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ABSTRACT

The synthesis of cyclÍc 3t15t-adenosine monophosphate (cyclic AMP)

by adenyl cyclase presenË in the soluble- flactíon of SÈrepËococcus

salivaríus has been demonstraËed. The enzyme \¡ras purÍfÍed from early

stationary phase cells of the organism by differential centrÍfugation,

DNase treatmenL, a monium sulfaÈe fractionaËion and ge1 filteration on

Sephadex G-200. The enz)¡me rvas repeatedl-y recovered from the Sephadex

G-àOO column Ín three distinct peaks, each devoid of ATPase, GTPase and

pyrophosphatase. The enz)rmes (1, ll, rrr) in each peak, however, contained

a suall amount (2.I - 6"7"/.) of guanyl cyclase aetivÍty. Enz¡me rrr r^¡as

the most homogeneous, contaíning onl-y two fainÈ contaminating bands on

disc gel electrophoresis"

The enzyme l¡as Mg2+ or ìt 2+-d.p"ndent, vras sÈabilized by cysteine

(5 and 10 nl'I) and was activaËed by NaF. 't{hil-e the pH optímum for enzymes

II and III was 8.0, that for enz¡rne I r,¡as pH 7.5. The Ç val-ues for

enz)¡mes I and II r+ere boËh 1 rnM for ÀTP, and were unaffected by 20 nM NaF,

the opËimal concenÈration for acËivation of the enz)¡me. The Ç value for

enzyme nI, however, rras increased from 0.7 to 3.3 DM in the presence of

NaF. rn all cases, the v*.* for all three enzyme preparaËions was in-

creased in assays r+iËh I'laF by as much as 5-fo1d (e.g., rr and rrr). Hill-

plots for all three enzyme preparations gave s1-ope values (n) of 1 indicaË-

ing only one substrate-binding síte on Èhe enzyme; the slopes ürere uri-

affected by NaF. Sulfhydryl inhibitors, N-eËhylmaleinide, and p-hydroxy-

mercuribenzoaËe were almost completely inhibitory at I nrM suggesting the

involvement of -SH groups in catalysis. Cysteine (1 mM) l-imíted inhibition

by Ëhese reagents signifieanËly at Ínhibitor concentrations below 0.1 nM"
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ATP synthesis from cyclic AMP and pyrophosphate by adenyl

cyclase was favored with K values for ÀTP formation ranging from 43 Ëo

64 " NaF inhibited the reverse reaction with the reducËion in reaction

rate most severe with enzyme III (737"). The âverage ÀFo for Èhe synthesís

of ATP was -2.48 Kcal per mo1e.

The activiËy of adenyl cyclase III was further examined in the

presence and absence of inorganic phosphate (Pr) and pyrophosphate (PPi),

nucleotides and glycolytic intermediates. The enz)rme was inhíbited by P1r

A-DP and al1 Èhe triphosphates and monophosphaËes of guanosine, uridine,

ínosine and cytidine; Ínhibition ras completely competiËive. The inhibi-

Ëion in the presence of PPi was partially competitive, while AMP produced

inhibition of Ëhe mÍxed type i.e., partía1ly competitive and compleËely

non-compeËit,ive. PPi ¡+as the mosË poËent inhibitor (\ = 0.23 rM) followed

by ADP ({i = 0.43 nùl), crP (Ki = 0.52 xoM) and urP (Ki = 0.60 ff). severe

inhibition of Ëhe enzyme was also observed in the presence of the diphos-

phate and sugar nucleotides of Èhe above bases at concentraËions between

0"1 and 5 TnM, when Èested at one subsËrate concenËratíon (Atp = 0.6 nM).

The respective cyclic 3t r5t-nucleoside monophosphates vrere, horveve::, only

slighÈly inhibitory (maximum IL%) .

While the nucleotides \{ere generally inhibitory, the activity of

Ëhe enzyme \^/as variable in Èhe presence of various glycolytic intermediates.

Weak activaËion of adenyl cyclase activity rnras observed with glueose-6-P,

glucose-l-P, 2-P-glycerate and pyruvate. 2-P-glycerate requÍred the lov¡est

concenËration for half maximal acËivaÈion (K" = 0.13 DM) followed by

glucose-l-P (0.24 mM), glucose-6-P (0.55 uùf) and pyruvate (1.12 rnì.f) " These

compounds increased the V*r* of the enzyme ¡,¡iÈhout affecting the Ç for
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ATP. Fructose-6-P, fructose-L,6-P2, glyceraldehyde-3-P and P-enolpyruvate

inhibited or acËivaËed the enzyme depending on the concentrat.ion of the

compound used. Both the apparent Ç for ATP, as well as th" Vr"*, \4/ere

alËered by fructose-6-P and fructose-l r6-PZ. Howe-ver, activating concen-

Ëratíons of glyceraldehyde-3-P and P-enolpyruvate Íncreased th. Vo'r*

without affecting the apparent Ç, whereas inhÍbiting concentraËions

decreased the Vr"* and íncreased Èhe Ç for the substraÈe.

In an initial study on Ëhe fate of cellular cyclic AMP in

non-proliferatíng cells of S. sa'! ivarr'us, Ëhe cyclic AMP conËent was

shown Ëo increase and decrease rapíd1-y during the fermentation of glucose,

fructose, mannose and raffinose. Àn extensíve search with crude cell-free

exËracÊs and toluene-treat.ed cells of S. salivaríus, under a variety of

conditions, failed Ëo deËect acËiviÈy for cyclic nucleotide phospho-

diesterase. This evidence índicated thaË loss of cyclic AMP from cel1s

was not due Ëo Ëhe degradaËion of this nucleoÈide. The cyclic AMP conÈent

of boËh Ëhe cells and Ëhe extracellular medium vTas t,hen assayed with

growing and non-prolífera.ting cells of S. salivarius in order to determine

the fate of this eyclic nucl-eoËide. \.lith cells growing in glucose-tryptone-

yeast extract broth, the cycl-ic AMP content of boËh the cells and the

exogenous medium did not change during growth. The addition of L2 nrM NaF

to such ce11s in the mid-exponenËíal phase stimulated the synthesis and

excretion of cyclic AlufP inÈo Ëhe medium r.¡ithout altering the conËent of

thís nucleotide in the cells. On the oËher hand, cyclic Al'fP in non-pro-

liferating cel1s of S. salivarius metabolízing fructose, increased

throughout the period of frucËose utilization, buÈ was rapidