVaughan (1975% using flyroblasts and by Bourne et al.
.(1973) using lynphoma Sf%(cel.s. Mutants of the S49
cell line, defec;ive §n protein kinase did not show
induction of phosphodieste’ase, suggesting the
involvement.of a/pronein kinase during induction. Ross
et al. (1977) and Thompson et glﬁ(1980; also observed

8 an increase'invfhe activity of phosphodiesterase when

hepatoma cells or human lympocytes were exposed to

“a

Btch%P and MIX. ’ .
Inducfion of phosphodiesterase has also bgen
' observed in rat myoblasts (Ball et al,1980 and Chapter

4 of this thesis). Although'tﬁe exact mechanism:of = ' ¢

'

induction is still’ not known, involvement of a protease
S \ .

| K .
\ ; .
A . / : .
‘ . »
g ' '
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¥,

' has been iﬁdicatei}inhthe present work (See Chapter

. ™~
4)-

1.4.2 Reguletion of Phosphodiesterase by Insulin

rY
L

Several hormones (e.g. glucagoﬂ} PGEl, epin@®hrine)

" raise cAMP levels in the cells'by stimulating the

membrane bound sdenylate cyclase (Ross and Gialman,
l%SO). Such hormones tﬁerefore are capable of .
activating and/or inducing éhosphgdiesterases the way~
it has been described above (Strada and Thompson,
1978). It is believed that this type of regulation
serves to .remove cAMP ‘from the ceils to avoid any
"toxic" effetts. However, in-th:“csse of insulin

another type of activation of phosphodlesterase has

been observed. This hormone does not affect adenylate

" cyclase and, does not use cAMP as messehger.

s

The interest in such studies began when Butcher
et 31.(1966) found that insulin répidly lowered int;a-
cellula: cAMﬁ’levels in adisese tissues. .Such drop in
cAMPfldvels was also obsetved in isolated liver cells

(Pilkis et al.,1975). : Several ‘investigators have shown

o
to insulin, using fat cells, (Loten and Sneyd, 1970;

Manganiello and Vaughan,.1973; Lovell-Smjith et aL,l977)
In all these cases increase_in the actijvity of the

eﬁzyﬁe was observed in cell free extracgs pretreated

with insulin. Recently, Weber and Appleman (1982)

-

Y

_increase in the activity of phosphodiesterase in response
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. lation-dephosphorylation mechanisms. in response to

13

-

have shown increase in the activity of only one low Km

form of phosphddiesterase when adipocytes were treated
. \ \
with insulin. This form of phosphodiesterase represents

“only one peak out of four resolved byuign exchange

chfomatography. In adipocytes, the effect of insulin

on phospﬁddiesterase activation has béen reportga to

require éithe; metabolic energy or ATé (Zinman and

Hollenberg, £974; Koqp gE'ik,1975).‘ Phe exact mechanism

of insulin action is still qo£ known in this system.
Reports Of the effect of insulin on hepatic

phosphodiestéfase have also been published (Thompson

et al,1973; Loten gﬁ al,1978). 1Insulin has also been

shown to acﬁivate phosphodiesteras u;ing partially

purified membrane fractions of liver cells (House et

al,1972). Marchmont and Houslay (1980) have reported

the requirement of ATP and cAMP along with insulin

for the activation of phosphodiesterase in crude rat -

liver plasma membrane frdciions. It has also been shown
by these investigators (Marchmont and Houslay,. 1980;
Ma?bhmont and Houslay, 1981) that during this activgtion
the enzyme is phosphoéylated. Thus it seems that
phosphodiesterase is-?mongst the large number of. proteins
which have beeﬁ suggested to be reéulatea by phosphory-
insulin (Avruch et al,1978; Seals et al, 1979a, Seals

et al,1979b; Rosén et al,1981).
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1.4.3 Regulation of Phosphodiesterases by Proteases

. Efféctg of proteases on phosphodiesyerage activity
havealso‘been d;scribed in the‘literature. For
exémple, wh?n.rat l?ver extracts were trea®ed with
trypsin, a low Km pho;phodiesterase,activity appeared,
This form of the enzyme.wéé also produced when fresh
extracts we?e_stdred at 4°C for 25 hr. (Russell et al.,
1973). Thompson et al, (;976) reported that phospho-
diesterase activity present in the extracts. of human
lymphocytes disappea?ed on storage and a kinetically
different form appeared. This new form of phosphodies-

terase had a lower apparent molecular weight than the

enzyme present in the fresh extracts, indicating the

3

involvement of an endogeneous protease. A similar
“ . ’

comclusion was reached by Sakai et al. (1978) who found

that freeze-thawing of rat liver caused vactivation of

.

a new soluble. phbosphodiesterase. They were also able

1
to demonstrate that freeze-thawing released a lysosomal
protease which was responsible for activation of phos-

phodiesterase. .Rat kidney particulate fractions also

contain a similar factor (lysosomal protease) which can

¢ ’

activate kidney supernatant phosphodiesterase (Strewler

et al,1978). Loten et al. (1980) could solubilize the

activity of phosphodiesterase by.treétment of a particu-

late fraction ffom liver with hybotonic buffers and

have suggestea the involvement of a proteolytic enzyme

.

during this solubilization. The same -conclusion was

14
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reached by Makino et al. (1980) using rat fat cells.

Recengly, Moreno et al. (1982) have, akso demqnstrated
t?at trypsin could cause the activation of phospho-
diesterase present in the celllfree extracts °f-§222£
rouxii. The treatment by trypsin resulted ‘'in a decrease
of s20,w from 4 to 2.6._ )

Thus, on the basis of above survey, it seems that
the activation of phosphodiésterases-by endogeneous
proteases is a common phenomenon among va?ioushcell
types. Although, proteolytiq_conversioné of phospho-
diesterases gxplaén many of the observations about °
phosphodiesterase, particularly the occurrence of
multiple forms, the actual involvement of any protease
in the physiological regulation still remains to be g

established.
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CHAPTER 2. REGULATIO& OF CYCLIC ADENOSINE

[ . ' N }
3':5'-MONOPHOSPHATE PHOSPHODIESTERASES.
INTERRELATIONSHIP OF THE7VARIOUS FORMS IN

RAT SKELETAL MYOBLASTS AND ADULT MUSCLE

2.1 Introduction

9

Our laboratory has been interested for sometime -

—

(Sanwal, 1979) in the mechanism of /differentiation of

" skeletal myoblasts and the rolefo CAMP in this process.

whlch may conceivably control th levels o{ cAMP in
v1vo."Ear11er studies (Ball et al., 1979; Ball et-al.,
. 1980) have ‘shown .that a permanent cell ling.-of rat skel-
‘etal myoblasts, L6, exhibits mpltiple forms of a cal-
' T:’MOudulln-lndependent high af 1n1tz/z§h¢\gheephod1es—
*fterase.’ These forms have begL designated PDE I, PDE
f.II,~BDE III and PDE IV depending upon t%e order of thelr
_ emergence from a Blo-Gel A-1. 5 M oqlnmn (Ball et al.,

SN‘F - 1980) I view of the existence of mult1p11c1ty of

e 'f s, the, Questlonearose whether there was any struc- .

\ rylatlon mechanism (Ball et al., 1980)d¢uhﬂbeinvestigated e
‘This chapter describes the,purlfxcatlon of PDE 1
and PDE IV from rat skeletal muscle and myoblasts, and a

comparison of their kinetic properties and subunit struc-
. N PR V. .

ture. The evidence presented faGBEQ the view that myo-

k 31 ¢ | : oo
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| = (PDE' II) which can be converted in vitro on one hand
F— Tl ee————— . » ) :

"to PDE I by aggregation and on the oth&r to PDE PI by

B L ' — : .
SN " blasts have c:h)(y one ptrimary form of phosphodiesterase

<\ ‘proteolysis,

2.2 Materials and Methods . ) -
"2.2.1 Chémigals _ .

‘Radﬁsbeml\m;:ere purchased from ,New England
Nu;lear (Boston, o) ’ Bio-Gel A-1l.5 M.and A-0.5 M

. were from Blo-Rad_ (Richmond; Ca.). .QAE-A-25 Sephadex,

‘Sephacryl S-ZHOIO, and Sepharose 4B were from‘P'harmacia ‘

Flne Chemlcals, Uppsala, Sweder, Powdered 'Dulbeoco's

4 Nllodl 1 gle's Medlum (DME:) and, hO{se seréun were from
Flow Laborator:.es (Rockville, Md ), gentamyc:m fr

. Schermg dorp. (Kenilworth, N.J. ), ammonium sulphate™

| f.xiom Schwarz-Mann (orange-burg, N.Y.) ’ ‘and trypsin frofn

R ° % - Gibeco (‘G'rand' Is}and, N.Y."s . All other chemicals were

from either-Sigma Chemical Co. or from Fisher Scientific Co. .

¢ K - ' .
. °

2/2.2 cell culture  -. ' .
: . ’. Clone& of rat myoblast cell 11nes, L6 (Yaffe, 1968)
\ "'., were used The cells were usually plated at a density
" .s - of 3500/cm® in a dish of the appropriate bize in pul=
becco's Modified ‘Eagle's Hedium (gupplementedw‘vith 10%
P ’ : .horse serum and 5 ug/ml of v;;vemtamyc:.i.x}‘r At aﬁa‘gpriate times -
! o (4-days old myoblasts ox. 8 days old myetubes) P cel\lé\w\ere har-

' vested by scrapping them into a minimum volume of buffer '

~ .‘\37




‘The cells were exposéd to 0.7 mM Bt

. .
¢ . e

A (0,05 M potassium phosphateL 1 mﬁ imidazele; 1 mM
TSF, 5 mM EGTA, 0.1% 2-mefcaptoe;h§nol,_pH‘7.5).
Homogenization was effected with 'a polytron homo-¥
genizer (Brinkman Instruments, Rexdale, Canada) for
15:9 at a setging of 3; The mixture was centrifuged

at 18,000 xg fof 15 min at 4°C and supernatant was

used for further purification or electrophoresis. '

Ihduction of phosphoﬁiesterase? in myoblasts or

myotubes was achieved according to Ball et al.(1980).

2

~

for 16 h prior to their harvest.

,

.2.2.3 Assay of cAMP Phosphodiesterases

. The enzymes were assayed us@ng‘éhe two step assay
of athrmiento-gg al, (1972) with minor modfricatioﬂ;.
In the first step the reaction mixture (0.2 .ml)
coﬁtaininé 40.mM Tris-HCl pH 8.0, 10 mM Méélz,'

30.ug BSA,.(G-3H) CAMP (200,000 cpm), unlabeled cAMP
(1 uM), and an appropriate amount of énz&me was '
incubgted at 30°C for the réquired amount of ;ime‘

(usually 10 min). The reaction was terminated by

boiling in a water bath for 1 min. After cqQoling,

“ 50 ug of sﬁake venom?ﬁas added in the second step and

incubation continued for 10 min more at 30°C. At the
end of this incubation peri&d, one ml of a 1:3 ‘slurry

of AG1 X 2 anion exéhange resin containing 0.1 mM”?

o, .

2

~

CAMP and 0.1 mM MIX

33
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L

qﬁdenosine was added and the mixture was centrifuged at
’ P , . . =
8000 xg for 2 min, A 0.5 ml aliquot of the supernatant

was counted in a scintillafion counter. The background

- radiocactivity was routinely betweeﬁol-Z%, except. when

high salt concentrations were used during the purifica-
tion process. 1In this case, boiled enzyme aliquots were
uéed as blanks to correct for the high background.

Ox@ unit of enayme is expressed as the amount of enzyme

that hydrolvzes 1 pmole of gAMP-per.min, at substrate

"concentration of 1 uM.

<

[
2.2.4 Polyacrylamide Gel Electrophoresis

-

Electrophoresis was done as described by Davis
(195)\7for the apalysis of coiemn‘ffactions. "Subunit
molecular weights‘were determined using Laemmli's slab
gefs (1970) in 0.1% sodiuﬁ dodecyl sulfate. To analyze
for phosphbd@esterase activity in gel fractions,
electfbphoresis,was performed in cylindrical tubes
(0.5 x 9 cm) using 7.24‘acry1amide i; 0.5 M Tris
phosphate, 1 mM imidazole, 30% ethylene glycol, 5 mM
EGTA, pH 7.5,(Buffer.B).. The ge}/gas/pGI§ﬁ;;Z;;a
with 0.575% (v/v) TEMED and 0.07% (w/v) ammonium per-

‘sulfate. Eléctrophoregis was performé ng buffer

T ——

B at 4°C with 2 mamps per gel in the absence of a
stacking gel. The gels wére‘prerun’for-30 pin prfor

to the applicatibn of samples in ad equal volume of

-

e




80% sucroae containinglzrs ug bromophenol of blue.
Following electrophoresis, the gel was cut at the dye
- " marker and sliced longituéinally in half. One half
was stalned w1th coomassie blue while- the other half
_was cross-sectioned into 1 mm slices. Bach slice was

eluted with 100 pl of a buffer containing 0,05 M

potassium phosphate, 30% ethylene glycoi; 0.03%
(w/v) BSA, 1 mM imidazole, 1 mM TSF, '5 mM EGTA, 0.1%
2-mercaptoethanol, pH 7.5, at §°C for.16 h in a shaker.
‘40 ul of‘the supernatant was assayed for cAMP phospho-
dlesterase activity following the standard procedure

'+ except that the 1ncubation t1me was extended from 10
min to between 30 and 120 min. Rf's were calculated
by dividing the distance from the top of the gel by
the total distance traversed by the bromophenol blue

v

'dye marker,

-

e, _ Protelns were cross-linked by dlmethylsuberlmldate
at pH 8.5 as described by Davies and Stark (1970) .
Protein concentration was determined by the method of .

Lowry et al, (1951).

- -
f . « *

2.2.5. Amino Acid Analysis .
Amino acid analyses were done using a Beckman I .
model 119 CL micro-single column analyzer after hydrolysis

in 6N HC1. Nﬂz. temina'nalyses were performed according

to the method of Gray (1972),.
. : M . /’ ) - x -

~
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2.2.6 Preparation of MIX-Sepharose

L4

Hexanediamine Sepharose 4B was prepared by
coupling hexanediamine to Sepharose 4B by the cyanogen
bromide method of March et al. (1974). The 7-acetyl
derivative of QIX was prepared according to the method
deséribéd by Mohindru et al. (1978} except that‘ther
final product was acid-precipjtated 3 times instead of.
being recrystallized in etﬂanol. The 7-acetyl deriva-
tive of MIX was coupled to hexanediamine S?pharosg by
using carbodiimide. The resultant derivative had )
approximately 8 mol of MIX bound per ml of packéd'%el |
as egptimated by the difference between the amount of

MIX added to the coupling reaction and that recovered

in the wash.

/ \ ':.‘

2.3.1 Phosphodiesterase Activity in Crude Extracts

\

2.3 Results

4 of Muscle Tissue and Myotubes .

We had shown earlier (Ball et al., 1979 and Ball
et al., 1980) that freshly prepared extracts of cultured’

raEwmyohlasts gave three peaks df'&étivity of Bio-Gel

-’
13

-




A-1.5 M columns; PDE I emerged in the void volume,

and PDE II and PDE III at a ve/vo ratio of 1.3 and 1.6,
respectively; PDE II was the only form activated
3-4 fold by snake venom proteases. Essentially

similar results are obtained when fresh extracts of

3

adult rat muscle are chromatographed on Bio-Gel A-1.5 M
(Fig. 1A), except that the peak of PDE I is much larger
. than that found in myoblast ektractg. When muscle

extracts are prepared in buffer containing 5 mM EGTA

or 6 ug/ml of the protease inhibitor, leupeptin, only.
" forms I and II are predominant (Fig., 1B). Incubation

-of crude extracts with 2.5 mM CaCl, for brief periods

results in the disappearance of all forms and the

A
appearance of a new one, PDE IV with a ve/vo ratio

of about 1.9 (Fig. 2). Prolonged incubation (more than .

48 hr) of cell extracts at 4°C with calcium does not
produce forms smaller than PDE IV. This form like ' -

\ PDE I and PDE III was not activatable Sy snake venom
or other prpteases:~ L

Since muscle tissue contains a calcium activated

neﬁﬁrai protease (Meyer et al, 1964), it seems\plausible

that PDE IV arises from proﬁeolyti; breakdown of the
various forms of,phosppodiesterasesi ’Actifation,of
, the protease by calcium Qéuld\be necessary to proﬁuce
. PDE IV because the calcium-activatabie prbtease ing?

muscle is inactive due to the presence of an inhibitor

/

-y




"FIGURE 1

GEL EXCLUSION CHROMATOGRAPHY OF cAMP

. o

: PHOSPHODIESTERASE FROM RAT MUSCLE EXTRACTS

t

AFTER VARIQUS TREATMENTS

-

3 : ey = A - -

Crude supernatant $rom fresh rat skeletal -muscle
extracts were prepared in buffer A without EGTA (A)
or with 5 mM EGTA (B). Solid ammonium sulphate was
added after incubation®of the supernatant at 30°C
for 30 min to give 60% saturation, and the resulting
precipitates were dissolved and applied onto a Bio- ’
Gel A-1.5 M columnr}z .6 x 90 cm). The column was
equilibrated and eYuted with the same buffer for
preparat.\.on of extract. 1In }S’about 700 mg of- proteln,

‘and in B, about 350 mg of protein were applied to the

columns. Fractions of 5 ml were collected and assayed
for phosphodiesterase activity in the presence (0) and
absence (o) of snake venom.

PN
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FIGURE 2 =~/

GEL EXCLUSION CHROMATOGRAPHY OF cAMP
o ~
PHOSPHODIESTERASE FROM.RAT MUSCLE- EXTRACT

IN THE PRESENCE OF CaCl,
I

Rat muscle extract was prepared in 50 mM-Pris-HC1,
pH 7.5, 0.1 mM TSF, 1 mM imidazole, 0.1% 2-mercapto-
ethanol and 2.5 mM CaClz, and was then incubated at
30°C for 15 min prior to precipitation by 60% “ammonium
sulphate. The prec1p1tate was dissolved and about
350 mg of protelns was applied td a Bio-Gel A-1.5 M

olumn (2.6 x 90 cm). Fractions of 5 ml were collected~-
and assayed for phosphodiesterase activity in the
presence (o) and absence (e) of snake venom. : -

—
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(Croll et 22, 1978). Since this inhibitor ig absent
from post mifoéic myoﬁlasté'as shown by Kaur ;ﬁd
Sanwal (1981), we uééd-thggg cells a; a source of
material in preference to adult muscle to test ;ur
hypothesis. The~results are presented in Fig. 3.

When fresh extracgs-ffom myotgbes were electrophoresed.
in polyacfylaﬁidé gels, érotease insensitive phos:
phodiesterase form I,'III (trace amountss and IV with

Rf values of 0.09, 0.33 and'0.41, respectively are

resolved. In addition instead of the expected one
\ form éf proﬁease—activatable PDE II, -two bands~térmed
'
ITa and IIb with Rf values of 0.18 and 0.26
respectively are also separatéd (Fig. 3A). When the
extract is keptiéér more than 12 hr at 436 in the
presence of calcium and then elecqrophoreséd; PDE IV
isuthe predominant form obtained (Figqg. 3B), . Crude
égtracts made in EGTA (5 pM) containing buffer do not
) show. the presence of PDE IV, altﬁodgh this form does

o P
" .. appear after prolonged storage.

LY

2.3.2. Formation of PDE I From PDE II

The results reported above sugqest'that a protease,

! very probably calcium-activated protease is 'irvolved in

the genesis of the PDE IV form. The question then
arises as to the identity of the phosphodiesterase form

which serves as a precursbr for PDE IV and the other .

A —

L3




‘ FIGURE 3

>

" NONDENATURING GEL ELECTROPHORESIS

PROFILES OF EXTRACT FROM MY#TUBES

L]
-

Electrophoresis in 7.2% acrylamide was carried
out immediately after extraction (A) or after the
extract was kept at 4°C for 12 h in the presence of
CaCl, (B). . Gels were sliced, eluted and assayed
for Pphosphodiesterase activity in the presence (o)

and absence (e) of snake venom as described, in the
- text. ‘

-~

N ’

-
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forms separable 'hoth on the bésis‘qf moléculaf'weights

(Fig. 1 and 2)- and cﬁﬁhge (Fig. 3). Since our earlier
exp;jiments had sugéésted tha; PDE II ig the form
susceptible to regulation by various méans ;uph as
phosphorylation and proteclysis (Béll et al, 1980), it
is possible that this is the precursor’ form. v
Accordingly, we attempted to purify PDE II ;p order to
examine whether by approériate expééimental manipulations
it coﬁid be converted to other phosphodiesterage forms
in !iEEQ- Freshly qisse%ted rat ieg muscle was homo-
genized in 4 times its volume of buffer A for 1 .min.
After centrifugation at 18,000 xg for 30 min, the
suggrnatant.was withdrawn and filtered through glass
‘wool. Solid” ammonium  sulphate was then added to give
35% satura£ioq. The precipitate was collecééd by
centrifugation, dissolved iﬁxbuffer A, and dialyzed ', :
~ overnight against thé same buffer. The enzyme‘?répé%%ig
\\\_/EéLn was then subjected tOupolyeghyleﬁe élycol ’ . §
precipitation and Batchwise DEAE-celluloge absorption
. exac%ly as described in the scheme'fo} pqrifiéatibn’of

'PDE IV (later in thig chapter). The enzyme’ (about

50-60 fold purified) was then applied to a column of

r

° Bio-Gel A-175 M (2.6 x 90 cm) ‘which was equilibrated
with buffer C (see PDE IV purification). The enzyme
was eluted with the same buffer, ‘Thg elution prbfile)

for the Bio Gel column is shown in Fig. 4. The,. .

¢ ~

%

.+




FIGURE 4

‘w
. R » +

: CHROMATOGRAPHY OF CRUDE PDE II
. PRACTIONS FROM MUSCLE ON BIO-GEL A-1.5 M -
. A partlally purified PDE II fracthn from‘muscle;“
' (@escribed in the text) was applied onto Bio-Gel A-*
(2.6 x 90 cm) equilibrated with buffer C.

_ "™ M col
Bgactionsugg,s ‘ml were collected and assayed for '

phosphodiesterase activity in the presence (A) and

The closed circles in

absence (A) of snake venom: .
the figure denote,gbsorbance of 280 nm.

-
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‘Qlectrophoresed, a new_peak of‘act1v1ty w1th a Rf of

can be converted to PDE I, all suggesting that

fexperiment,ﬁoo Mgm of partially,purified PDE IT was (*\\i;£ »
‘dialyzed overnight at 4°G against 100 volumes of . '

.buffer C qaturateé.with ‘arwdonium sulphate. The enzyme

-
phosphodiésterase activity appeared in tno peaks. PDE } _
wae eluted in the void volume, while PDE II appeared

at the expected ve/vo ratio of 1.3. The. latter was
activatable by snake venom while the former was not.
Siqnt%ica‘tly, the pnrification resulted in the

absence of PDE III and IV. Howeveér, when the peak
fraction (Fig, 4) of PDE II was electrophoresed under'
nondenaturrng conditions, it was resolved,into’forms

IIa and” IIb, both activatable by snake venom-(Flg.

5A). Very little. of PDE I was present ¥n the PDE II
fractien (Fig. 5A). ‘ When the PDE II ffaction, almost

free of PDE I, was stored at 4°C for several days and ree

O 09 correspondlng to PDE I, appeared with a correspond-
ing decrease in the amount of PDE Ila and IIb (Figq.
58). Thus it Beems that'ﬁDE I is a polymerized form
of .PDE II. '

-

We have now found several ways in which PDE II

hydrobhobic interactions ame probably primarily in6olned
in the aggregation of PDE II. One procedure involves
‘4‘\...

treatment of the enzyme with a gradually increasing T

coneentration of ammonium sulphate. In a typical-

.
- ¢




FIGURE 5

+ NONDENATURING GEL ELECTROPHORESIS

PROFILES OF SEMI-PURIFIED RAT

'MUSCLE PDE II

. . Electrophoresis in 7.2%-acrylamide of the peak
fraction of PDE.obtained from Bio-Gel A-1.,5 M column
(FPig. 4) was carried out immediately -(A) or after
storage at 4°C for 7 days (B). Gels were sligced,
eluted, and assayed in the presence (o) and abstnce
(e) of snake venom. Arrows indicate Rf values of

the peaks. ::

~
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"activity,about,4 fold.

100 ml of 0.7 M phosphate in buffer C, followed by

was then redialyzed for 24 h against two. changes of
buffer C in the absence of ammonium sulpha;e. About
80-90% of PDE II is converted by this procedure 1nto

PDE I as analyzed by gel exclusion chromatography

u51ng Bio-Gel A-1.5 M. PDE I appears in the void,
volqpe (Fig. 6) and as expected, becomes non activatable
by snake~;enom. Another procedure for the conversion'
of PDE II to PDE I is by treatmept~of the parcially
purified enzyme-w}th 0.1 mM a-tocopheryl phosphate.

When PDE Ii is passed tﬁ;ough a Bio-Gel A-l.s M column

equilibrated and eluted with buffer C containing 0.1 mM

- q:tocopheryl phosphatéi almost all of the phospho- -

diesterase activity appears in the void volume. As

shown lacer, a~-tocopheryl phosphate enhances PDE II

[ .
.

The procedure of choice, which results both.in the

A Y

aggregation Qf PDE II as well.as cdﬁplete purification of

the resulting ﬁQE.I finity chromatography on a MIX-

Sepharose -column (?i- J . Tﬁe-PDE II peak from a Bio—éel_

column (See Flg. 4) ig applied to an affinity column (1 5

x 20 .cm) equilibrated with buffer.c containlng 2 u9/m1 of leu-

peptln. The column is‘washed with 3,béd‘volumes of‘equill—

bration buffer a/nd is eluted with a gradient ‘'of 150 m1 eath of
0 1Mto0.7W potagsium phosphate fh buffer c containlng

2 ug/ml leupeptin. The column is further washed with

/ ~

51
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- saturated with ammonium sulphate.

. - FIGURE 6

- GEL EXCLUSION CHROMATOGRAPHY

-

~
OF PDE II AND PDE I PRODUCED FROM PDE TI

200 ‘ugm of partlally purified PDE II was dlalyzed
overnight at 4°C against 100 volumes of buffer C ~
The enzyme was then
redlalyzed for 24 H'agaigst two changes of buffer C
in the absence of ammonium sulphate and chromatographed
on Bio=-Gel A-1.5 M columns. The. phosphodiesterase
activity was assayed in the absence (o) and presence ,
(o) of snake venom. Panel'A shows the activity profile
before conversion to PDE I and Panel B shows the proflle‘
of PDE I produced from PDE II. '

. .

) ° - -
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R
AFFINITY CHROMATOGRAPHY OF PDE II ', '

K Y ,
[ ' -» Y N . ~

. B

PDE II peak fractions of Bio-Gel A-1.5 M (Fig. 4)
were pooled and applied onto a MIX-Sepjarose column
(1.5 x 20 cm). The column was eluted with a gradient
~of 150 ml each of 0.1.and 0.7 M potassium phosphate
in buffer C. The arrow indicates the initiation of
elution by 1 M-KC1, 0.1 M pota331um phosphate, and
0.1 mM cAMP -in buffer c.” - : , )
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. - ‘ N . . :“ . s
100 ml of buffer C containing 0.1 M phosphate, 1 M
KCl, 0.1 mM cAMP and 2um/ml of leupeptin. PDE I is
eluted as a single, sharp peak (Fig. 7). The partialiy
purified PDE I from Bio Gel column (Fig. 4) can also
be further purifieq on the affinity column exactly as
descfibed above.

The protein in the peak élu%ed by KCl1 (Fig. 7)
when electrophoresed under - nondenaturing conditions,
surprisingly-gave multiple bands, (all enzymatically
acti&e) which also included yapds with Rf of 0.09

" (PDE I) and'RE 0.18 - 0.20 (PDE II). Some of. the
enzyme activity also remained on top of the gel (Fig.
8A) suggesting the presence of highly aggregated
pfotein in the preparation. : The presence of multiple
bands, however, was not due to impurities in the
enzyme preparatioﬁ;'since'only one band of protein;
corresponding to a molecular weight of about 94,000
was discernible (Fig. 8B)‘ when thé same preparation
was electrophoresed on SDS-pol&acrylamide gel.

I1f PpE I is a polymerized form of PDE II,' as the
experiments reported earlier suggést, it should be
possible to disiociate PDE I completely into PDE II.
Howe&er, we have not been able to -do so by various ‘
procedures tried, such as disgoiufion in low ionic
strength buffer at several pH valués) treatment with

-

trypéin for short perioés of time, and inclusiqn of




T

.FIGURE 8

- i} DISC GEL ELECTROPHORESIS

OF PURIFIED PDE I | -4

A, gel electrophoresis under non denaturing conditions
in 6% acrylamide at pH 8.8. The arrows indicate the

‘position of the band which was cut out to test for

enzyme- activity. B, gél electrophoresis in the presence-

‘of 0.1% sodium dodecyl sulphate in 7.5% acrylamide.
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parallel experiments (not shcwﬁ) demonstrate, all-

PDE II td be converted to PDE IV. As expected from a
-~ proteolytic process, in the presence of low concen-
.trations of'chfmotrypsin, increase in enzyme

actibity (and conversion to PDE IV, presumably)ﬂocqurs 0

9
i

., much more slowly. It is clear‘from Fig. 10 that a

» 2-fold activation occurs during the c'onversion' of PDE

IT to PDE IV. . . ’ e T :

6,"“ o o |

2,3.5 Purification of PDE v

rd

In order to trace structural relqplonshlp between

-

the various phosphodlesterase forms, 1t became essentlal

to ‘purify PDE IV. "We found that freezing and subsequent

° ». thawlng of the leg muscle tlssue &E rat resulted in

the formatlon of PDE v as“the preponderant form of |
- »
phosphodlesterase. Frozen muscle tissue was, there-

-

fo!e, ‘used as the startlng material, in contrast to the

R use of fnesh tissue in the purlflcation oi PPE I nd
.

[ )
PDE II. Following is ‘the detailed procedure used for -

.
-

-

" the purlfication of phdsphodiesterase IV from rat

~. L 3
- skeletal muscle. . ; .
L4 ) "5 .‘ . : - ' . ' ) "
'f. . Step- 13 Tiesue Homogenizatldh and Ammonium Sulfate
- - . Practionation ‘ '1' . . e ’f,'

Frozen rat hind legs were thawed, muscle wAS

,,ditlectedAraiatively.gfee of fat and connective tl;-upl




3 - FIGURE 9 B
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_—"ﬁr\
* TRYPTIC DIr-GEﬁ‘iON OF PDE I AND PDE IV

.

o
Ly ~ <
.

- 8,

\_ * A, homogeneous preparatlons ‘of BDE. T' (0.23 mg/pl).
orlPDE IV (0.2 mg/ml) were incubated with 10 ug/ml .
trypgin at 30°C. Aligquots (100 ul) were withdrawn °

’ at various time intervals and.digestion‘was stopped

by adding a-toluene -sulfonyl fluoride té a final
congentratfion of 10 mM. ° The ples were analyzed,
. by SDsfpolyacrylamide gel electrophoresis (15% gelsy}
-« . as described ih the text. Lanes 1-5 show PDE I
treated for 0,10,20,30, and 60 min, respectlvely.
= banes 678 show PDE IV treated for 0,30, and 60 min, ¢ <
respectlvely. Lane $ contains molecular weight markers .
(from top to bottom, phosphoryldse b, 94,000; bovine
serum albumin 67, 000; ovalbumin, 43, 000 ‘carbaonic = |
anhydrase, 30, 009, soyabean trypsin 1nh1b1tor 20 1gp
a—lqé;albumln, 14,400).. The arrow marks° the p081t10n
* - of trypsin used-in the digestion.” B, PDE I (0.25 °
ml) or PDE IV (0.25 mg/ml)~were incubated with ©
. '50 ug/md trypsin at 30°C. Samples were withdrawn
and treated as’ described in. A, Laneés 1-5 show PDE I
treated for 0,10,20,30 and 60 min. "Lanes- 6-8 show
: PDE IV treated for. 0 30 and 60 min. Lane 9 shows -
. the- same molecular we ght markers as 1n A. The arrow
: marks the position of ri581n. . . .o
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in the same way.. T»;‘:;_gatment‘wi‘th low or high concentra— . R
tions of tryps'in\siées not alter thé Mr of the 30,000
and 28,000 subunits of PDE IV (Fig. 9A and B). Activity
of the- enzyme, however is gradually lost on incubation

“ with tryps:m. At a concentration of 10 ug of trypsin/

ml, the. halﬁ l\ife of PDE 1V act1v1ty is ahout 30'min,

and'at 50 ug/ml it*is only 10 min. PDE I, as mentione:ci

v < . .
earlier, does not lose activity on incubation with low.

-

cﬁnc‘gntration o:jtrypsa.n, but at higher concentrations

activ‘ity are los with a half life of about 30 min,

(data not shown). Since substantial amounts of enzyne . /
activity are still disc_ernible (about 80%) 10 min after ®

treat'ment with trypsin',' when all th.erwotein is.
mpresent as fragmgnts-of Mr = 60,000 and 28,000 (Fig. | ' Do

/w ) . 4 . ‘
.QB),_it is veryali)Y that the 60,000-dalton form is .

-
«

also enzynucally activye. L

Since we-~have shown earlier: tgat PDE I probably

arises from PDE 1T by aggregation, 1t should be poss:Lble,

in ‘view,of the findings regorted above, to demonstrate

- that PDE II and PDE III (which we have earlier / ,
suggested .J_:g_ prol;ab]_,y tl,grived.ﬁrorn PDE- II) .aiag cgn ' .
gerve as precursoi:'s o-f"lPDE Iv. To.probe into th i g a~
aspect of the problem, we ,partially purified PDE IR :.‘, . e R
frcn myoblasts, which had bden exppsedms hr . _-

to BtchHP, ‘as outlined under 'natezials and . mthods" '
‘We had shown ptevi‘o‘tuly tbpn et al.,1980 and e _7'..’,', o -
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chapter 4) that in sefh myoblasts, high‘Ievels cf‘
PDE III are present. Myqblast'eitgacts in buffer A
were passed-through a DEAE-Bio Gel column. After
dashing with two column volumes, a 1inear gradient
of 0 100 mM NaCl was applied. and passed through a
B10—Ge1 A-l 5 M column as descrlbed in the 1egend to
Fig. 4, except that the buffer compos;tion was 25 mM
Tris-HC1, pH 7.5, 1 mM MgCl,, 1.mM imid&zolé}, O mM
2-mercaptoethanol, and 150 mM NaCl. Thé‘ ;':eAak

[ B \

corréspanding to PDE III (ve/vo ratio of 1 6) was’

vrechromatographed on B&o—Gel Arl 5 M. Only one peak‘ s

of phosphodlesterase act1v1ty (non actrvat&ble by
.

snake venom) ﬁ‘obtained at theexp#éd posg.tlon

free fqu PDE II or PDE IV. .PDE II free‘froﬁ other

~ < ’ A

forms of phosphodiesterase was pattially purified

"as~described elsewhere imr this chapter. To both PDE
! _ . S

11 "and "PDE III prep;arations (about 200 ug of protei“n) .
bovmne serum albumln (1 mg/ml) was ‘added (to protect
enzyme activity) and each was treated.separa;ely.w1th‘
10 pug/ml of chjhotrypsin for 30 min'at 37°C. The
treate& pregFrations were immediately chromatographed
on Bio*Gel’A-l 5 M columns. In both cases, only oﬁe .
peak of activity corresponding to PBE IV (ve/Vb ratio
of I‘Q) was discernible.. Treatmonb of the. enzymgs ‘
with 1 Yig/ml’ of trypsin or 50 ug/ml of snake venon

;pduced tha same effect a:azpyqpttYPOinﬂ i.e. both

- 1‘1
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PDE %I and PDE III were reduced to PDE IV. The effect'

]

of chymotrypsin, trypsin and snake venom on the phos-
¢ . . -

phodiesterases'could be entirel{ eliminated if they:

<

were pretreated with TSF, soybean trypsxn inhibitor,
or a’ mixture of EGTA and cysteine (1 mM each),

' respectlvely. This suggests that proteoly51s‘was
involved in the conver51on of both PDE II and PDE III
to tne smaller molecular weight‘form, PDE IV. In non-
denaturing polyacrylamide gels,’PDE IV produced'both .
from PDE I1 and PDE III migrated w1th an Rf value of
.0 4%, exactly as did- a shmple of homogeneously purified

. @
preparation pf-PDE Iv.

2.3.4 Stimulation of Phosphodiesterase Activity During’

Formation of PDE Iv -

.

Just like the conversion of PDE II to PDE I -as .

described earlierJ which results in a 2- fold activation

-

.and simultaneous loss of protease activatability, the
'conuersion of, PDEBII to ﬁDE fv also leads to aotivation
‘and proteaée insen91tivity The time course of .
activation is shown in Fig. 10. Incubatlon of a
partially purified preparation of "PDE ‘11 (devoid of
other phosphodiesterase forms) wit%}chymotrypsin leads

to a time-dependent increase in .gnyme. activity (Pig.

10). At high concentrations of chyﬂotrypsin (5 ug/ml)q”

. maximum activation-occuri in 10 min, at which time,




FIGURE 10

ACTIVATION OF PDE II BY .CHYMOTRYPSIN

-

Partially purified (about 60-fold) PDE II was
incubated at 30°C, with various cencentrations of
chymotryp81n in’ l-ml volume. Protein concentration
was 15.7 ug/ml. "At indicated time intervals 50 ul
aliquots were pipetted, into tubes containing 50 ul
of 5 mM TSF to stop proteoly31s, and enzyme
activity was measured. SpeCLfiC -activity is pico-
moles of cAMP utilized/min/mg of protein. The
concentrations of chymotrypsin used were: o——oO
control;: e———e 0.5 ug/ml; =« g . 1.25 ug/ml;

A A, 2.5 ug/ml; A———4A, 5 ug/ml, -

O
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parallel experiments (net ehown) demonstrate, all-

PDE II td be converted to PDE IV. As expected from a
- proteolytic prccess, in the presence of low concen-
.ttations of chfmdtgypsin, increase in enzyme

actiuity (and conversion to PDE 1V, presumab}y)ﬂocqprs v

[
4

. much more slowly. It is clear from Fig. 160 that a

P *

2-fold activation occurs during the cbnversion)ef PDE

IT to PDE IV. . i | : S

AR

2.3.5 ?urification‘of PDE IV

I

In order to trace structural relq;ionship between

*

the‘Yarious phpsphodiesterase forms, it becane essentiar

to purify PDE IV. "We found that free21ng and subsequent

o ». thaw1ng of the leg muscle tlssue &E rat resulted in 0%

the formatlon of- PDE v as~the preponderant form of

phosphodlesterase. Frozen muscle tissue was, there-
fo!e, ‘used as the startlng material, in contrast to the

" use of fJaesh tissue in the pu;1f1cation of\ PPE I nd

[
PDE II Follawing iB the detailed procedure ‘'used for

-

~‘: the purlfication of phdsphodiesterase IV from rat
- ;

- skeletal muscle. ' . . .
s ‘a - o ) <

'f' _ Step 1: Tissue Homogenization and Ammonium Sulfate ..

-~ ' . Fractionation o L e ’.,f

Frozen rat hind legs were thawed, muscle was

/,dillected.relatively.gfee of fat and connective t;;-upl

' o . ] f .
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and diced. The muscle was homogenized in'a waring'
‘blender at 4°C in 4 volumeﬁ of 50 ‘mM_Trig-HC1 (pH
7.5), 0.1 mM TSF, G.1% 2-mercaptoethano&, 1l mM *

e

imidazole and-2 5 mM® 'CaCl2 for 1 min. The homogenate ‘

was centrlfuged at 18 000 xg for 30 min. 'The

) resultant supernatant was f11tered through glass wool ' -

\

and 1ncubated at 30°¢ for. 15 mln. Follow1ng i

incubation, solld ammon;um sulfate was added to 35%
saturaLion- The mixfure was stlrred at 4°C for 30 min
. and centrlfuged at 18 000 xg for 30 mln. After centri-
fugatlon, the pellet was discarded and more ammonlum
sulphate was added to 60% saturatlon. .After 30 min )

' stlrrlng, the prec1p1tate was collected by centrlfuga- "~ .- '
_tmon, dissolved in homogenlzlng'éuffer and d1alyzed T

) overnlght agalnst the same buffer. i

. .
Step 23 Polyethylene Glycol Prec1p1tat1on . . -

. The‘dialyzed enzyme was made to 8% polyethylene

= glycol by the gradual additlon of an appropriate amount

of 50% polyethylene glycol, at 4°C. After stlrring
N

for 30 min, the mixture was centrifuded at.-20, 000 xg
for 30 min. The pellet was disdarded and the super- f: _ A

natant was- saved for the next . step.

.

P

.
s o

L J . 5

. R X ) )

-

Step 3:: Batchwise DEAE-Cellulose Tréatment - - -

v

fhe supernatant from-: the polyethylene §T§col . g




precipitation step.wasfeddea to 250 ml of packed
DEAE-cellulose,‘prevlouély equilibrated with buffer A;n'
’The slurry was gently stirréﬁ’for 30 min, filtered ‘
and washed batchwise with‘2 1 of buffer A. The DEAE- 3
cellu}ége containlng the‘phosphodiesterase wes further
washed with 1 1 offbuffer’hihoohtaihing 0.125 M
phosphate, and the combined wash‘was discarded. ,
Finally, phosphodiesteraee wee,eluted with‘BOO-éOQ ml
of.buffet A containing 0.35 M phoéphate, concentrated:
to a final volume of epproximately 100 Ml using )
Sephédex é-25 and precipitateﬁ by.the addition of :
ammonidm sulfate to 70§ ‘saturation. The pfecipitatei
was ‘collected by centrlfugatlon and the pellet was”’
dlssolved in a small volume of 5 buffer contalnlng Dll M
pota351um phosphate, A mM 1m1dazole, 1 mM TSF, 5 mM
EGTA,,O 1% 2-mercaptoethanol and 30% ethylene glydol

(buffer C).. ‘ ‘ o e

4 . - . r e *

Step 4: Bio-Gel A-0.5 M Column. Chrématography

Bio~-Gel A—b‘S Mfwas packed in a 2. 6 x (§0 “cm coluir

eqplllbrated with buffer C. Enzyme from the DEAE-celluose '

° step was chromatographed in buffer Cc at a flow rate ‘of ?

| 40 ml/h. Flve ml fr?ctions were collected.

. 3 - . ¢ 3

Q . i
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Step 5: QAE-A-25 Sephadex Column Chromatography

Fracticgg containing phosphodiesterase from the
Bio Gel columnuﬁére pobled and applied to a column .
(1.5 x 40 cm) of QAE-A-'z's Sephadex equilibratefd with
'puffer C. The column was washed with 2-3. bed volumes
- )’ éfithe éf&rting_buffer and the enzyme was eluted
,/usiﬁg a graéient comgggfd of 250 ml each of 0.1 and

’
0.7 M potassium phosphate in buffer C.

Step 6: Affiﬁity,Cﬁrématographzﬁon(MIX—SeEQarése
F}aétions containing'enéyme acfivipg from QAE-
Sephadex'COIUmné were concentrated, dialyzed against
buffer C and applied to a column (1.5 x 20 cm) of
mMIX—Sepharbég. Thé column wag qaéhed with 3 béd
volumes of the starting buffer ahd the enzyme was eluted
with a~gradient of 150 ml each of 6.1 M to 0.7 M

*- phosphate in buffer C. The flow fafe was 0.6 ml/min

’

and 2.5 ml fractiodg?were collected. The elution profile

R e
on MIX-Sepharose is shown in Fig. ll. In some
v ”‘ ". . )
. preparations, a second' MIX-Sepharose step was necessary

?

tO‘eroventhe‘reméiping contaminants... The results of

a typical purification are summarized in Table 1.

\

-
-

AN "' ,

-

2.3.6 Criteria of Purity

.

The final enzyme pxepération gave an‘unubgal

pattern when analyzed on “nondenaturing polyacrylamide’
. r;' - \ -




'FIGURE 11 © -

AFFINITY.- CHROMATOGRAPHY OF PDE IV N & .®

PDE IV fractions obtained from.QAE-Sephadex
A-25 column were dialyzed againsy buffer C and applied
to a methyllsobutyl xanthine-Sepharose column (1.5 x
20 cm). The column was eluted with a gradient &f
150_ml each of 0.1 M to 0.7 M potassium phosphate
buffer C. Fraftions of 2.5 ml were collécted and
, assayed for phosphodlesterase activity. Fractions : *
containing enzyme activity were electrophorésed in ‘
7% acrylamide under nondenaturing conditions.
Protein patterns on gels are shown in inset.

i

' ¢ - ——
. v T SA—— TS e o <> g, ; PN AR P




20

Fr

\4

1

¥

!

Lo

}
.

[

_

L

t

|
,m ‘

{
|
/f/ )
.T

i

N4

_

!

m.

1

&




@ \‘ c v ‘ g \
— b v
1 " \‘
4 a .5 'Y
’ L : - /
, . :
’ T oy
DJ'?-- N ! - ) /
) - ’ : : - j \ |
o ' - * e )
. . . . TABLEl )
w.—_ . PURIFICATION OF RAT SKELETAL.MUSCLE '
t ) - L - ) L & e ® ' o
\ o, ‘PHOSPHODIESTERASE IV C
’ N . p- . =
7; S . ' ) 1 7
Step Total Total . Specific oFold =
‘ . ’ ' Activity Protein Actiyvity ' Purifi- ’
% (prioles/min) - (mg) .. cation
. ‘Crude Extract 2.8 x 108" 59, §0 - 47.6% .1 .- -
Poi‘yetl}ylene R X 21'0.6 13,650 154 - 3 )
, glycol’ ° :
¥ supernatant = -’ .
: DEAE-celluose 7.6 x 167 282 2689 56, , ,
. 2. _eluate ' < , S
{  a o N o
L . Bio-Gel A-0.5 M 3.7 x 10° . 144 2554 54 N .
QAE-A-25 Sephadex” . 1.1 x 10° 34 - 3040 64 .
. MIX-Sep% . 3.5 x 10¢ T6.4 6164 12% o
, i
R R
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- gel electrophoresis., As shown in Fig. 11 (inset), the’

' proteiﬁ bands at the leadiny edge of the‘activity-beak

. -

eluted from the MIX-Sepharose célumn apbeared as a

-

doub}et with eqﬁal intensity. However, The protein'

profile at the trailing edge shows the tgp band

gradually diminishing until oniy the ioweﬁnband

remaing. Repetition of some chrématographic steps did "
not change the pattern of protein bands. More
in;erestingly, when a doublet containing fraction and
a singlet containingvfraction were analyzed b? SDS-
polyacrylamide gel<;iectrophore§is, both gaye rise

£o the same pattern, viz., two hissimilar subunits
with a mqleculgr weight of 30,000 and‘28,000‘ﬂaltons
(Fig. 12), Furthermore, when the singie:'and aéd

. double gand enzymes.were~crosé—linked with dimethyl-
suberimidate and analyzed by SDS.gel electrophoresis,
both ‘showed simil§f protein pr@files consisting of 2 .

non cross-linked subunits and an additiénal cross-
lfnked product with molecular weight ;bout 60,000

(Fi&. 12). These results suggest that the fractions
containing single and double bands are both the samé
enzyme. The presence of 2 bands on nondenaturing
péIyacrylamide gel eleqtrophoresiq\may be due to-charge -
.isomers possibly resulting from,different degrees of e

phosphorylation (See\fhapter 3).
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~ FIGURE 12

. SDS-GEL ELECTROPHORESIS OF PURIFIED
PDE IV IN THE PRESENCE AND ABSENCE

* OF CROSS-LINKING REAGENT

25 ug of proteins were incubated with dimethyl-
suberimidate (3 mg/ml) in 0.2 M triethanolamine,

pH 8.5) for cross~linking, or in 0.2 M triethanolamine

(control) at room temp. for 18 hr, The proteins

‘. were then electrophoresed in 10% acrylamide gel in the

presence of 0.1% sodium dodecyl sulfate. A: protein
standards, from the top: phosphorylage b (Mr = 94,000);
bovine serum albumin (Mr 67,000); ovalbumin (Mr
43,000); carbonic anhydrase (Mr 30,000); soybean
trypsin inhibitor (Mr 20,000) and a=lactalbumin

(Mr 14,400). Band C; control and cross-linked enzym?
from fraction 94 of MIX Sepharose (Fig. 11, 1 band
enzyme;, D and E: control and cross-linked enzyme from'

(fraction 76 of MIX-Sepharose column (Fiq. 11, 2

band enzyme).

]
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2.3.7 Comments on Purification of PDE 1V

,500 gm of muscle gave us a yield of about 6 mg
of pure PDE IV with a specific act%yity of 6100
units per mg protein. The purified-ﬁDE IV was stable
for at least 2-3 montﬁs when stored'invo.}'M |
potassium phosphate in buffer’b at 4°C. It should be
also mentioned that the above scheme has also been
successfully used to purify PDE III to homogeneity (Fig.
13). On SDS-gel electrophoresis, PDE II shows a single *

subunit of molecular weight about 60,000 (Fig. 13,B).

\

2.3.8 Amino Acid Composition

Amino acid analysis of PDE IV and PDE I is presented

_in Table 2. There is a certain amoun/of similarity

in the mole percent amino acid composition of the two
forms of the énzymes but surprisingly PDE I has less
tyrosine residueg as compared to ?DE IV. The N-terminal
amino acid of PDE IV was found to be aspartic acid.

2.3.9 Molecular Weights of the Different Forms of

Phosphodiesterases

Data regarding the subunit structure and molecular
weights of the.various phosphodiesterases are summarized

in Table 3. PDE I, PDE III and PDE IV were homogenous

preparations and PDE II was partially purified as

v

described earlier.

.
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FIGURE 13

DISC GEL ELECTROPHORESIS

OF PURIFIED'PDE‘III

A, gel electrophoresis under nondenaturing conditions

in 7.5% acrylamide as described in Materials and

-

xueﬁﬁﬁps.

B, gefaelectrophdresis in the presence of 0.1%
sodium™dodecyl sulfate in 7.5% acrylamide.

C, gel electrophoresis of molecular weight standards.
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' ~ TABLE 2 . ~.

{'\

iﬁiNO ACID COMPOSITION OF PDE I AND PDE IV

|

Amino Acid PDE I . PDE IV

Residues/moiaﬁ nmole Residues/;noiD nmol

.percent ‘percent

. Asp 110 R TRV S 13
Thr BT 0. - 4
Ser ‘ 61 7 . 16 6
Glu © 145 - 17 41 16
Pro , . 30 3 6 2
Gly 87 10 12« 5
Ala | 74 o 25 T 9
val | 46 s ‘15 5
Met 17 ¢+ . 2 7 3
Isoleu .- 40 5. 13 5
Leu 71 ' 8 | 29 11
TYT 9 ya 1 12 ' 5
Phe - 23 .3 6 2
His o 18 7 6 2.

‘ Lys . , 41 « 5 20 8,
Arqg : _ 55 6 . 13 5 &‘
AMr = 94,000 : | ) ‘
Pur = 30,000 ‘



TABLE 3

. MOLECULAR WEIGHTS OF VARIOPS FORMS

OF PHOSPHODTESTERASEY -

¢
4

. \ K ,

Form of Enzyme Molecular Weight 3ubynit . Probaifle
of Native Form2 , Molecular ree of
“Weight . Polymerization

. v ™~ .
: PDE I 1,500Ka ¢ 92-94 K° \\ variable
PDE II | 400-450- K2 92-94 g9 ‘Tetramer
PDE III . 120-140 K2 60~65 KC Dimer
PDE IV 60-80 KP 30 KS J Dimer
o 28 K

4petermined by gel exclusion chromatography on Bio=-Gel A-
1.5 M column. The column was calibrated with the <
following proteins: Ferritin (My 800K), lagtate
dehydrogenase (M, 140K), pyruva¥e kinase (My 237K),
creatine phosphophokinase (Mr'81K), hemoglobin (Mr 65K) .

— . —

- bDetermined by gel giltration through a calibrated \
’ Sephacryl S$-200 column. -

’

CDetermined by SDS-polyacrylamide gel electrophoresis;

—_—

dAssumed value (seejthe texﬁ).
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2,3:10 Thermostability of Various Forms ° .

PDE II and the rest of the three forms can be
d}stinguished from each other by their temperature_
sensitivity at 4520. The haif life of PDE II is
about 30 ﬁin whi}e that of PDE III is 3 min. Highly ‘*&
purified‘PDE I and PDE IV give half lives,éf 2.5'and
2 min, respectively (dat; not shown).; Additipn of
snake wvenom to*PDﬁ I1I preparation reduces its half

life to 2.5 min, but has little effect, if any, on the

half lives of PDE III, PDE.I or PDE IV.:

1

2.3.11 Kinetics and Requlatorv Properties of the

Phosphodiesterases

All of the four forms of phosphodiesterases yield

the same Km, 2-3 uM- with cAMP as the variable substrate.

L

They are unaffected by calmodulin or calcium-singly,
or in combination only PDE II, and none of the other .
forms, is activated by-thiocyanate;(Table 4).,

Activation probably results from the chaotyroplic

_activity of thiocyanate as is showh by the Fact that

NaClO4 a;so is able tb .activate the enzyme a% elevgted:
cogcentrations (0.4 M); a-tocopheryl phosphate’giso
activates only PDE II. Si;ilarly;.only the PDE II-
form is activated by proteasésr like chymo%ryésin}
trypsinxand'snake_venom protease. Irr' each case

activation is due to an increas‘ in Vmax of 2-:3 fol'd.'

82
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, . ' TABLE 4 :

SOME REGULATORY PROPERTIES OF

PHOSPODIESTERASE II -

L 4

t

-

Phosphodiesterase II was partially purified from rat

myoblasts as outlined in the text.

The various sub-

stances tested were added simultaneously with the sub-
The concentration of the
activators given is the amount which produces maximum

strate in the assay medium.

effect. Activity of the enzyme in the absence of

additions is considered as 100 percent.

Additiéns Concentratien Percent
<. Activation
~NascN 0.2 M 275
Chymotryp51n 5 ug/ml 335
NaSCN + chymotrvp31n , 280
o~ tocopherylphosphate (a-TP) 0.1 mM 360
a-TP + chymotrypsjin | 320




*

The Km eésentially remains uﬁchanged.* When maximum

"activation has been acﬁie@éd by d—tocépheryl phosphate
or NaScN, pfqtéases are unable to further activate =
the enz&me. 4Very likely this is due to a pqumer-
ization of PDE II to PDE I in the presence of these

reagents., We have shown ear%§er that PBE I is not

L]

activated by trypsin or chymotrypsin, in contrast to
PDE II. .
L 4

y R . .
2.3.12  Interconversion of Phosphodiesterases in

La
Mxoblasts '

It should ‘be mentionéd in passing that the

convergion of PDE II to ;DE I; PDE III and PDE IV

in rat skeletal muscle as @iscuésed~in.the above
section, Qas also-fpund‘to occur exactly the same w§§
in rat skeletal myoblasts. The reéults‘%re not shown

" here-to avoid -the repetition.

[

2.4 Discussion

- The(gvidence obtained in this work makes it very
plausible that rat myoblasts contain onl§ oné primary
phosphoaieste;;se; vié. PDE II. The rest of the forms
of the enzyme, PDE'I, I1I apd IV'age(probably derived

from PDE II. The evidence for the precursor role of

PDE II is strongest in regard to the genesis of PDE I.

Thus, when PDE II is dialyzed against ammonium sulphate,

T




.

vstored at 4°C, treafgg-w1th a-tocopheryl phosphate, or
1 4

passed through methylisbutyl xanthlne‘Sepharose
column, it gets converted into the aggregated form,
PDE I. This form c;n bé recognized not only by its”
electrophoretic properties and molecular weight but
also its ipsensiﬁivity to protepiytic activation.
The'fortuitous circumstahce that PDE II één be poly-

, .
merized into the PDE I form provided, a means of

)

" purifying the‘enzym% to homogeneity and determining

the native’ subunit molecular weight of PDE II

ﬁhambiguously and to infer the mode of the origin of

ARG RN By

H the low moleculaf weight form, PDE 1IV. Cléarly, if

the subunit (monomer) molecular welght of PDE II is

A | 94, 000, as determined by SDS-gel electrophore51s,

‘
i
5
¢
H
¢
3
)
%

the native enzyme with a'mblecula:,weight of about
409{006 (determined by gel exclusion chroma;ogréphy)
,'is probably a tetramer. It may also be remarked that
the subunit.mélecular wéfght of 94,000 is probably an
’ . approximate value, becguse, given the éusceptibility
" of PDE II to §rote61ysis;,it would be hard‘tq‘ascer£a1n
whether the subunit has not suffered proteolytic L
4 ‘attack during the preparation of cell free- extracts.
Indeed, electrophoresis of fresh extracts has con-
2 ‘sgétently revealed the presence of two differgntly
: charged forms of PDE.iI, one 6f thch pfgﬁébly arises,
by proteolysis (Fig. 5). However,'tﬁe proteolytic,

¢ modification of PBE IT must remain quite limited for
. . . AN

v




- N Fi +

- . " . ) -

it to polymerize to PDE I, since we have shown that oot

4

extensivéty degraded¢ forms such as PDE III and PDE IV
(see below) are unaple to polymerize into PDE I by
* treatments which are effective for the conversion -

of PDE'II to PDE T. The 6nly éuzzling feature of.

v ; - - i
PDE II to PDE I conversion is that once ¥ormed, PDE. I
-can not be easily dissaciated into PDE II'. Polymerized

~_ .forms are known in the case .of calmodulin—sensitive,
- . )
low affinity phosphodiesterase from rat liver and .

human platelets (Pichard and gheung,.l976), but in .
} < - - '
these cases the polymerizatipon is freely reversible.

.It is possible that very strong hydrophobic interactions

o . ' . s
+ occur in the formation of PDE I, although the polypep-

_tide‘it;elf does not have any unusual preponderance of

hydrophobig, amino acid iesidﬁes.

\ ’
»

THere is a_good evidence that PDE IV is produced |

3 -

by proteclysis from PDE II. PDE III is prg!Lblyian S . Y
- - a ‘1, <

intermediate in.this conversion, becguse a form -«

resembling PDE IV in mény characteristics can be shown

to arise by proteolysis from PDE III.

If the subunit of.PDE IV and PDE II are compaped,

~a relationship between” the twf forms of the en'zymé'fs

not .immediately obvious. Firstly, PS% T seems to have

) v

only.one type of subunit whiie PDE IV appeérs to have R

two dissimilar subunits. Secondly; the monomer molecular

weight of PDE II is 94,000 while that of 'PDE IV is s

'28,000 and 30,000, Furéhek, PDE IV iq,q dimef whilg

b4
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)

'PDE PRI is mosglprobably a tetramer. A precursor-product

relationsh®p between the two forms; however, becomes
evident if it is assumed that proteése treatment

removes a part of ‘the subunit of PDE I which has

»

blndlng domalns for dimer-dimer interaction in an

9“

1sologous tetramer (Monod et al, 1965) . Thls would

result not only in reducing the monomer molecular weight,

but also change the nature of the quaternary structure

of the derived protein. It,is very likely that the
two apparentf& different subunits in PDE IV are derived’
from the native and proteolytically modified forms of
PDE IX (Fig. 5),érespectively. A relationship between
the 28,000 and 30,000-dalton subunits of PDE/IV is
implied (but not proven) from our findirg that only one
NH2 terminus, asparrate, is found in the dimer.' Howover,
siﬁo% Fhe end group of Mr = 94;000'su£unit has not b;en \
determined, it is still possible that one polypeptide
has .a masked end group. Moreover the peptiée‘maps of
both the 28,000 and 30,000-dalton subunirs are a;§§
quite s{;ilar, indicating their origin from related,
forms of PDE.II. : : . N

Apart from the .relationship betweegﬁahosphodiester-
ase forms, ‘the" questlon of great interest ;g_wha\per
the conversion of PDE II to the various forms has any
regulatory signlfloance. " Since PDE I and PDE IV beocome

. . e ¥

prominent in My manipulation treatment of oﬁrude

extracts (e.g. PDE T ‘appears on aging and PDE IV when
A 19 % g



¢

extracts are supplemeﬂied with cglcium), it seems .

1

?easonable to assume thet they are of not much.
significance in vivo or are perhaps evén artifacts
associated with cell homogenization. Production of

PDE III, however, seems to have regulatory significance’

as shown in an earlier\publication (Ball et ék,lQBO)
and discussed in Cﬁapter‘i). ' .—.

| With the findings reported here and.elsewhere
(Chapter 3 and 4) about the control.of the activity of
phosphodiesterase, it would seem ﬁhat CAMP phéépho—
diesterases in different tissués are regulated in
two ?ays. ~The low affinity phosphpdiesterase (Km for
cAMP aboye 20 ﬁM) found “in brain and several other
tissues isdactivated by cglmggulin (Strada and
Thompson, 1978). Thg high affinity phosphodiesteraseé
(Xm for.- cAMP, 2-5 uM), such as the one described here
and from rat liver plasma membranes (Marchmont ég al.
1981) are probably activated by phosphorylation (Ball
et al, 1980, Marchmont et al,h 1981 ang Chapter 3 of this
thesis) and some by proteolytic modffication@(Chapter‘
‘4 of this thesis, Ball et al,1980, Strewler et al,1978).

Apart from the régulatory properties of the various

phosphodiesterases, a comparison of the enzyme forms <fff
described here with phosphod'esterases from the other ‘
sources should be m;E;T\\ggif ‘ﬁbgg al (1981) have

recently summarized data on the subunit structure and

-

other properties of various phosphodiesterases purified




so far from varipus tissues. Amongst the calmodulin-
independent enzymes, the ?nly other low Km phospho;
diesterase, apart from the one described here, is

the enzyme from dog kidney (Thompson et al,1979). -
This enzyme however has a molecular weight of 60,000
and is apparently a monomer, in contrast to PDE II,
which has a subunit molecular weight of about 94,000
and is a tetramer. The amino acid composition of the
rat muscle and dog kidney enzyme is also-completely
different (HQlfman‘EE al,1981, ‘Thompson et 'al,1979) .-
Thus, there does not seep to be.any obvious relation-
ship of the enzyme described here with enzymes from

other sources. .

898
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CHAPTER 3. REGOLATION OF. CYCLIC ADENOSINE 3':5'-
MONOPHOSPHATE PHOSRHODIBSTERASES. EVIDENCE FOR A°
PHOSPHORYLATION-DEPHOSPHORYLATION MECHANISM OF

CONTROL IN RAT SKELETAL MYOBLASTS AND ADULT MUSCLE

-

3.1 ‘Introduction s
- CAMP, or the compounds which augment the levels of

CAMP in cells, are known to increase the acpi%ity of

" low Km CAMP phosphodiesterase (Wells end J—lai'dman, 19-7"1;‘

oo . Loten et al., 1978; Alvarez et al., 1981). |

\ Ball (1979) had' demonstrated that wheh L6
myoblasts were exposed tdiBtchMP and MIX, a deeline
in the snake venom activation of phosphodlesterase‘toog
place in less than 30 min. This phenomenon could also
be duplicated in déll;fiee extractsvby treating them‘with
cAMP and ATP'(Ball,.1979). Ih continuation of this prelim-‘,

i iner;mwork, I could deﬁonst}afe the activation of phospho-

diesterase by Bt,cAMP and MIX in vivo and cAMP and ATP in
vitro. The in vitro activation éid not occur in the pre-
sence of protein kinase inhibitor. Thesevana related.
observations led us to suggest (Ball et al., .1980) thatthe
activation df: phosphodlesterase involves phosphorylatlon )
of the enzyme by a cAMP-dependent protein klnase. Proof
of this tggeetion has not been forthcomihg however be- ,.
cause of the problem of existence of multiple forme of:

phosphodiesterases in myoblasts _(See Chapter 2). These
forms have been designated as PDE I, PDE II, PDE III and

- /PDE IV. depending upon the order of their elution in gel
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JL_nglusion chromatography on Bio-Gel A<1.5 (Séé'Gﬁaﬁfer 2).

PDE II can be distinguished from 9ther“forms noE’éhlylby
its molecular weight (aboué 400,060) but also by the fact
thaé it is the only form which is activated 275 fold -by,
various proteases, including the proteases in snake venom.
Various lines of evidence (Chapter 2) suggest that PﬁéQ

II is the primary form of the enzymé in myoblasts with 3% °
other forms resulting from secondary modification. .
PDE II can bé shown to be readily converted to PDE.I

by aggregation and to PDE IV and probably PDE.III by
proteolysis. This knowledge coupled with the avail-
ability of methods for the purification of PDE I and

PDE IV (Chapter 2) to ﬁémogeneity have led us to )
investigdate whether the activity of PDE II is reguléted
by pbosphorylation-dephésphofylgtion‘méchanism. The

results are described in the following sections.

3.2 Materials and Methods
3.2.1 Chemicals ¢
ATP-y~S and AMP-PNP were purchased from Boehringer-

Mannheim, ly-?zP]‘ATP (sp. act. 3000 nymmole) and 0

32P-ortho§hosphoric acid were purchased: from New

-

Englarnid Nuclear. All other chemicals, media constituents
and enzymes were from various commercial sources which

have been listed in Materials and Methods section of

Chapter 2.’




.and 5 ug/ml.of gentafiydin. After reachingféanfluency

'pH 7.5, 20 mM NaF, 1 mM EGTA, 1 mM TSF, 1 mM imidazole, Co

3.2.2 Cell Culture

A clone of rat skeletal myoblast cell line, L6

N ) ’ )
‘was used. When large number of cells were required

for thé purpose of purifying PDE II, they were'grown

" in roller bottles. (surface area, 85Q cm2) in Dulbeccos

modified Eagles medium containing 10% horsg. 'serum
‘ . " A -
cells were harvested by using 1 mM EGTA in phosphate . ., -
buffered saline. The cells were collected by * - « *°
centrifugation and suspended in a suitable vqlume of S P2

AN N
buffer (Buffer A), containing, 100 mM sodium phosphate,

© 0.1% 2-mercaptoethanol and 30% ethylene glycol. For - ' - .

‘other experiments, cells were grown at an initial

. .. . ’ . ; " -
density of 3500/cm2'in dishes of approptiate size.

After 4 days of growth the cells were harvested by
scraping in buffer B consisting of 50 mM Hepes, pﬁ 7.5,

1'mM EGTA, 1 mM TSF and 0.1% 2-mercaptoethanol. Cell- LS

free extracts were prepared by homogenizing the cells '

for 15 sec at a setting of 3 in a Polytron homogenizer

(Brinkman Instruments, Rexdale, Canada). The extracts

were centrifuged for 15 min at 4°C at 18,000 xg.

4

&

3.2.3 Actiyatidn of Phosphodiesterase in Cell Free Extracts

Supernatants of the cell free extracts made in

Buffer B were diluted 1:2, into a mixture containing
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the gecessary amounth of ATP, cAMP, NaF or other'factors.
Protein concentration was usually between 0.5 to 1 md/
ml. .Wheh pregent,‘Mg-ATP concentration was 0.5 mM,

CAMP, 0.1 mM, and NaF, 10 mM. The mixture was incubated |
at 37°C'fqr 10 min. Reactions were stopped by cooling
the mixture oh ice. Removal of nucleptides was done
e;ther‘hy dialysis (against 2 x 100 volumeg_of Buffer

B) or desalting, using Sephadex G-25 holumns.~

.

3.2.4 Activation of PDE II by Protein Kinase ° T

)

Incubation miXtures for agtivation of PDE IT

‘cqhtained sultable onunts of the enzyme, 50 mM

dium phosphate, pPH 7.5, 0.5 mM MgvATP, 10 mM NaF,

0.5 mM EGTA, 0.5 mM TSF, 0.5 mM imidazole, 0.05% 2~

-mercaptoethanol and 15% ethylere glycol. When required

cAMP (0.1 mM) and suitable amounts of protein kinase
were also included. Jncubationg were done at 30°C
for 10 min.- Rest of the procedure is the same as

described above in section 3.2.3.

&
3.2.5 Purification of Phosphodiesterases and Other Enzymes

Homogeneous prepa;étions of PDE I and PDE IV were

obtained from rah skeletal muhcle as described in

« . »

Chapter 2. PDE II was partially purified from both rat
B /

- sKeletal muscle and Lé myoblasts through 0-35% ammonium

sulfate precipitation, polyethylene glycol precipitation,
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Satchéise DEAE-cellulose absorption and elution, and
chromatography “on Bio;Gel A-1.5 M columns exactly as
described in Chaptér 2. Peak fractions eluting from
the Bio~Gel column at a ve/vo ratio of 1.3 were ﬁsed
as a source of PDE II.

Cyclic AMP-dependent protein kinase was Qurified
‘ﬁrom rat skeletal muscle according to the procedure
-~

of Beavo et gl,(1974); Peak.1l from DEAE-cellulose

column was used to purify the holoenzyme. ,

3.2,6 Deactivation of Phosphodiesterase

Incubation mixtures contained, 25 mM Hepes, pH
7.5, 0.5 mM EGTA, 0.5 mM TSF, 0.05% 2-mercaptoethanyl,
5 mM Mgclz and; suitable amounts of potato acid ’

phosphatase. 7Incubation were done at 30°C for the

- required 1eﬁgths of time and reactions were stopped by =

adding 20 mM sodium phosphate (pH 7.5) and 20 mM NaF.

/

3.2.7 Phosphorylation of Phosphodiesterases

Incgbation mixtures for phosphorylation experiments
;ontained, unless otherwise indicated, 50 mM sodium
phosphate, .pH 7.5,‘0.? mM Mg‘[y—32P] ATP (sp. actl
100-750 cpm/pmole), 10' mM NaF, 0.5 mM EGTA, 0.5 mM
TSF, 0.5 mM imidazole, 0.05% 2-mercaptoethanol ;nd

15% ethylene glycol, When required,_cAMP'(O.l mM) ,

suitable amounts of protein kinase and phosphodiesterase
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100.

(either as cell free extracts, semipurified PﬁE II,
pure PDE I or ire PDE IV) wer;e also included. The
mixture was incubated at 30°C for 10 min, uniess
otherﬁise indicated. Reactions were stopbed by cooling
the mixture on ice.

1

3.2.8 Dephosphorylation of Phosphodiesterase

Dgphosphorylation was done exactly the way as

deactivation, as described in section 3.2.6. ' ’

v

3.2.9 Polyvacrylamide Gel Electrophoresis and Auto-

radiography

Polyacrylamide gel electrophoresis .under non-
denaturing codditionz was perfofmed.as described earlier
in Chapter 2 except that the buffer used for elufion
of enzyme %rom gel élices was Tris-phosphate,ﬂpH T7.5,¢

containing 5 mM EGTA, 1 mM TSF|, ‘1 mM imidaiole, 30%

-ethylene gl&col, 9.1% 2-mercap oethaﬁol and 300 ug/ml

bovine serum albumin. SDS slab gel electrophoresis
Waé done according to the procedure of Laemmeli (1970)A
usiﬁg 10% acrylamide. The gels were stained for 30

min in a solution containing 0.1% coomassie brilliant

.blue R250 in 50% methandl and 10% acetic acid. Gels .

-

were destained in 5% methanol and 7.5% acetic acid.

Molecular weight standards used were phosphorylase b .

F

) ®.
>
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. - “(94,000), bbvine serum albumin (67,000), gvalbumin

-

(43,000), carbonic aﬁhydrase (30,000), soybean trypsin
inhibitor (20,100) and a-lactalbumin (14,400). The
proéeiﬁs were radioiodinated by chloramine T procedure
(ﬁolton, 19774. For autoraéiography, gels were dfied
and exposed to Kodak XAR-5 films for 1-5 days at -20°C
in a Kodak X-Oma'c cagsette with the aid of Cronex

. -

Lightning Plus intensifying screens.

y 3.2.10° Other Procedures

* . ‘ .

See Materials and Methods section of Chapter Z.
®

3 ' 3.3 Results L
- , 3.3, JShor; Term Activation of Phosphodiesterase in vivo

Ball (1979) had shown earlier that when mypblast

bells}were treated with Bt,cAMP and MIX and phospho-
- diesterase activity assayed at various time intervals,

a time dependent loss ¢of venom activatibility of
L) . A - . ’

phogphodiesterase took place.  However, this loss of
T venom activatibility was hard to interpret as it could

"oceur due to several reasons, viz., incyease in the

basal activity of the enzyme, decrease in the activity

: 3 of the en:'aymel'obta-ined An the presence of venom, or
o ‘ : ’ 4
= ‘ both. 1In order to find out which one of these mechanisms

was respongible for the loss of venom activatibility,

.

N
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the experiment was repeated. Four-days-old cells were
treated with Bt,CAMP and MIX and phosphodiesterase
activity was assayed at various time intervals. Thé\
results (Fig. 1) show.;hat there was about 2-fold
increase in the bagal activity of the enzyme in about
"10 min. However activity obtained in the presence
of snake vénom remainéd unchanged. This resulted‘in the
decrease in the ratio of venom activatibility from
about 2.0 to about 1.0.

The presence of actinomycin D or cyclohegimide had
no effect on the increase in the activity or decrease
in ratio suggesting,that there was no requirement of de
novo synthesis of transcriptional or translational
products. -

To show that the activation of phosphodiésterase ’
was due to cAMP, compounds which augment the -formation
of cAMP in the cells were also tested for activation. b
"It is clear from Table¢l andﬂ?ig.'Z, that exposure to

e

these compounds leads to an activation of the enzyme.

PGE activates phosphodiesterase about 2 fold. Half-

1

maximal activation was reached in about 2-3 min. The
amounts of isoproterenol d&nd PGE; required were
enough, to initiate precocious cell fusion (Curtis and

W|lin, 1981).




FIGURE 1

THE RATIO OF THE ACTIVITY OF
PHOSPHODIESTERASE IN THE PRESENCE '

- AND ABSENCE OF SNAKE VENOM

To 4-day-old myoblast, 0.7 mM Bt,cAMP and 0.1 mM
methylisobutyl xanthine was added at zefo time and the
cells were harvested at the time indicated. Activity
of phosphodiesterase was meagured in the.absence (o)
anhd presence (o) of snake venom as described in the
text and ratio (A) calculated. Controls did not
receive methylisobutvl xanthine and Bt,cAMP . (A).

Some plates were also exposed to 1 ug/ml of actino-
mycin D (®) or 10 ug/ml of cycloheximide (@) in the
presence of BtchMP and methyllsobutyl xanthine.
Activity ratioS were measured in these cells only after
60 min. The specific activity figures shown should be
multiplied by 100 to obtain values of picomoles of
product formed per min per mg of protein.
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BtchMP, cycloheximide

N
-~ .
¢
108
TABLE 1

PHOSPHODIESTERASE ACTIVATION' IN MYOBLASTS -
The listed compounds were added to 4-day-ocld cells
1l hr before the measurement of enzyme activity at the
following concentrations: Bt;cAMP, 1 mM; isoproterenol,
0.1 mM; methylisobutyl xanthine, 0.1 mM; cycloheximide,
"10 ug/ml. Activity of phosphodiesterase was measured
in the presence and absence of snake venom as described
"in the text. 3

Additions Basal Activitya in Ratio
) Activity the presence N
] of venom
None ‘! 75 180 2.4
Isoproterenot 129 {77 1.4 !5
Methylisobutyl xanthine 138 186 1.4
Bt,CAMP 133 178 1.3
Methylisobutyl xanthine, 159 182 1.1
BtchMP

Methylisobutyl xanthine, 169 190 1.1

Act1v1ty is given as plcomoles ‘product formed per min

per mg of protein.



FIGURE 2

EFFECT OF PGE, ON PHOSPHODIESTERASE

1
ACTIVITY

To 4-day-old myoblasts, 5 ug/ml of PGE, was added
at zero time and the cells were harvested at %he time
indicated. Activity of phosphodiesterase was measured
in the absence (o) and presence (o) of snake venom and
ratios (A) calculated. Controls did not regeive PGEl.
Phosphodiesterase activity was also assayed in the
absence and presence of snake venom in the control
cells and the ratios (A) calculated.

/oé
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3.3.2 Activation of Phosphodiesterase in vitro

.Ball (1979) had earlier re?orted the loss of
vehom activatibility when broken cell prébar;tions
of myoblasts were treated with cAMP. and ATP, together.
In order to test whether this-was leo due to an
increase in the total activity of the enzyme, an in
vitro activation exﬁeriment was repeated. For this
purpose cells were harvested after 4 days of growth in a
buffer containingwso mM Hepes, pH 7.5 instead of
Tris-HCl (see Materials and Methodé). Cell-free ot
extracts were mgdg in the-ﬁsual manner and diluted 1:2
in a buffer.contai;iné 25 mM Hepes, pﬁ 7;5. After
incﬁbation of the extract with various additions for o
10 min aé 37°C, the mixturé (0;4 ml) was cooled on ice
and either dialyzed for 24 h at 4°C against two chaﬁges
of 25 mM Hepes buffer, pH 7.5, or applied to a Sephadex
‘G-2§'column to remove excess cAMP prior to enzyme
assays. Results optained with either method were
comparable with minimum losses in enzymatic activity
(less than 10%). Loss of venom acgivatibility of PDE
IT occurred in the ié vitro system only in the.presence
of A&P a cAMP, as shown . in Table 2. As expected,
fhe abse§:e of venom activatibidity was accompanied by
an increase in the basal activity of the enzyme.
while addition of ATP and NaF to the extracts qid not 'sf

result in a significant decrease in the venom
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TABLE 2

ACTIVATION OF PHOSPHODIESTERASE IN VITRO.

Myoblast extracts were incubated as described in the
text with various chemicals listed below. After -
dialysis the activity of the phosphodiesterases was
measured in the presence and absence of the snake
venom and the ratios calculated. When present, NaF .
concentration was 10 mM; cAMP, 0.1 mM; and Mg-ATP,

0.5 mM. A total of 200 ug of protein kinase inhibitor

(PKI) having 36 phosphorylation inhibitory units was
-used wihen required, Details of the procedures are

described in the text. ) .

L.

Additions Basal qu:ivitya in Ratio
Activity the presence
' . J}gfﬁyenom
NaF - 120 .. 287 2.14
ATP, NaF 128 - 249 1.95
cAMP, NaF 136 294 . 2.16
CAMP, NaF, ATP 7 230" 251 1.09
PKI, NaF 127 262 2.06
CAMP, NaF, ATP, PKI 123 . 262 2.13

v

/

kg

;,aActivity is given as picomoles of product formed pér min
per mg of protein.



activatahle. to nonnactivatable ratio, both ATP and e
cAMP were necessary to produce non activatable
phosphodiesterase’activity (i.e. more active enzvme).
Addition of the protein inhibitor of protein kinase~
to a mixture céntaining ATP, NaF and cAMP inhibited the
activation (Table 2). Gel filtration on Bio-Gel A
1.5-M of the extracts incubated in vitro with ATP and ’
cAMP for 10 miﬁ gave a single activity peak of PDE II;
" -However PDE 11 was now more active and no 1§nger‘
activatable by snake wvenom (Fié. 3). ;

The goncentration of ATP necessary to cause
modification of PDE II is shown in Fig. 4. The decrease
in the ratio wés.haximum at about 0.1 to 1 mM. Notably
Ball (19793 had already ghowh that the‘cencenération‘
of cAMP to elicit the half maximal effect was about
5 x 10_7 M. Concentration of both nucleotides which
are effective in modification are within physiological
ranges. |

To determine whether ATP acts as an allosteria
-activator or as a phosphate doﬁor, freshl& pfepared
extracts from myoblasts were incubated with cAMP and
various énalogues of ATP. After 10 min incubation
at 30°C, the mixture was cooled on ice and dialyzed
for 24 h at 4°C against two changes of buffer B, to

* -
remove excess cAMP prior to enzyme assays. The

phosphodiesterase activity was then measured in the
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FIGURE 3

PHOSPHODIESTERASE PROFILE§ IN MYOBLAST

EXTRACTS TREATED WITH ATP AND cAMP

-

IN VITRO -

An extract from 4-day-old myoblasts, containing
3.75 mg of protein was incubated without (control) or
with 10 mM NaF, 0.1 mM cAMP, 0.5 mM Mg-ATP for 10
min. Following dialysis, as described in the text,
e extracts were loaded on the Bio-Gel A-1.5 M
1 were

t
\g;lumns (1.5 x 60 cm). Fractions of 1.7
or absence

ollected and assayed in the presence (o
Panel A represents control

(0) of snake venom.
and. Panel B the enzyme profile from treated
extract. Activity units are pmoleq.productﬁformed

per min per ml of fraction using 0.05 um cAMP.
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FIGURE 4

ALTERATION OF THE VENOM-ACTIVATABLE

PHOSPHODIESTERASE ACTIVITY IN VITRO

Extracts from 4-day-old myoblasts were treated,
as described in the text, in the presence of 10 mM
NaF and 0.5 mM methylisobutyl xanthihe. To
investigate dependence of the enzyme alteration on
ATP (concentrations indicated), 1 mM cAMP was added
to the incubation mixtures. The extract was dialyzed
before use to remove endogeneous cAMP or ATP.
Following dialysis of the treated extracts, the .
activity was measured in the presence and absence o .
snake venom and the ratios calculated. : )
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Mg-ATP(logM)
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presehce and absence of snake venom. As shown in the

earller experlments, the basal activity is increased

about 2~ fold when extracts are incubated wrth both -~

CcAMP and ATP or ATP-Y-S (Table 3). Simultaheously, \'
* venom activatibilify is iost. ATP as well as ATP-v-S

are both known to be efficient donors of phosphate or

°

thibpﬂésphate groups, respectively in protein kinase

qfdiated react;ons sucﬁﬁas acti:ftion of phosphorylase
(Gratecos and Fischer, 1974) and modlficatlon of my051n

light chains (Sherry et aL,1978) and it is llkely that

éhey are able to modlfy the enzyme in myoblast extracts.

The non-hydrolyzable analogue ¢f ATP, AMP-PNP, however: .

is not able to activate phosphodiesterases or decrease

their activatibility by snake vendm’(Table 3). These

“obsgﬁyations suggest that during activation by cAMP

and ATP a covalent modification, most likely phosphory-

iation of phosphod!.sperase occurs.

[o]

. ‘ To}probe further into the requirement for a cAMPf A
dependent ‘protein kinase in the activati;; of PDE II, °
the activity of partially purified PDE II was examined
’inithe p;eeence ?hé abseﬁpe of exogenous prote;n
kinase. PDE‘xi,'purified-mofe than 100-fold and free
from PDE PI and PDE IV (See Chapter 25 , was incubated °

with pure cAMP-dependént protein kinase in the ‘presence

‘of various compounds ofiinterest and the activity of O
the enzyme was measured. Tablé 4 summarizes the-reé;::;\
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TABLE 3 .

PHOSPHODIESTERASE ACTIVATION IN MYOBLAST EXTRACTS

4 . —

The listed compounds were incubated with crude extracts
from 4-day-old myoblasts for 10 min. After dialysis
the activity of the phosphodiesterases was measured in
the presence and absence of snake venom and ratios
calculated. The concentration of NaF and cAMP was

10 mM and 0.1 mM¥®respectively, Mg-ATP and ATP .
analogues were added at a concentration of 1 mM.
Details of the procedures .are described in the text.

Additions Basal Activitya in Ratio
Activity the presence .
of venom 1 PR
cAMP, NaF 125 - - 264 2.11
. \'\/\
CAMP, NaF, ATP 240 ° 254 1.05
CAMP, NaF, ATP-y-S .258 . 275 1.067
CcAMP, NarF, AMP-PNP 138 249 1.%& .
N\

aActivity is given as picomol f product formed pér
min per mg of protein. 5

o 3
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_JABLE 4

ACTIVATION OF PARTIALLY PURIFIED PDE II BY

CAMP-DEPENDENT PROTEIN KINASE

Partdally purified PDE II was incubated with the listed
substahces in phosphate buffer at 30°C for 10 min.
The mixtures were then cooled on ice and the
nucleotide removed by passing them through Sephadex
G-25. Activity of phosphodiesterase was measured in
the absence and presence of sngke venom and ratios
were calculated. When present, the concentration of
the reagents were: cAMP, 0.1 mM; Mg-ATP, 0.5 mM and
protein kinase (PK), 100 ug/ml.

Additions Basal ‘Activity® in  Ratio
. Activitya the presence .
: of venom

- d

L]
PDE II . 34.2 63.1 1.85
PDE II, PK 41.0 72.2 1376
PDE II, PK, CAMP 36.4 65.6 1.80
PDE II, PK, Mg-ATP 51.1 66.4 1.30

s
PDE II, PK, Mg-ATP, cCAMP 80.9 97.7 - 1.20
/

aActivity is expressed as picomoles of product formed/
min/ml. :

117
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6f this investigation. It should be noted that protein
-kinase, Mg-ATP and cAMP are all required to obtain a
maximum activation of about 2 fold. Along with this
activation the susceptibility of the enzyme to venom
proteases is simultaneously lost, suggesting a causal
relationship between the two events.

Active PDE II which was produced in Fhé above
mentioned experiment had a 2-fold increase in Vmax
value as‘gsmpared to the control PDE II preparations. \Q\/
waever, there was no change in the Km of the enzyme
when cAMP was used as the substrate (Table 5).

In passing, it may be also mentioned that purified

LY

PDE IV or PDE I could not be activated by cAMP dependent -

-

protein kinase. .

3.3.3 Reversibility of Activation in vitro

If activation of phosphodiesterase is due to
phosphorylation (Chapter 4), it should be possible
to "deactivate" the gnzymé by treatments which are
known to dephosphorylate proteins. Accordingly, phospho-
.diesterases were activated in crude extracts of myoblasts
by cAMP and ATP, as outlined earlier KTabie 3). After
diaiysis, separate samplkes were supplemented at 30°é
. wiéh_either 5 mM magnesiumlchlbfide or with acid
phoébhatase.' At various time intervals, aliquots were
removed and phosphodiesterase activity'was measured in

/L>'

¢



TABLE 5

b} KINETIC CONSTANTS OF PDE II

-~

Semipurified PDE II was incubated with CAMP, ATP and
protein kinase (as described in table 4) to produce
active PDE II. Control extracts were incubated
without ATP. After dialysis, kinetic studies were
done by using cAMP as the variable substrate. K

and Vnpay values were calculated from Lineweaver-
Burk plots. :

K : v

Enzyme ™ . max
Preparation ° um o - units/mg protein
' ¥ a a
Control PDE IT1I 2.5 (+sv).b 3182 (+sv)b
2.2 (-sv) 1208 (-sv)
Active PDE II 2.3 (+sv)§ 3408 (+sv)g
2.1 (-sv) 2948 (-sv)

8values obtained when the kinetic studies were done in the
presence of snake venom (250 ug/ml). )

.bValues stained when the kinetic studies were done in the
-absence Jof snake Vefiom.

119
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the presence and absence of snake venom. The results
for acid phosphatase-treated extracts are p;esented in
Fig. 5. éimilar results were obtained with magnesium
supplemented extracts. It can be seen from Fig, 5

that phosphodiesterase activity begins to decrease
after the addition of phosphatase and the decrease
levels off by 30 min. Simultaneously, venom protease
.activatibility reappears, as is evident from the ratiés
of phosphodiesterase activity obtained iﬁ the presence
and absence of venom (Fig. 5) which changes from about
1.0 at the beginning of thg;eiperiment to almost 2.0
after 30 min. The 'deactivation' of phosphodiesterase
is completely blocked by the addition of ‘20 mM phosphate
and 20 mM NaF, compounds which inhibit the activity of
phosphatase.

Although we hgve demonstrated earlier (Chapter 2)
that out of several forms of phosphodiesterases in
myoblasts, only PDE II is activated by venom proteases,
and perhaps is the only form which is ‘activated' and
;deactivated' in our experiments reported above, a
possibility exists that changes in phosphodiesterase
activity in crude'extracts may be caused by the modifica-
tion of ‘some other proteins. In order to examine this
possibility, the myoblast extracts were exposed to ATP

and cAMP, and after dialysis, as described previously,



FIGURE 5

T

REVERSIBILITY OF PHOSPHODIESTERASE

~ ACTIVATION

A cell free extract from 4-day-q@ld myoblasts was
treated with 0.1 mM cAMP and 0.5 mM Mg-ATP to produce
active phosphodiesterase. The extract was dialyzed
against buffer B and incubated with 1 mg/ml of
potato acid phosphatase. BAliquots of suitable
volume were withdrawn at various time intervals
indicated. 'The phosphatase action was terminated
by the addition of 20 mM NaF and 20 mM phosphate
pH 7.5, and cooling the mixture on ice. Phospho-
diesterase activity was assayed in the absence (@) and
presence (o) of snake venom and the ratios (A) cal-
culated. Activity of the enzyme is expressed as
pmoles of product formed per mg of protein.
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were divided into 2 portions, to one of which was added
acid phosphata;e'and the other se;ved as control,

After 30 min, the extracts were passed through cali-
brated Bio-Gel A-1.5 M columns and fractions were
analyzed for enzyme activity. The résults pﬁesented

in Fig. 6 show that phosphodiesterase activity emerges
in two peaks with ve/vo ratios qf approximétely 1.3 and
1.6. These peaks, correspond to PDE II and PDE II&,
respectively. It is noteworthy that after treatment
with ATP and cAMP (Fig. 6A) PDE II is not activatable
by venom proteases, but after 'deactivation' by
phosphatase (Fig. 68) it becomes activatable. In
addition, the‘total activity in PDE II peak drops
significantly followiné-deactivation. These experiments
suggest that phogphofylption—dephosPhorylation, if it .
occurs, éffects the activity of PDE II. ; ‘

-~

3.3.4 Purification of Phosphorylated PDE II From Rat

Muscle :

Ié:gzéer to prove unequivocally that phosphorylation

of PDE II does occur, during the in vitro activation.of

phosphodesterase II described in the previous chapter,

‘'we decided to purify PDE II from muscle homogenate.

Myoblast extracts were not used because of the
difficu in growing large number of cells required for

the purification of the phosphoryléteé phosphodiesterase

¢
e
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\ FIGURE 6

BIZ GEL A 1.5 M COLUMN PROFILES AFTER
PHOSPHATASE TREATMENT OF

MYOBLAST EXTRACTS

Myoblast phosphodiesterase was activatéd in
vitro as described in legend to table 1. ' Dialyzed
extract was treated with potato acid phosphatase,

1 mg/ml at 30°C for 30 min. Reaction was stopped

. by adding 20 mM NaF and 20 mM phosphate pH 7.5.
The extract was immediately loaded on a Bio-gel A~
1.5 M column (1.5 x 60 cm) and fractions of 1.0 ml
were collected. Phosphodiesterase activity was
assayed in.the absence (o) and presence (o) of snake
venom. Panel A represents the enzyme profile obtained
from untreated extract and panel B represents the
profiles from extract treated with phosphatase.
Activity units are pmoles of product formed per ml

- per min, using 0.05 um cAMP.
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to homogeneity. We ascertained that phosphodiesterase
is 'activated' and ‘'deactivated' in adult muscle
homogenates exactly as in myoblast extricts.

Cell free extracts from muscle were prepared as
32

\

described in chapter 2 ahd were incuba£ed with [y-""P]-ATP
in the presence and absence of cAMP. After desalting

the extracts on Sephadex G-25, PDE II was purified

by DEAE-cellulose absorption and chromatography through
Bio-Gel A-1.5 M column, as outlined in Chapter 2.

Active fractions from the Bio Gel column were

pooléd and chromatogravhed on a MIX-Sepharose column,

The enzyme was eluted by 1 M KC1l, as described earlier.
Peak fractions were subjected to SDS sl%ﬁ{&el
electroéhoresis, stained for protein, a53 eprseé to
X-ray film for 24 h. The 90-94 K band was subsequently
cut out and counted to quantitate the amount of 325 4n
the band.

| The results of this investigation are presented in
’Fig. 7. The autoradiograms show that peak ﬁractions '
from MIX-Sepharose columns contain a single protein,'ﬂ
whose subunit molecular weight is 90-94,000daltons.
As mentioned earlier, PDE II polymerizes to higher
molecular weight aggregates (PDE I) when chromatographed
through MIX-Sepharose column thus affording a suitable

procedure for its purification (Chapter 2). PDE II

has only one tjpe of subunit with a molecular weight of

A



FIGURE 7

AUTORADIOGRAM OF THE PEAK FRACTIONS N
N FROM MIX-SEPHAROSE COLUMN

o
i
Freshly dissected rat leg muscle was homogenized

in 2 times its volume of buffer A for 2 min. After
centrifugation at 15,000 g for 30 min, the supernatant
was collected. This crude extract was phosphorylated
as described in Materials and Methods. Reaction
mixture (2.0 ml) contained 1.5 ml of the extract.
The specific activity of [y-32P] ATP was 750 cpm/pmole.:
After phosphorvlation, the mixture was desalted on
Sephadex G-25 and PDE II was semipurified through
DEAE-cellulose absorption and Bio-Gel A-1.5 M column
(1.5 x 60 cm) as described in the text. Active
fractions of PDE II from Bio gel column were pooled
and chromatographed on MIX-Sepharose column (0.8 x
4 cm). The column was washed successively with 100 ml
of 0.1 M phosphate buffer (Buffer A) and then with
0.7 M phosphate buffer, pH 7.5 containing other
components of Buffer A and 1 M KC1l. 50 fractions of
0.5 ml each were collected and assayed for phosphodie-
sterase activity. Peak fractions (number 3 to 15)
were subjected to SDS slab gel electrophoresis using
0.2 ml of the effluent. Autoradiography was done as
described in the text. The numbers on top of the
lanes are column fractions. Unnumbered lanes have
radioiodinated molecular weight standards (94K, 67K,
43K, 30K, 20.1K and 14-.4K).
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90~-94,000 daltons. °"Presumably then, the phospﬁbryieted

L]

- ? .
band obtained on SDS-gel electrophoresis is the PDE

32

II subunit. When phosphorylation by [y-"“"P]-ATP in cell-

free extracﬁs'was'attempted in the absenpe of cAMP,

" the 90-94 K subunit was again found to be. phosphory-

o

lated, but the amountwofhradioactivity incorporated
was mudﬁ less than in the presence of cAMP." In one
typice&‘egperiment, for instance, when radioactive
bands'froﬁ gels after autoradiography were cut ou£ andr
counted, radioactivity in the subunit qbtainé& in the
absence of cAMP was 533 cpm while in the subunit in the

. . . . .
presence -of cAMP it was 1195. Th%i'experiment'su ests

" that phosphorylation of PDE TIT is brought about by

cAMP-dependent protein kinase present in crude cell-

free gxtraets of muscle.

~ -

. Since we had shown previously that partlally
’purif1ed~PDE II can be also activated by adding

.exogeﬁbus cAMP-dependent“protein kinase (Table 4),

we attempte& to show phosﬁhorylatlon of PDE II during

-

ghls.activation._ Semlpurified PDE II was activated in

325y_ATP and the other coriponents

as described ‘in Materials and Methods. The exdracts

- <

were passed througliaMIx-Sepharose colymn and eluted

LY

' with KC1l in the usual manner. As -shown in Fig. 8,
'there is a correspondence of the enzyme gptivity peak

with the‘radiodctive peak. It may be again pointed gut
._’r ~— .l . .

.
L]



FIGURE 8

MIX-SEPHAROSE COﬁH‘{N

PROFILES OF PHOSPHODIESTERASE

About 1Q0 fold purified PDE II (5 mg total-
orotein) from rat skeletal muscle was incubated with
cAMP dependent protein kinase (100 ugm) in the
presence of Jy-32P]~ATP (700 cpm/pmole) and other
components required for phosphorylation in a total
volume of 1.0 ml, After incubation at 30°C for 10

. min, the reaction mixture was cooled an ice and
passed through MIX-Sepharose column and- PDE I was .
eluted as described .in the legend to fig. 7.
Phosphodiéesterase activity was assayed in the usual
manner (o). Aliquots of the fractions were counted
for 32P (o). _Activity of the enzvme is expressed as ¢
dpm obtained per 10 ul per 10 min. Dpm should be
multiplied by 1000 to get the actual counts. 32p

» counts are per 20 pl and should be multiplied by 100

to get the actual count. Panel A, profile obtained
in the presence of protein kinase. Panel B, profile
obtained in the absence of. protein kinase.
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A

that on MIX-Sepharose only one type of protein (PDE 1)

is eluted by our proc¢edures, which has a single

phosphorylated subunit as shown in Fig. 9. However little
phospherylation was detected in the control without
protein kinase.

" 'Phosphorylation of muscle PDE II by exogeneous
cAMP-~dependent protein kinase was also shown by'esing~

another procedure. In this cage, semipurified PDE II

was activated by cAMP—dependenﬁ protein kinase in

;the presence of [7-32P]-ATP as described above. The

—H
extracts were run immediately on both SDS gel electropho-

~l

resis (Flg. lQ) or electrophoresis under nondenaturing
conditions (Fig. 11). 1In the latter case, PDE activity
was eluted from the gels and subjected to SDS gel

electrophoresis (Fig. 12). The results presented in

Fig. 10 show the phosphorylation of semipurified PDE
II band (90 K) (Fig. 10 D,F). However, no phosphory- ’
lated protein was visible when the incubation was

done in the absepce of protein kinase (Fig. 10 B,E).

Notably when protein kinase alone was incubated, a

phosphorylated band was seen., This band has been
e h

identified to be autophosphorylated protein kinase

(Fig. 10 A,C). . '
Phosphorylated PDE 11/ was fﬁrther purified using ° : .

nondenaturing gel electrophoresis ‘(Fig. 11). The

slices which gave pho‘odiesterase activity also had
90 K phosphorylated band when subjected to SDS gel
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- FIGURE 9

AUTORADIOGRAM OF PHOSPHODIESTERASE

o
FROM MIX-SEPHAROSE COLUMN

Peak }ractions (fraction number 8,10,12,15) from
the MIX-Sepharose column (fig. 8) wdre subjected to SDS
slab gel electrophoresis and autoradiography was done ¥
as described in Materials and Methods. The numbers
above?the channels indicate fraction numbers. Unnumbered
lane has radioiodinated molecular weight standards
(94K, 67K, 43K, 30K, 20.1K and 14.4K).
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FIGURE 10

SDS~GEL ELECTROPHORESIS OF

PHOSPHORYLATED PDE II

About 100 fold purified PDE 41 from rat skeletal
muscle was incubated with cAMP dependent proteln kinase
in the presence of [Yy-32P]-ATP as described in legend
to fig. 7. A control without protein kinase and one
without PDE II was also incubated under identical
conditiops. After the incubation at 37°C for'1l0 min,

an aliquot from each sampl® was TCA precipitated and
subjected to SDS-gel electrophoresis. The gel was
stained, destained, dried and autoradiographed as usual.

‘Lanes A and C show the phosphorylated extracts (control)

which contained protein kinase alone (no PDE II).

. Lanes B and E show phosphorylated extracts (control)

which contained PDE II alone (no protein kinase).
Lanes D and F show phaSphorylated extracts containing
PDE II and protein kinase both. ~ Unmarked lane sheows

radioiodinated protein standards (94K 67K, 43K, 30K,
20.1K and 14.4K).
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‘ FIGURE 11

) NONDENATURING GEL ELECTROPHORESIS

OF PHOSPHORYLATED PDE II

. Phosphorylated PDE II produced in the previgus
experiment (Fig. 10) was subjected to electrophoresis

" under non denaturing conditions. Control which

contained PDE II alone (i.e. no protein kinase) was also
electrophoresed. Both the gels were, sliced and phos-
phodiesterase-activity eluted in bufer as described

in Materials and Methods. Phosphodiesterase activity

. was -assayed in the presence (o) and absence (e) -of

snake venom. Activity is expressed as pmoles of
cAMP hydrolyzed per min per ml. Panel A shows: the
activity profile obtained from the control extratt
without protein . kinase. Panel B shows the activity
profile obtained from phosphorylated (active)
extract. | N
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. the position of PDE II.

FIGURE 12

AUTORADIOGRAM OF PHOSPHORYLATED PDE II

~

‘Fractions (slices) containihg PDE II activity in

‘the previous experiment (Pig. 11B) were subjected to

SDS-gel electrophoresis. After electrophoresis, the
gels were stained, destained and autoradiographed

as described in Materials and Methods. The numbers
at the top of the lane represent the slice numbers

of Fig.:11B. Unnumbered lane has radioiodinated
molecular weight standards. Solid arrow indicates
the position of protein kinase and hollow arrow marks

)
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. a
electrophoresis (Fig. 12). Noteworthy is the fact that"
gel electrophoresis under the nondenaturing conditions
could also separate protein kinase band (50 K) from

PDE II band (90 X) as shown in Fig. 12,

i

3.3.5 Phosphorylation of PDE II in Myoblast Extracts - -

Since adult muscle consists of a mixture of several

A

cell types and has been shown by others (Thompson and .
Appleman, 1971; Gain and Appleman, 1978) to cont?in
multiple forms of phosphodiesteq;ses‘which are absent

in myoblasts, it is important to show phosphorylation

of PDP II in myoblast extracts, where only one primary
phosphodiesterase exists (Chapter 2). Owing to tt{e \
paucitykof cell material, PDE II from myoblést extracts
was purified only through chromatography\jn Bio-Gel |
A-l.S M columns. This approximately 10-15 fold

purified preparation was incubated with protein

kinase [7-32P}—ATP and cAMP as descriﬁed earlier with
PDE II preparations from adult rat skeletal muscle.
The«mixfure was then chromatographed on a M}X-Sepharose_
colu@i and enzyme eluted by KCl. Since the material
applied to the affinity column was relatively im;:re,‘
‘we ascertained that the peak of"protein emerging from
the?column has ghzyme activ%ty binding at PDE I position '
in gel electrophoresis Jgder nondenaturing cqnditionéi

» : .
This is shown in Fig. 13. Two bands of activity appear, .

L4




[T PN

R R RN R o

% TR

KO AR R S T

- FIGURE 13

POLYACRYLAMIDE GEL ELECTROPHORESIS

UNDER NONDENATURING CONDITIONS

About 15 fold purified PDE II from myoblasts was
phosphorylated by using cAMP dependent protein kinase
in the presence of [y-32P]-~-ATP (specific activity
500 cpm/pmole). Amount of protein used was 3 mg in a
final volume of 1.0 ml. @tRer comporlents were added
as described in Materials and Methods. After
incubation at -30°C for 10. min, the- reaction mixture
was cooled on ice and passed through MIX-Sepharose
column and PDE I fractions collected. PDE I peak
activity fractions were subjected to polyacrylamlde
gel electrophore51s under non denaturing ‘conditions
and enzyme was eluted from.thg gel slices as described
in Materials and Methods. Activity of the enzyme was
assayed in the absence of snake venom (e). Activity

© is expressed as dpm per 20 ul per 1 h. The counts,

shown should be multlpIied by 1000 to get the actual
counts, .

/ L
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phosphodiésterases were phosphorylated or not, PDE I

' cAMP and [y-

%~ Al PN

o ’ u
the major one being PDE I, When the affinity column ’

effluent is electrophoresed on—SbS-gels a distiﬁct
band-at about 94 K can be.vieqalized after autoradio-
graphy (Fig. 14). Several other minor radioactive
bands are also present, howéver reflectlng the raeﬁer

igg';g_state of the material applied to the afflnlty

column.

A

3.3.6 Phosphorylation of PDE.I .and PDE IV.

" We have -shown previously (Chapteg 2) that PDE i
and PDE IV probably arise from PDE II- the former by

aggregatlon and the latter by proteoly31s. “ The question

.thus arises as to whether phosphorylation sites are

preserved in these derived forms, though it shou&? be
mentioned that there was no effect on the activity of

either PDE I or PDE IV when they were separately

treated with cAMP-dependent protein kinase in the presehce

aof cAMP and ATP. To find whether these two forms ‘of

!

" and PDE IV were purified to homogeneity from rat muscle

by the procedures described elsewhere in this thesis

(Chapﬁer 2) and were,inouﬁated with protein kinase,
32

2

P]-ATP as was done with PDE II. The .

. mixture, containlng PDE I was loaded on. MIX-Sepharose

;o remove the protein kinase and nucleotides. PDE I

was eluted by the usual procedure and was subjected

A
N

144
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. FIGURE 14

< il . -

' SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

B

. OF SAME FRACTIONS COLLECTED FROM

& r ‘ MIX-SEPHAROSE COLUMNS

Q&

PDE I whith was obtained from MIX-Sepharose
column as described in the legend to Fig. 13 was sub-
jected to SDS slab gel -electrophoresis and auto-
radiographed as described in Materials and Methods.
‘The arrow indicates the position of 94K subunit of PDE
I. Unmarked lane has radioiodjnated molecular weight
standards (94K, 671(,\ 43K, 30K, 20.1K and 14.3K).
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to SDS-polyacrylamide gel electrophoresis and the
radioactive bands were located on X-ray film. PDE I
was phosphorylated by pfotein kinase as shown in
Fig. 15 but stoichiometry of phosphorylation was not

. N
determined. PDE IV when incubated with protein

kinse; CAMP and [Y-32

P]-ATP, however, failed to

yield a radioactive product. This result is eot

surprising iﬁ view of the probable pfoteolytic origin

of'PDE‘IV. \Etris possible that amino acid sequences
v

containing the phosphézglatlon sites are either excised

durlng proteoly31s, 6§ these sites become inaccessible

to protein klnase due to an altered cognformation of -

the protein. . ‘ : ) -

3.3.7 Dephosphorylation’ of Phosphorylated Phospho-

4

diesterase
Experiments discussed above, indicate that in

vitro activation of phosphodiesterase’in rat myoblasts

'is probably due to the phosphorylation of PDE II.

Sincé'every modification of protein due to phosphotrylation
can QE reversed by dephosphoryaetion, we(made attempts
to dephosphorylate the phosphodiesterase. In fact, we
had earlier shown that activated phosphodiesterase can.

be deactivated in vitro by phosphatase (Fig. 5).

Phosphodiesterase was activated in the crude extracts of

32

myoblasts, in the presence of [y-""P]-ATP ad described

in 'Methods'. After 10 min incubation at 80°C, the

K
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. FIGURE 15

PHOSPHORYLATION OF PDE I IN VITRO

Pure preparations of .-PDE I (1 mg) was 1ncubated
with-cAMP-dependent protein kinase and [y-32P]- ATP
(500 cpm/pmole) and other components as described in
Materials and Methods. Final volume of the incubation
mixture was 1.0 ml. After incubation at 30°C for 10
min, the mixture was passed through MIX-Sepharose
column. After, washing the column with usual procedure,

to remove protein kinase, PDE I was eluted with 1 M KCl

in buffer A. Fractions containing the enzyme activity
were subjected to SDS slab gel electrophoresis and
autoradiographed as usual. The arrow marks the position
of phosphodiesterage band. Radioiodinat&@d molecular
weight standards shown are 94K, 67K, 43K, 30K, 20.1K

.
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crude extract Qas loaded on Bio-Gel A-1.5 M to

.paftially purify the phosphorylated PDE Il1. Fractions

containing the enzyme activity were p661ed; concentrated,

and treated with acid phosphataseqp'Controls without
phosphatase were also run. Aliquots were drawn at

various iime intervals and subjected to SDS-gel
Jelectrophoresis and autoradiographed. A time dependent .
f dephosphory}ation.of 94 K band:Qas seen. This de- . ;

phosphory1a£ion was almost complete (Fig. 16) in

abou? 30 min. Interestiégly,'the pattern of dephoséhory-

%
lation is quite similar to the deactivation‘of the

phosphodiestarase as was seen earlier (Fig. 5), suggesting:
a causal relatioﬁship between deactivation and
dephospho;ylation. ) . -

k)
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3.3.8 In vivo Phosphorylation. of Phosphodiesterase

Lio B N

Preliminary studies have been ‘done to show ~

TRy

phosphorylatioﬂ of PDE II in the intact cells. Myoblast
cells were prelabelled wié\l32Pi as described in

‘Methods'.. To labelled &glls, Bt ciMP and MIX were

2

. *
added and incubations, were done for 1 h. After
. &
incubation, cell free extracts were made and PDE II

was purified through Bio-Gel A~1.5 M column.,

Fractions containing the enzyme activity were pooled ¢

h

and subjected to électrophoresis under non denaturing
1 ’ ‘ [ . .

quditions and PDE II eluted in the usual ﬁanner.ﬁ The
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FIGURE .16

AUTORADIOGRAM OF PHOSPHORYLATED

A MYOBLAST CRUDE EXTRACTS

»

v A Cell free extract from 4-ay-old myoblasts was

.treated ‘with 0.1 mM cAMP and 0.5 mM [y-32P]-ATP (sp.)-

act. 500 cpm/pmole) to produce active (phosphorylated)
phosphodlesterase. After dialysis, the extract wag
incubated with 1 mg/ml ®f acid phosphatase. Aliquots
of suitable vojame were withdrawn at 0', 5' and 30°'.
The phosphatase action was terminated by the addition
of 20 mM NaF and 20 mM phosphate pH 7.5 agd subjected
to SDS gel electrophoresis, Gels were s%%ﬁned *
destained, dried and autoradiographed as. descrlbed in
Material and Methods, Lanes A,C,E represent phosphory-
lated proteins present in the extract after 0', 5' and
30' of phosphatase treatment respectively. Lanes B,D,F
represent phosphorylated proteins present in the extract
at 0', 5' and 30% in control extracts. Unmarked lane
shows radioiodinated molecular weight standards (94K,
67K, 43K, 30K, 20.1K and 14.4K).

N
o -

I\,



Cn e vl

Al b LA

o

B

2 By

>

5,

R

AL




S

. activity profiles are shown in Fig. 17. The gel slices

.

contalgfng the phosphodlesterase agt1V1ty were
subjected to SDS slab gel electrophoresls and aut;-
radiographed. The results are shown in F;g. 18.
Activity peak obtained in non denaturing gels gave a
major 94 K band,“though there were also a few minor
bands,copurified with our PDE. Moreover, 94 K bands

obtained from cAMP treated cells was more intense:

than from control Cellsa

3.3.9 Activation of Phosphodiesterase by Insulin

It is very probable from the above resuits that
in our system CAMP can activate phosphodiesterase.
It wag interesting to know if insqliﬁ, a hormone which
is known to depress cAMP levels, and activate
phosphodieéterase in other systems (see Chapter 1 of
the thesis) algg'can activate the enzyme in myoblastsl
Exposure of cells to 5 ug/ml insulin resulted in about
a 2-fold increase in the activity of the enzyme. The

enzyme remained activatable by snake venom ‘just like

the enzyme from control cells (Fig. 19).

3.4 Discussion

Phosphodlesterase act1v1ty is increased by exposing

yoblasts to Bt,cAMP and MIX for brief periods of tlme.

2
Activation is also brought about by. isoproterenol and
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ggGURE 17 .

POLYACRYLAMIDE GEL ELECTROPHORESIS

UNDER NONDENATURING CONDITIONS

4-day-o0ld myoblasts were labelled with 32p-
orthophosphoric acid (100 uci/ml) for 30 min at which
time 0:7 mM BtpycAMP and 0.1 mM MIX were added for
another one h. Control plates received buffer alone.
Cells were homogenized and phosphodiesterase partially
purified as described in the text. The electrophore91s
was done under nondenaturlng condition and phosphodies-
terase activity eluted in buffer. The enzyme was assayed
in the presence (o) and absence (o) of snake venom.
Activity is expressed as pmoles of cAMP hydrolyzed per min
per ml, Panel A, activity profile obtained from control
cells. Panel B, activity profile obtained from cAMP
treated cells.
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. " PIGURE 18

AUTORADIOGRAM OF IN VIVO

| . " PHOSPHORYLATED PDE Il
t . ) ) "

“Active fractlons from the previous experiment
: (Fig. 17) were subjected to SDS gel electrophoresis
na : - &nd autoradiographed by the usual. procedure.

. Panel A, shows the autOradiogram of coritrol PDE 1I

partiglly purified fractions. Panel B, shows the - .

. autoradiogram of PDE II prepared -(partially purified) S
& Msom c treated cells., N rs on top of the .

o f . lanes represent the slice n r correspqonding- to \

O FLX 13.1 The arrow indicates the ﬁositlon OE PDE II.-
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FIGURE 19

EFFECT OF INSULIN ON

S PHOSPHODIESTERASE ACTIVITY .

-

To 4-day-old myoblasts, 5 pg/ml of insulin was .
added at zero time and the cells were harvested atl L s

the time Jdndicated Activity.of phobphodiesteras
was measured in the absence (o) and presence (o) o
8nake vengm. . Contyols did not feceive -insulin.
Actithy f phosphodlesterase was also measured

in controls, in the absence (4) and presence (A) of

'snake venom.
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PGEl, compounds which ere known to augﬁent the con-

. centratlbns of CAMP in the cells (Curtis and Zalin,
1981) The process of activation did not require
5ynthe51s of new protein 1ndicating that modification
'of preexisting phosphodiesterase occurs.. PhOSphOdleS‘
:terase which is normally activated 2 to 5-fold by,
proteases was not activated whentproduced by cells;in
the presence of cAMP., These observations aldng with
the general belief that all the effects of CAMP are
mediated via aICAMP-dependent protein kinase (Kuo and
Greengard 1969) prompted us to investigate the ‘ . -

.
e 4 " A- ..

— possibility of regulation of phosphodiesterase by a

Ty .

phosphorylation-dephosphorvlation mechqpism.

cAMP anATP when added togethﬂ‘t'o the cell free
extracﬁe of myoblasts could also activate phosphodiester-
ase in vitro, exactly as in vlvg. "The ability of

- protein kinase inhibitor to inhibit this activation

showed the involvement of activity of protein kinase

“in this process. Siinilarly the inabilitsy of AMP-PNP
- (an analog of ATP, y-phosphate of which is nbt available o
| for any.phoephotransferase reaction) to activate PDE, 9
alsd suggested tha: ATP is hydrolyzed during this s
. - reactipn.’ Involvement of cAMP;-dependent protein kinase .
| in the activation was confirmed by‘the demonstration
- that semipurified PDE Il could be activated by purified L,

) ém dependent protein Rinue.' All these expeximents_ C- -
s ‘,'.\ :" o '.. Y ' / . | )

)

~
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are suggestive of the involvement of a protein phos-

"

phosylation step in the process of activation of
phosphodiésterase. ‘ '

Active PBE produced after in z&trg activation could
be deactivated by the addition of phosphatases Th;s
treatment restored the protease actiVatibility of the
enzyme which was lost durlng the activation process:

The results suggestwthe involvement of a dephosphory-
latioe step during the deactivation of the ective form
of éhoephodiesterase. .

Further evidences preeented argue for.a phosphoryl-

ation-aephoephoryiationumechaniem in the control of

4

activity of phosphodiesterdise in both myoblasts as well

as in adult muscle, Our ‘earlier studies (Chapter 2)

-have indicated that PDE II'is-probably'the primary

form of,phosphbdiestéraSe;in myoblaets and- as we have

'shown in the present work, this is the only form which

4

‘is'aetivated bycphésphorylation in vitro. PDE I, the

aggregated form of PDE II, is phéephorylated but does
not show ang aughentatign in ectivity‘after‘modifieatiqn.
PDE 1v, .the lowest molecu-iar weight- form of- PDE, and
probably derived from PDE II. by proteolysis (Chapter i),
can not be phosphorylated under conditions which lead

to phosphorylétion of PDE II. We have been unable to i

obtain any similar data\on th@ -fourth phosphodiesterase

PDE .ITI,- because it is very unstable and is rapidly

, : ¢
- . -

rl L3
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had

-

converted to a form resembling'PDE IV. It is thus
very difficult to purify in order for in vitro
expetiments to be undertaken. As discussed in‘Chapter

4, PDE III is probabry derived from PDE II in vivo

by groteoly515 triggered by CAMP through unknown

mechinisms. . s .

&

. PDE II'oi L6 myoblasts as well as that of adult
muscle is very probably regulated by cAMP-dependent
phosphorylation. This phosphorylatlon seems to have

phy51ologica1 significance since several criteria

*proposed by Krebs and Beavo (l979) to establish

phosphorvlation-dephosphorylation as regulatory dev1ce§
for a given protein axe fulfilled in the case of PDE- \
IT. Thus in cell free extracts of L6 myoblasts which .

have a cAMP~ dependent protein kinase and a phogphoprotein

lphosphatase (Huang and Tao,-l980),_we can show that

the requlatory propetties of PDE II change in the

appropriate manner, under conditions which either

lead to phosphorylation or dephOSphorylation. In other

words, conditions favoring phosphorylation lead to .-

L
activation of PDE II and conditions favoring dephospho~

. rylation léad to a* loqs of activation. Thege changes

arﬁ*in appropriate direction. because for & degradative
reaction, such as: the one catalyzed by. phosphodiesterase,
phosphorylation would be expected to activate the

reaction (Cohen,.1980). 'Like the enzyme in, e cell

—“a
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Froe xtraéts,pértiairypurified'PDﬁ II can be also

shown to require eAMP-dependent protein kinase for ,

ph phorylation and consequent activation. -
Attempts were also made to show the~ig Xi!é

phosphorylation of PDE 'II after 32P labelling of the

cells. However“é;e tq lack of enough myoblast
material,‘it was very difficult to purify the
phosphorylated form of PDE II to homogeneity, though
partially purlfied PDE II had a phosphorylated protein
band (Fig. 18). Clearly, direct in vivo phosphorylation
of PDE IT will hare tofbe demqﬁstrated before
phosphorylation‘can be &neqpivocaily coneidered as a
contrdi mechapism.. )

It may perhaps also be pointed out that while we
havevadduced evidehce from several lines of : |
experimentarion that it ig-actually PDE II which is
phosphorylated we shave not unequivocally proven that
this ia t?e case. The p0351b111ty, however slight,
still remains the; a-coneaminantt which copurifies with

PDE I1I, may be the' actual protein which undergoes

phosphorylation. This uncertainty could be resolved

.easiiy if we had d‘speczfic antibody against PDE II.

This antibody could be uséd to purify phosphorylated

‘PDE 11 after labelling in vitro and in vivo. However,

a

despite our repea;ed ‘efforts we have been unable 80 far

-
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~ to obtain an antibody preparation against any of the .

. 1ncubated with cAMP for long term (more than 10 hr),’

“only conaectural, but are prdsented'for:their heuristic”

N .

Y

forms of myoblast phosphodiesterases.

It may be mentioned at this Juncture'thatphosphorylatlon
R

{and dephosphorylation) is not the only means by Wthh

PDE is regulated 1n.myob1asts. When myoblasts are

[

' ‘ ) ._

the amount of PDE II decreases and the level of PDE ;
III increases con31derab1y (Chapter 4 and Ball et al.,
1980). The latter is not actlvated llke PDE II 'by oo,

proteQPes. We can slfow (Chapter 4) that certain non-

-dlfferentiating mutants of myoblasts,are unable to

i'produce PDE III in the presence of cAMP,-although'PDE 11 ¢

still appears to undergo phosphorylat1oﬂ' A.pOSSLbillty

' thus exlsts that a unique protease is either pfgduced

de novo or aqtlvated in cells by ,cAMP* which, is responslble
for. the conver31on of PDE II to PDE T11 (See Chapter 4) .

Phosphorylation of PDE II may then serve not only to

ethance tts activity in the short term, but alsg make
b4

S it susceptlble to proteolysis (to PDE III) to cope with ¢ .

the demand for & high Vmax enzyme ig the ch\onic

presence.of CAMP. -, Indeed it is known that phogphorylation

of some enzymes, such as liver pyruvatgtkinase, makes

I

them more sensitive to proteolytic modificationg

AN

(Bergstrom et‘al 1975). 'Untll,proven,these points are,

[
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Apart from the phosphorylation of phosphodiesterase

&

as demonstrated here for myoblasts and adult muscle,

A3

reborts of Rposbhorylation,have also apﬁeared with

enzymes from other systems. 1In crude extracts of

Mucor rouxii'phosphddiesberase undergoes activation in
rhe presence of cAMP and ATP, presumahly by phos-
phorylation. - (Mbreno et al.,1982 Galvagno et al:,].979)
In raf liver plasma membranes, a hlgh afflnlty phos-’

phodlesterase has béen shown to. undergo phosphorylatlon

L ’

.. and actlvatlon in the presence of cAMP ATP and notablyl_
1nsu11n (Marchmont and Houslay, 1980 Marchmont and Houslay
198%) . All three reagents are requlred for phos-
 phorylation and actlvatlon to occur. 'The enzyme in

liver membrane, however, appears to be'differentithan
mycblasts or mnscle Ppﬁ. The monomeric orﬁsubunitt
moiecular weight of the liver enzyme is'§2,000.
(Marchmont et ak,1981), compared to 90-94,000" in

muscle. The requirement for in?ulin in the phosphory-'

1at10n of PDE is 'interesting but the molecular mechanism

~ N

of lnsulln actlon is still obscure.

[}
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. CHAPTER 4, REGULATION OF CYCLIE ADENOSINE 3':5' s

L
+

.MONOPHOSPHATE PHOSPHODIESTERASES,

ALTERED PATTERN IN TRANSFORMED MYOBLASTS

Bt

4.1 Introduction

Rat skeletal myoblas®s contain 4 forms of cAMP
phosphodiesterases termed PDE I, PDE II, PDE III and

PDE-IV- (Chapter 2). They are named according to the

order .of their elution from a Bio-Gel A-1.5 M column

with PDE I emerging first and PDE Iv;last. We have ¢
shown earlier that PDE I is derived from PDE II by
aggreéation and PDE IV by proteolysis (Chapter 2).

o

The relationship between PDE Il and PDE III is not clear,

# <
but we belieye that the .atter'form also arises from PDE

II by‘a’proteolytic process. The distinguishing char-

acteristics of PDE II is that it is activatable 2 to ﬁ-

'
14

fold by treatment with very low'conceﬁirations of various ;
proteases. None of the other forms is similarly activated.

When actively growing myoblésté are exposed for brief

‘periods (60 min or less) to exogenocus Bt,cAMP PDE II gets

conbeftgd to a form which, while retaining its elution -
characteristics.dgf}ng~gél fi}t{ation, is no longer sus-
ceptible to protease activation. This ﬁodification of -
PDE.&2+€an be shown to occur in cell-free extracts in - “
the presence_of cAMP~dependeht p}otein kinase, ATP and

cAMP (See Chapter 3) and most prqbably involves phosphorj? - '

lation of the énzyme., 'The modified PDE II exhibigg about
2-fold increase in vﬁax compared to the unmodified

171



enzyme without any change in its Km,for cAMP, Modifi-

cation of PDE II is probably a transient regulatory
device used by myoblasts for control of the levels -
of CAMP in vivo and has been termed 'short-zerm'
activation{ (ChapFer 3). When myoblasts are exposed
chronically to cAMP (10 hours or more), the activity
‘ of PDE II decreases, but the activity.of PDE IIIX
ihcreases correspondingly. Uﬁlike.short—ferm
activation, the increase in enzfme activity is prevented
by cycloheximide. The increase in PDE IIT activity

has been termed 'long-term induction' (Ball et al,1980).
'Since PDE II activity decreases dur;ng long-term
induction, the possibility arises that it serves as

a pfecursor for.PDE III. It has been hypothesized

that duriﬁg chronic exposufé to cAMP, a protease is

)

either activated or induced in €ells which is then

responsible for the conversion of PDE II to PDE III.

/
prevér, since myoblasts contain a large variety of

different types of proteases (Kaur and Sanwal, 1981),
;ttempts have not been ﬁade to try to pﬁrify the putative
inducible protease. Rather, ind%rect approaches have
been sought:to prove the existence of a cAMP-inducible

or activatable protease in myoblasts. Since cAMP
levels probably regulate the growth rate of cells
_(Pastan et al,1975), it occurred to‘us_that fast
growiqg'variants of myoblasts, because of the low

H

concentration of cAMP they are expected to contain
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(Pastan et 5;,1975); may have alterations in thé lqgg-
term induction of PDE III, which m;y signify the
absence of the putative protease in these varian;s.
One of the easy ways of obtaining variants altered

in their\gr;wth pattern is to selec® hpsion—defeceive

.

variants (Kaufman and Parks, 1977). \
In the following report we show that spontaneously

or virally transformed,'fusion—éefective, variants of

myoblast *&nes s?ow an altered pattern of long-term

requlation of phosphodie;terases. Although these

results do not shed any new light on the mechanism

of requlation, they do suggeét that phosbhodiesterasesﬂ

may have a considerable role to play in the control

of cAMP levels in transformed cells.

4,2 Materials and Methods

4,2.1 Cell Cultureés

Two rat skeletal myoblast lines L6 and L8 first
obtained by Yaffe (19685 were used. The cells were

grown in Dulbecco's modified Eagle's medium containing

4 '

10% horse serum and 5 ug/mlNgentamycin. Fu-1 variant

of L8 line which was unable to fuse was obtained from

!

S. Kaufman, University of Illinois, Urbana. Cells
- /
were plated at a denaity of 6700/cm2

dishq‘. ,

in 75 cm2 petri

173
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4.2.§ Isolation of Transformed Myoblasts

Spontaneously tfansformed cells were obtained
by the method of MacBherson and Montagnier (1964)
as describea'by Kaufmah anq Pérks (1977). A clone
of 'L8 myoblasts; E63, was growﬁ up and the cells

were plated over a layer of 0.5% agar made up in

\\qrowth medium with 10% hgrse serum. The cells Jere

lverlayed with 0.3% agar. Large colonié; developing

after 10 days were picked from tﬁg plates and cloned.
Two independeﬁt isolates, JRu2 and Jﬁus, were used in
the present iﬁvestigation.

' T3 obtain virally transformed myoblasts, a -popula~-

fion of L6 cells was infected with Schmidt-Ruppin (D)ﬁ'>

strain of Rous Sarcoma virus and colonies were picked
dfter growth of the cells in soft agar1‘ A clone, L6
(RSV), was used ih the present investigation. As
judged by immunoprecipitation assays it had p60src

antigen (Brugge and Erikson, 1977).

N

" 4,2,3 Hybridization Procedure

’

1

From a azaguanine-resgistant L6 cell line (Az-2),
described earlier (Dufresne et al,1976), an a-aminitin,
double mutant was selected. This mutant (Az-zﬂ amaR)
was unable to-fuse unlike'its Az-2 parent. The améR
harker was used becausp it is dominant (Pearson, 1981).

The double mutant was used in crosses with the

transformed lines. Hybridization was accomplished by

-
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for further analysis. The former is referred to as

m : | 178

using polyetﬁylene glycol as des&ribed earlier (Rogers
et al, 1978){ and hybrids were selected 1n HAT megaum

(Dufresne et\¥}.1976), contalnlng 3 ug/ml\a -aminitin, .

.~

One hybrid line from each of the two crosses, (Ag 2,

amaR) x (JRu2) and (Az-2, amaR) X (JRubS), was kept

" Hy-1 and the latter Hy-2. The hybrids and parental .

lines were karyotyped according to' the procedure

outlined earlief (Dufresne et-al, 1976).

4.2.4 Chrqmatography and Enzyme Asgays

.
L
-

Cells were harvested after the required number of

. days in culture {generally 4 days) by scraping in

w

" Buffer A (25 mM Tris-HC1, pH 7.5, 1 mM MgCl,, 1 mM

imidazole, and 10 mM 2-mercaptoethanel)-cqntaining
0.1 mM EGTA. Celi-free'extracts were prepared by
homogenizing cells in Buffer A for 15 s at a setting

of 3 in a Pélytron homogenizer (Brinkman Instruments,

Rexdale, Canada). The extract was centrifuged for 15

'min at 4°C at 18,000 Xg. ’

Phosphodiesterases were'chromatographed on Bio-
Gel A-1.5-M in Buffer A containing 0:1 mM EGTA and
eluted-with the same buffer as described earlier
in Chapter 2. Recoveries.of phosphodiesterase activity

in different experiments generally ranged, from 75 to

‘95%.' Phosphodiesterase activity was estimated using

the two-step assay of d'Armien&o‘gE al (1972), as

e e
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described earlier in Chapter 2. If not otherwise

specified, cAMP was initially present in assays at a

concentration of 0.05 uM. The reaction was linea
wp to at least 60 min o#~§ntil 25% of the substraf
was hydrolyzed. Blanks wére constructed '
or boiled enzyme (which gave identi results).

Protein was estiﬁated by thg method of Lowry et al. ' S
(1951) . Molecular weights of the enzymes ;ere

determined by gel‘exclusign cﬁromatography on Bié-Gel

A-1.5-M columns, as described earlier in Chapter 2. '

4.2.5 Other Procedures ' Y

See Matefials and Methods of Chapter 2 and Cﬁgpter

4,3 Results
. Résults

4.3.1 Growth Characteristics of Various Cell/iines .

part from their growth on soft agar, the various
transformed lines can be élstlngulshed from normal
myob}asts by their growth behaviour in medium
éontaining 1% horse serum. Normal myoblasts grow
sloﬁly in 1% horse serum com;aréd to 10% serum and the
final cell densities achieved are also much lower . ”‘\-///

L4

(Fig. 1). The transformed ells (both spoptaneous

and virally transformed) aldo gfow slowly {q 1% serum

“achieved in both loﬁ and

Righ corfcentration (10%7 of serum are compar;gle (Fig. 1).

grotton (4




’ Myoblasts were plated at a density of 5 x 1

4
[¥3

'R

e '."

- A
| ‘ )FIGURE 1 .
. 4 - . ‘ v
' "
GROWTH CURVES OF MYOBLAGTS

!
Eg'cells/
well in 12 well tray in MEM medjum. Cel}§ were tryps-
nized from each well on every second day{and accounted
using a coulter counter. (e) represents the growth ‘.

~curve in 10% horse serum; ) represents the growth:
curve using 1% ,horse ser Panel A, JRuZ; Panelfﬁ,
JRu5; Panel C, LS. : - )
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5 :
‘also different from the normal cells. The cells

myoblasts are splndle shaped. Spontagfously trans-~

‘transforméd parental }ine (Az-2, amaR) had 65 » ?l

diesterase by CAMP occurred in the various cell lines, ) v

. and the tota;‘phosphodiesterase activity was measured

179

< .

The morphology of the transformed myoblasts is

v

transformed by RSV\are quite rounded while the normal
4

formed d?lls are not as altered as the virally trans-

formed ones, but do have a distinguishably different

shape compared to normal cells (Fig. 2).

¢

4.3.2 Characteristics of Hybrid Célls
. ’ ~
Hy-1 and Hy-2 were found tb have chromosome

numbgrs’of 109 and 108, respectively. The non-

chromosomes while the JRu2 and JRuS had 53 and 55

chromosomes respectively. Both Hy-1 and Hy-2

behaved like the transformed cells with regard to - > ¢

growth and morphology. They were also found to be

Prys

capable of growth on soft agar. The transforr:id~/‘;:>
trait was thus dominant, . . .

a

4,3.3 Activation of Phosphodiesterases in Various Cell

) Lines -

To investigate whether activation of phospho-
the cells were expgsed to cAMP and MIX for 1 h or 16 h
3 .

in cell free extracts. The results of this investi-

gation are presented in Table 1, All cell lines, , L

N . . % -

‘
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a FIGURE 2

QORPHOLOGY OF TRANSFORMED MYORLASTS

Cells were-grown in MEM with 10% horse serum.
‘Two—-day-old cells were fixed with methanol for 1 min,
.air dried and stained with 6% giemsa solution.
Magnification x 400. Panel A, L6 cells; Panel B, L6
(RSV); Panel C, JRu5 and Panel D, hy-2..
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TABLE 1 :

ACTIVATION OF PHOSPHODIESTERASES IN MYOBLASTS .

* Four-day-old myoblast monolayers were exposed to 0.7 mM
Bt2cAMP and 0.1 mM MIX for either 1 or 16 hours. At
the end of the incubation period, phosphodiesterase
activity was assayed as described in the text.* all
‘experiments were done in duplicate and the values
were averaged. Enzyme activity is expressed as
percentage of control (no additions).

L]
) - + Percent Activation
Cell Line . - \V ’
.- -1 h exposure 16 h exposure
e :
- Ay
L6 . 256 220
L8 ) T 246 - o 200
Fu-1 ' 227, : 235
JRu2 ' 184 209
. ) 4 .
JRu5 202 - 200
L6 (RSV) 266 180 :
Hy-1 160 s 163
Hy-2 - 247 - o 246
b - . #‘—. -
&
¢ te] )




including thye tramsformed cells and hybrids, showed
activation of 1.6 to 2.7 fold. In this regard-the

’ vgrianfs fésembled the wild-type cells.
. ~ . .
To find whether actfvation of ‘the enzyme in

transformed cells was speéifié to cAMP, as we had
shown earlier for L6 (Ball et al,1980), spontaneously

transformed JRu5.cells were grown in the presence

of various compounds for 16 hr.and phosphodiesterase

/

2

’

abtivig;'wasJﬁéasured. As shown in Table 2, Bt.,cAMP
.by itself caused about 1.8-fdld iﬁcrease in the
activity‘of the enzyme. MIX had little effect on the
activity gy itself, but when added together with
-‘ﬁtchﬂP gave about 2.4 |fold increase in enzyme

1

activity. Isoprotefén 1*which causes augmentatidn‘v

6f cAMP levels

1vo in mﬂ!x{f cells (Curtis agy
Zalin 1981), had no effect on actiwation. " This is not
peculiar“to the transformed myoblasts because we had
shown earlier that isoprétergnol aléq does‘ﬁbt affect
phosphodiesterase' in L6 cell lines g(Ball éﬁ al.,1980).

More importanﬂﬁy,_B;zchP was incabéﬁle of activating

P

the enzyme. The increase in phosphodiesterase activity

by cAMP was blocked by cycloheximide and actinomycin D

suggestiné‘that the increase in activity probably

involves de novo synthésis of the eénzyme.
- . —— — 5 L

i 2
|
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’ . TABLE 2

SPECIFICITY OF INDUCTION IN SPONTANEOUSLY

TRANSFORMED MYOBLASTS

-

The listed chemicals were added to cells .(JRu5) 16
hours before measurement of the enzyme activity at
the following concentrations: Bt2cAMP,°1l mM; MIX,
0.1 mM; BtocGMP, 1 mM; Isoproterenol 0.1 mM; sodium
butyrate, 1 mM; cycloheximide, 10 ug/ml; actinomycin
D1 ug/ml Measirements were made in duplicate and
the values averaged. Enzyme activity is expressed
as percentage of the controls (no addition).

Addition . Percent Induction
BtzeAMP : 180
MIX RS 124
Bt,CAMP, MIX - | 240
B::ZCGMP ',//“ . 124
Isoproterenol ’f'//f ) 98
Sodium butyrate ;' o « B 103”
BtchMP,' MIX,gycloheximide = 92
Bt,cAMP, MIX, actinomycin I‘)‘ — > 117

"

.
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4.3.4 The Regulation oﬁ’PhosEhodiesterases in various

-

*Cell Lines

[

We had shown earl\ier‘ (Ball et a_1_,,19305; that
ffeshly prepared extracts of L6 myoblasts Qhen passed
througﬁ Bio-Gei-A-l.S M coumns, show the presence
of twd bhosbhodiesterases, one zappearing at a Ve/Vo
ratio of 1.3 (PDE*IE) and anothér at 1.6 (PDE iII),
Only the former was activatable about 3-fold by snake
‘'venom proteases. When cells were grown-for 16 h- in
the presence of cAMP, PDE II acfivity deéreased,gbut
PDE III activity increaseé.ébout 2 .to 4 fold. 'Aﬁ
entirely similar situation exists in L8 line (Fié. 3).

v

Just like L6 mydblasts, after exposure to cAMP, PDE

IXI becomes non-activatable by snake venom and PDE III

incteases considerably. However, when the spontaneously

a

transformed derivative of L8, JRu5, was exposed to
BtchMP and MIX for 16 hr and cell-freg gxtracts were
ch?omatoqraphed, the results were éntirely, and
surprisingly, different (Fig; 4). PDE II activity
increased, bu; PDE III actiééty‘remained almos; at
the basal level, as in the untreated cells. PDE II
which was activatable by-proteases in uanﬁhﬁed JRub5

é -

cells (Fig. 4) also became-refractory to protease

acttxﬁl{zzérﬁszfls exposed to cAMP. Both PDE'II and
PDE IIIX rged”at the expected location from the

3

columnsg suggesting that gross molecular weight alterations

had not occurred in these enzyme forms in’JRu5 cells,

n
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_ FIGURE 3
W ) - [N

GEL EXCLUSION CHROMATOGRAPHY

OF NORMAL MYOBLAST EXTRACTS

~

. Four-day-old myobIasts (L§) were treated for 16
hours either with buffer alone (controls) or with 0.7
mM Bt2cAMP gnd 0.1'mM MIX. Extract containing 3.5 mg
of protein from both the control (A) and treated
cultures (B) was applied to Bio-gel A-1.5 M column
(L.6 x 50 cm). The flow rate wa® 15 ml/h: Fractions

. of 1.0 ml were collected. They were assayed in the
presence (o) and absence (o) of snake venom. Units of
activity are picomoles of product formed per- min per
ml of fraction. Void volume (Vo) of column was
determined using blue¢ dextran. Ve is the elution
volume of the -particular fraction. Ve/Vo was calculated
for each fraction of the column.
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FIGURE 4

GEL EXCLUSION CHROMATOGRAPHY OF SPONTANEOUSLY

TRANSFORMED MYOBLAST EXTRACTS

Four-day-old myoblasts (JRu5) were treated for 16
hours either with buffer alone (controls) or with
0.7 mM Bt2cAMP and 0.1 mM MIX. The extract containing
4,0 mg of protein from both the control (A) and
treated cultures (B) was applied to Bio-Gel A-1.5 M
column as described in legend to Fig. 3. The rest
of the .details are exactly as described in legend to
Fig. 3.
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functioning of ‘the postulated protease. To test whether

'acfivity’{h“hydblasts (Kaur and Sénwal,'1981).‘ The

-

L
4 A

.The other‘spontaneous}y transformed cells, fu-1l -and
1)

JRu2, also behaved exactly as JRuS,lwith regard to
induction of PDE IIT by cAMP. The RSV transformed.
célr 1ine, L6 (RSV), aiso was similar to tﬁe N
R
sﬁoptangously transformed lines, i,e., in the presenée
of BtchMR, PDE I1II was not iﬁdqsf? (Fig., 5); only -

o .
PDE II activity increased and became resistant to

activation by proteases.

4.3.5 Dominance of the Transformed Phenotype in the

Requlation of Phosphodiesterases

We have proposed elsewhere that in normal myoblasts

long term induction of PDE III in responge to exposure

-

to CAMP may possibly” involve the activity of a protease
(Ball et 32,1980). fhis putative protease was postu- ;
lated to con rﬁ PbE II to PDE IIT and was considered

to be either proéuced or activated (if pre-existent) :C:‘
ip the presence of‘%AMP. If.this hypotg%s;s were

correct, the absence of PDE’IIIcinduction in transformed -

cells would tHen szmply be due to an absence or mal-

a protease is involved in cAMP induction of PDE III,
(

we gre& L8 cells ,n the presence of cAMP and MIX with '

added leupeptin, a poteﬁt inhibitor of protease

extracts were-then chromatographed as outlined earlier. .
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FIGURE 5 .

GEL’EXCLUSION CHROMATOGRAPHY OF

’ VIRALﬁY‘%RANSFORMED MXOBLAéﬁ EXTRACTS .

. : - |
: . ‘- ~ .
Four-day-o6ld myoblasts (L6-RSVJ were treated for

' 16 hours either with buffer alone (contrels) or with

0.7 mM Bt2cAMP and 0.1-mM,MIX. Extract containing,
5 mg of pytein from both the  confrol (A) and
treated cd}tures (B) was .applied to Bio-Gel A-1.5 M
column s described in legend "to .Fig. 3. Rest of
the defails are exactly as described in 1egend to

Fig. 3.
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In Fig. 6 are presented the resultse of this investiga=

tion. As expected, cells grown withgut any additions

-

gave two peaks, one (fDE II) eluting ft a vVe/vVo ratio
of 1.3 and another (PDE III) at l.GHG?ig. éA). Cells
treated with' cAMP produced a major pe;gﬂof PDE III \
(Fig. 6B). Hodevér,lwhen leupeptin was also included
along with cAMP, the formation of.%DE III was
significantly reduced (Fig. 6C) and PbE.II itself
rehained at an elevated levei.? Addition of‘cyclo—
heximide did not show any induction (Fig. 6D).
These ré;ults indicate possible invélvement of a
chP—activated or induced protease.in the long

term induction of PﬁE‘III. It mgy be mentioned in the
passing that leﬁpeptin by itself did not affect proiZin

synthesis or the total phosphodiesterase activity of

-~

the cells. ) ‘ ?

The question now arose whether the altered
reguiation of PDE seen in transformed myoblésts.is
‘due to an absence or a;terati%n of "the putativg
proteasé (inhibited by}leupeptin)r If thisfwere so,

somatic hybrids between L8,(wila type) and transformed

cells would be expected to behave exactly like the

normal parent as far as PDE III induction in the presence
of cAMP is concerned. However, when the hybrids Hy-1

and Hy-2 were exposed to cAMP and MIX for 16 hours and

__the extracts were chromatographed (Fig. 7), results

. ‘ LI b




e FIGURE 6

4

GEL EXCLUSION CHROMATOGRAPHY. . - . . .-
L SR . R
OF MYOBLAST EXTRACTS  * '

Four-day-old myoblasts (L6) were treated for 16 R
hours either with buffer alone’ with 0.7 mM Bt2cAMP o,
and 0.1 mM MIX; with 0.7 mM Bt2cAMP, 0.1 mM MIX and .

20 pg/ml leupeptin or with 0.7 mM BtpcAMP, 0.1'mM o e
MIX and.10 ug/ml cycloheximide. Extracts containing ]
2.5 mg protein from all the cultures were applied . L
to Bio-Gel A-~1.5 Mgcolumn (1.6 x 50 cm). The flow
rate was 15 m/h. Fractions 0f¢:1.0 ml were collected. X
Phosphodiesterase activity was assayed in the presence .
(o) and absence (o) of snake venom. Units of agtivity
are picomoles of product formed per min per of "
fraction. Panel A, control extract; Panel B, cultures
treated with BtpcAMP and MIX; Panel C, culfures i}
ide.

treated with Bt2cAMP, MIX and leupeptin; Panel D,
‘cultures treated with Bt2cAMP, MIX and cycloheximi
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" FIGURE 7

>

GEL EXCLUSION CHROMATOGRAPHY

OF HYBRID EXTRACTS

»

Four-day-old Hy-2 cells were treated for 16 hours
either with buffer alone (controls) or with 0.7 mM
Bt2cAMP and 0.1 mM MIX. Extract containing'4.5 mg
protein from both the control (A) and treated cultures
(B) was applied on Bio-Gel A-1.5 M column. Rest of ghe
details are exactly as described in legend to Fig. 3
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comparable to those with transformed cells were oMtained,
! i.e., PDE III activity did not increase. It is thus
- | ‘fﬂear.that a}tered regulation_in transformed celle is

not due to a loss of function, but rather due to

an 'acquisition' of some new dominant property by

-

these cells. <

~

4,3.6 Nature of PDE II in Transformed Cells

We have shown earlier that in transformed cells,

activity of PDE II increases after exposure to CAMP,

® . ,
In addition, the enzyme is not activatable by snake

’ venoF proteases, as it is in ‘cells grown in the .
\\\-_16S;;;ce of cAMP. The question,,therefore, arose
, - - ,
) whether the enzyme produced }n'the presence of, cAMP
. is different than that produced in its absence. To
probe into this. question we part1ally purified PDE 1II
from extracts of cells grown in the absence or presence
of cAMP by chromatography on Bio Gel A 1.5 M columns
~ ‘. as outlined earlier (Chapter 2); » An apgroximately
4-fold purification is obtained by this procedure.
The-effect of a number of reagents, known to 1nfluence
‘PDE II activ1ty (Chapter 2), were tested on the activity
) of‘the twd preparatxons. In Table .3 some of the
‘characteristics of these preparations ;neluding the"
kinetic properties are listeo. 'ﬂoteworthy is the fact _

< 2 that'sodium'thiocyanate actiyvates the control enzyme .

T N " ' .

~
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TABLE 3

“
SOME CHARACTERISTICS OF INDUCED PHOSPHODIESTERASE IN

=
<

TRANSFORMED - MYOBLASTS

-

Transformed myoblasts (JRu5) were treated with 0.7 mM
Bt2cAMP and 0.1 mM MIX for 16 hours. PDE 1II was
partially purified from both these cultures ugdng
Bio-Gel A-1.5 M column as described in the text.
Phosphodiesterase activities were assayed using

50 uyg/ml of protein under various conditions.

-

— —N\
e
Property Control™\ enzyme ‘_Inducedbenzyme
. i ~
Molecular weight 450,000 ~— 450,000 Y
Effect of proteasesd Activatable Non‘gctiv le
(2-3 fold)
Activation by NaéCNe About 4~ fo!d About 2-fold
Kmf ‘ 2 S‘Sg (+sv)g 2?5 UM (+sv)g
—sv) 2.5 uM (-sv)
’
£ g , g g
V. 2220 (+sv) 2857 (+sv)
max - 952 (-sv)D 3076 (-sv)

3ppE II prepared from untreated cultures. .

%PDE'II prepared fféﬁ'cAMP treated cultures.

Cpetermined by gel exclusion chromatography on Bio Gel
A-1.5 M. The column was calibrated with the following
proteins: Ferriting (Mr =" 800,000), lactate dehydrogen-
ase (Mr = 140,000), pyruvate .kinase (Mr = 237,000),
creatine phosphokinase (Mr = 81,000), hemoglobin

(Mr = 65,000).
/
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5
dEnzyme preparétion was assayed in the eontinuous

presence of either 250 ug/ml of snake venom or
5 ug/ml of chymotrypsin (results ‘'were identical).

eUsing 200 mM of NaSCN in the assay.

fIiinetic studies were done by using cAMP as variable

substrate. Ky and Vpax values were calculated from
Lineweaver-Burk plots.

9values obtained when the kinetic studies were done in
the presence of snake venom (250 ug/ml).

hValues obtained when the kinetic studies were done in
the absence of snake venom.

. ~
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4-fo0ld while only 2-fold Ectivation is obtained for
‘the 'induced’ enzyme. ' The Ko of the enzdme from both
, sources is similar but there is a 2-fold increase in
the Vﬁax of the 'induced' enzyme. "‘In addition, the
latter enzyme is not activated by snake venom
- protease, while the 'control' enzyme is activated
about 2sfold. |
When the control enzvme was treated with proteases /”_\\\\\
other than snake venom proteases, like chymotrypsin
and trypsin, as exéected, activation occurred. As an
example when chymotrypsin was used, maximum activation
(3-fold) was achieved with 1 pg of the protease.
Concentrations higher than this.inhibit the activity
of the enzyme (Fig. 8) probably due to’proteolytic
dégradatibn. 'Induced' PDE, on the other hand was
not activated even slightly by the same concentration
Qflchymotrypsin (Fig. 8). Results obtained with
trypsin were entirely similar to those obtained with

-

chymotrypsin.

4.3.7 Conversion of Induced PDE II to Other PDE Forms

Earlier (Chapter 2) we had demonstrated that par-
‘tially purified PDE II or that present in crude extracts
-of normal myoblasts (L6), could be converted to active

" PDE III and PDE IV in vitro by either a calcium-

.activated protease in the cell extracts or by .



FIGURE 8

~

ACTIVATION OF PDE II BY CHYMOTRYPSIN

[athiad ol 5% S

Four-day-old spontaneously transformed myobilasts
(JRuS5) were treated with eitherpbuffer alone or with
: 0.7 mM BtocAMP and 0.1 mM MIX. PDE II was partially
‘ purified from both these cultures as described in the
text. PDE II from both treated and control cultures
: was assayed at 30° in the presence of various
: concentrations of chymotrypsindand ratio (fold dctlva~ 5/*

B Vs

tion) calculated. Protein concentration was kept
equal in all samples. (o), activation of PDE II
prepared from control culture; (o), activation of -
PD0E 1I prepared from treated cultures.

(1
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sgvera} other proteases such as trypsin or chymo-r
trypsin. It appeared plausible that the PDE II
produced in transformed cells exposed to cAMP was
modified étructurally in'such a way that it céuld
no longer be degraded to smaller molecular Qeight form

PDE III (and PDE IV). To test if induced PDE II was

et

g
resistant to proteolvtic degradation, the enzyme .

partially purified by column chromatography was
incubated.with high conéentration (500 ug/ml) of snake
venom at §0°C for 15 min and the mixture was again
chromatographed on Bio-Ge% A-1.5 M columns. All of
tEe enzyme activity apéeared now at a Qe/Vo ratid of

v
1.6, exactly at the place PDE III emerges from the

‘ ,

column (Fig. 9). No trace of a PDE II peak remained.
[ .

Thus, it is clear that the induced PDE II is still

capable of being converted to smaller molecular weight

form (PDE III) in vitro although it is incapable of

this conversion in vivo.

4.3.8 Reversibility of Modification of PDE II in

Transformed Cells

To obtain clues as to the nature of the modificar
tion of PDE II in trénsformed cellé grown in the
presence of CAMP, it was important to know if the
moddfiéatioq in vivo was at all reversible. To test

this, cells were exposed to BtchMP, and MIX for 16 h,

F
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. FIGURE 9

GEL EXCLUSION CHROMATOGRAPHY OF

PHOSPHODIESTERASE TREATED WITH SNAKE VENOM

PDE II was partgaliy purified from spontandously
transformed myoblasts (JRu5) pretreated with 0 mM
Bt2cAMP and 0.1 mM MIX for 16 hours. PDE II was
incubated with snake venom (20 ug/ml) /at 30°C for 30
min and rethromatogxaphed using Bio~Gel A-1.5 M
column (1.6 x 50 cm). Phosphodiesterase activity
was assayed both in the presence (e) and absence (o)
of snake venom. Other details have been described
in .the legend to Fig. 3. :
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aed after removal of these compounds, aliquots were
incubated in the presence or absence of cycloheximide
and actinomycin D, At\yarious time intervals phospho-
diesteraie activity was assayed in the ebsence and
presence of snake venom and ratio of ;he activities
was calculated. The'results are presented in Fig. 10.
After the removal of cAMP and MIX, the enzyme regained
its protease activatabiliiy‘in less than 2 hrs as the
basal activity of the enzyme itself declined. However,
whee reversibility was tested in the presence of
either cyeloheximide or actinomycin D, there was no
increase in fhe ratio of activity in the presence and
absence of snake venom. At the concentrefion of the
inhibitors used, the cells‘remained viable as tested
by trypan blue exclusion test (Ball éE al,1980).

Thus, although the modification of phosphodiesterase

in transformed cells is reversible, the process

probably neede de novo synthesis of proteins.

4.4 Discussion

There are two aspects of the work presented e;%ve
which deserve comment. First is the altered reg@latlon
of cAMP phosphodlesterase ‘in both spontaneous aﬁﬁ
virally transformed myoblasts. Myoblasts are ideal
experimental material to study, regulatlon of cAMP

degradlng enzymes because, unlike other cell types

207
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FIGURE 10

ITY OF PHOSPHODIESTERASE

ION IN TRANSFORMEb MYOBLASTS -
(e

Cells weré pretreated with 0.7 mM BtycAMP and
0.1 mM MIX for 16 hours before the medium was
changed at zero hour. Activity_in the extracts
made at indicated time interv was assayed in
the presence and absence of snake venom. Symbols
used are: (o) control; (@) cells in the presence
of inducers throughout; (e) cells changed to fresh
medium; (A) cells changed to fresh medium with 1
ug/ml actinomycin D; (m) 'cells changed to fresh
medium with 10 ug/ml of e¢ycloheximide.
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(Ball et aL 1979), they seem to have only one variety
of cAMP phosphodlesterase, viz., the low K form v
~(Chapter 2). This form, referred to as PDE 1I, -é//
easily be converted in vitro into a erised‘form
called PDE I and a highly degraded, but'stilf active
form called PDE 1IV. These forms seem artifactual and
probably have no regulatorv significance. However,
evidence gathered so far (Ball et al,1980) indicates
that PDE II (Mr = 400-450,000) can be converted in
vivo to PDE III (Mr = 120,000), when myoblasts are \\
exposed to CAMP for_éeriods longer than 8-10 hours.

;
Since, under controlled proteolysis, purified PDE II
can also bé eonverted'to PDE III iﬂ vitro (Chapter 23,
we have proposed the hypothesis that cAMP, by activation
or indyction of a protease, brings about the conversion
of PDE to PDE III in vivo. Wharvphysiological
advantages accrue to the'cells bv such conversion
is not ‘known, especially since PDE III has the same
Km for cAMP as PDE II (aﬁout 2 uM). However, rhe
imbortant finding made here is that in direct contrast
to normal myoblasts PDE III is not induced in trans-
formed cells; the form that accumulates in such cells
during’long-term exposure to cAMP is what appears to
be the phosphorylated form of PDE II (Ball et al,1980),

as judged by kinetic and other criteria~. The

physiological reasons for the necessity of altered




regulation is not entirely clear, however, unless
"they are concerned with the e¢ontrols of the basal
levels of cAMP in vivo. Transformed cells nosmally

hed
have low cAMP levels (Pastan et’ al., 1975; &'Armeiento
- - Lol

et al., 19725.
At aofirst glance, it'is puzzling that both the
spontaneou; and virally transformed myoblasts show
an identical’ pattern of reguiation of PDE. However,
it appears from the work of Kaufman & associates:-
(Kaufman and Parks, 1977; Kaufman et al., 1980), that
myoblasts isolated by the crf;eria of growtﬁ in soft

agar show the presence pf endogenous C type pafpicles.

and also possess a reverse transcriptase (characteristic ™~

of retroviruées) which is Mn2+ dependent. It is very
likely, therefore, that like RSV and several other
rétroviruses, ;ﬁe induced endogenous virus of myobi;sts
has its own src gene which determines the étruéture of
é protein kinase specific for tyrosine residues in
protein substrates (Hunter et al., i9§}). Thé RSV and
:spontaneéusly transformed myoblasts would thus be .
'.pﬂ;siologkcally equiQaient aé‘f;rlas\possession of a
'v-gzg kinase (obviously different in each case), is

g

concetned. This relationship between the -two types

L4

of transformed myoblasts have a bearing, as described

- ~ .

(3

later, on the nature of the mechanism which ig postulated

. o~ .
to be responsible for the regulation of PDE.

- .
- ’ v
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What then is the mechanism of the altered regula-
t¥on of phosphodiesterases in transf rmed cehls} We
had‘postulatea earlier (Ball et 32,1980), thatxa CAMP-
induced or activated protease is involved in the
converiion oﬁ,PﬁE II to PDE 111.'€hé have shown in
the preseﬁt work that leupeptin iphibits formation

of PDE III in normal myoblasts which supports the

' hypothesis sug¥ested earlier. Activation or induction

of a.protease by cCAMP in myoblasts, if it exists at
all, would not be an isolated case of its kind.

Rodeman & Goldberg (1982) have shown, for insta;ce,

" that protein degradation in skeletal and cardiac muscle

increases 20-40% in the presence of prostaglandin E2,
possibly through the mediation of cAMP. Lysosomal

proteases have also been s to be induced’ by cAMP

. in_gcultured mouse myeloid leukemia cells (Honna et al.,

1978). Slmllarly, plasmlnogen activator increases in

the presence of CAMP in Mepatoma cells (Barbuskl-Miller
% - : ..

N ‘ / ) .
-« Despite the indirect evidencerwe have qathered,
b .

the 1ncrease “in the activity of a particular protease

T cells

by cAMP in myoblasts remains to be demonstrated

However, absence ofiiDE III ‘indyction’ in transformed

prot se(-as demonstrated by the f4ct that hybrids

een transformed and normal cells behave like

obviousiy not due to the. abserice of the putative

212
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transformed cells, i.e., do not induce PDE III in | L <
response to the presence of CAMP, Dominanée of the
transformed phenotype is a common finding, also in
other systems (Jha et al,1980; Howell and Sager,b1979),-
If the hypothetical protease is present in
‘transfgrmed cells, as judged by dominance relation-
shggps in somatic hybrids, it is possjble that it may
not act on PDE II if i% is altetred in s@&me way in
.transformea cells. \If it is assumed that PDE II. serves
as a substrate for the pp60§£S kinase in.RSG transformed
myoblasts, or the v-src kinase produced by endogenodus
virus in spontaneously transformed myoblastsq~éM\mav
be suff1c1ently modified (bv phosphorylatlon %Q}a—
tyr031ne residue ;; PDE' II) not to be recognlzed as 5
a good substrate by the protease which cokverts PDE
II to PDE III. ﬁThere is evidence, ih the~gase of
pp60src that not onl& the.structural prot ing‘(Hunter;
1980) of the transformed célls, but als;ZZ>metabolic
. eniyme'(Rubgamen et i§,1982) is bhosphoryléﬁéd by the
vifal kinase. Thus precedent existg\for mbdfﬁigation
of enzymes by pp608rc.' This hypothesis,fof'the
mechanism of alteréd regulation of PDE II in transformed

-

cellé,nfitg.with all the experimental facts. It

explains the absence of increase of PDE III in the .
presence of cAMP and the déminance of altered regulation

in somatic hybrids. The only seemingly contfadictory

(s
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observation made in the present work is the easy
conversion i& vitro of the PDE II ﬁroduced in transformed
cells in the presence of cAMP, to PDE III by some
proteases. However, this can be easily explained by
the fact that in partially purified preparations of
PDE II there is liable to be an alkaline phpsbhatase
or other phosphatases which remove the pﬂ;sphate from

_ the tyr?sine residue. In this form PDE II would become
susceptible to the protease added in vitro. 1Indeed,
it{ has been aemonstrated by Swarup gg'gl (1981) that
alRqline phosphatase can act as an active protein

. phosphatase for proteins phosphorylated at tyrosine

. . .

residues.
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CHAPTER 5. SUMMARY

5.1 Multiple Forms of Phosphodiesterases

- 4

Evidence presented in this thesis indicates that
rat skeletal myoblasts and'adult muscle containva
calmodulin independent form of cAMP phosphodiesterase.
This enzyme exists En four forms termed PDE I, II,

III and IV of which PDE IY is the genetically determined
form. Rest of the forms viz.,fPDg I, PDE III and PDE
"IV are all derived from éDE II,, When parti§1ly

purified PDE II is:treatéd with émmonium sulphate, a;
tocdpheryl phosphate, or stored at 4°C or chromato-
graphed o6n a methylisobugyi xanthine—Se?harose

columﬁ3 it is converted into ?DE I, thus suggestiné

that PDE I is an aggregapég-form.of PDE II. Partially
pgriﬁiqd PDE II and PDE III, when treated with Qarioué
proteases, yield a form identical with PDE 1V,
indicatigg that PDE.IV arises from PDﬁ II by proteolytic

cleavage. Since PDE II and PDE III both give rise to

PDE IV upon proteolysis, it is pos&ible that PDE III also

arises from PDE II. All the four forms of phospho- .

diesterases have low K for cAMP (v 2 um), although

-

they all can be.disting&ished by their molecular

~

size (the approximate molecular weights of PDE‘I, 11,

6

III and-IV are 1.5 x 16, 400,000, 120,000 and 60,000

respeqpively) and éhange. Furthermore, they all differ

220
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in their sensitivity to activation by proteases and
some other compounds. Only PDE II is’activated by
proteases, chaotropié agents and a~tocopheryl phosphate.

To further investigate the relationship of the
L .

various forms at a molecular level we have purified

PDE I, PDE III and PDE 1V tb homogeneity. Due to -
instability of PDE II, we have not been able to purify

it completely. PDE I qoﬁsists of only one tvpe of
subunit with a molecular weiggy of 90-94,060; PDE III

has a single subunit of molecular weight of about

60,000 and PDE IV has %wo‘subqnits with molecular weights
of 28,000 and 30,000, PDE I and PDE IV have aspartate

as the NHz—terminal amino acid.

5.2 Regulation of Phosphodiesterases by cAMP

In rat skeletal myoblasts, CAMP regulates the

‘9

-activity of cAMP phosphodiesterases in two ways. One is
the 'short term activation' of the enzyme, a process
which does not require de novo synthesis of protein and

has been suggested to6 be a form of 'covalent

regulation'. The second rfichanism is the long term
induction of phosphodiesterase, a procesé which requires
de novo synﬁhesis of protein,.ahd therefore is termed
‘genetic fegulétion(,. Both these mechanisms haze en

described -in a schematic form in Fig. 1.
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FIGURE 1 T

PROPOSED MODEL FOR THE
- REGULATION OF PHOSPHODIESTERASES

BY cAMP

~ cAMP produced by the activation of adenylate cyclase

(Adenyl cyc.), binds with protein kinase (PK) holo~
"enzyme and dissociates its regqulatory subunits {R) and
catalytic subunits (C). Catalytic subunit participates
in the activation of PDE II (low Vnpax) and produces
phosphorylated PDE II (PDE II = B, high Vpax form).
After cAMP levels are reduced, phosphorylated PDE II

is dephosphorylated by phosphoproteln phosphatase
(protein phosp.). The process of reversibility requires
Qg novo synthesis of protein. Long term presence of.
cAMP induces the production of PDE III. A protease X
has been proposed to participate in the in vivo con-
version of PDE "II to PDE III. DFtted lines (----) are
genetic mechanisms.

/
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Coyalent Requlation
7

We found that, addition of Bt,CcAMP (or compounds
which augment the levels of cAMP in zi;;), cayse a 2-
fold increase in the basal activity of phosphod%sster-
ase. The process of activation takes less thaﬁ 30
min, and results in the loss of snake venom activa- ¥
tibility of the enzyme. We)Qave.proposed that activa-
tion of phosphodiesterase is due to a cAMP-dependent

phosphorylation of PDE II (low V__ form) to more active

X
PDE II (high Vmax form;. In the absence of cAMP, the
latter is converted back to low yﬁax fofm, probably as
a result of the activity of phosphop}otein phosphatase.
The major evidences for the involvement of a phos-
phorylation step in the control of phosphodiesterase

.activity are following: _ >

(1) .Phosphodiesterase can be activéted iﬁ vitro when
'cell free extracts are treated witkh~cAMP and
ATP:dunder conditions which generally favour
phosphorylation of proteins. Suéh activation does

not occur when an irhibitor gf protein kinase is

also included in e reaction mixture. :

(2) In vitro activation described above éan be also

shown using a biologically hydrolyzable analogue

224
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of ATP, ATP-y-S but not a nonhydrolyzable

analogue éuch as AMP-~-PNP.
j M -

(3) No detectable change is dbserved in 'the gross
molecular weight of PDE II produced after

activation in vitro. This is an expected result

! as the addition of a few phosphate reéidue;_to_

PDE II would hot change its moleculhr weight
) significantly. .

-

- B 4 . * A ! . -

‘ - - . ’

(4) Active phosphodiesterase prd&dufed in the crude ,
. L

o q - ~
N
\

éxtracts can be deactivated and brotease activa-

tibility of .the enzymé resto§$d, by the addftion

of acid phosphate, suggesting the involVement_éf‘
. - . ~ oo

{/f“\\ a debhosphogylatiqnfstep in the dea¢tivation

process. M N /.

G
.

* s

2

(5) Partially purified PDE II can also be activated in

" the presence of cAMP, ATP and protein kinase. 'ﬁa

Py 3 s . t "

7 Y

(6) A simgle phosphoprotein is purified, after phos-'

- -

phorylation of (a) the crude extracts, using

- endogenggps proti&n kinase or _(b) semipurified
PDE II using exogeneously added cAMP dependent
, RS

) - protein kinase. In\all cases, the purified
P ‘ )

4

L4
B
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- phosphoprotein beh&ves exactly like homogenous
‘preparation of 'PDE I, phosphorylhféd in vitro by

, . protein kinase. .
o A From the abo%é discussion it is clear that iajbrity

* -

-of criterla for the involvement of proteln .phosphoryla-

t1on {Krebs and Beavo, 1979) have been fulfilled for .
. ‘ the regulation of PDE and $uch a step is very probably
e i involved in the siort activation of PDE 1I.

2

Although we have considerablecaﬁount of evidence that

i

» PDE II itself is phosphorylated’ we have not been able -,

. to prove it nnequivbcall .

- .

* o
B} . ' »

] < .

K -Genetic Requlation
e CAMP phosphodiesterase activity present in rat
o :  skeletal myoblasts is also increased (induced) “when

: .the“cells are exposed to_ptchMP for periods longer

v

than 12 hours. The enzyme)korm produced during this

-

o . process is PDE III as snbwL by gel filtration experl-

e ments- (Ball et al., 1980). Formatlon of PDE III

. e ——— e ———
NE) —

" is 1nhibited when a protease inhiﬁiﬁor, leupeptin
(Kaur and Sanwal, 1981) is also .added to the medium
aIbng with BtchuP ~;¥ is therefore‘suggested that a'
') :_ o pxotease activity is involved in the process of long ; ,
o ‘term induction of phoaphodiesterase (Fig. 1).

fIntgrestingly, both spoutan ous and viralIy transtormed . ..

et

. ~ . _.cells, seem to lack the mechaninm uhich generates



4

)
w Y

PDE III when the cells. are chronically exposed to Bt,cAMP..
Instead these cells produce, snake vé%dm nonactivatable
PDE II.” This altered mode of regulation of phospho-

diesterase -is -dominant in hybrids between normal and

. trangformeq myoblasts, suggesting that altered reguia-

-tion of phosphodiiiferase {s due to an facquisition' of
some new prﬁperty by transformed cells. .Itois:suggesped
that in both spontané;us and Rous-Sarcoma Yirus @rans-'
formed myoblasts, the src gene product probably ¢ .
'phosphorylates PDE II in such a“way_tha§ it cannot be

converted in vivo‘to PDE IIT.

»
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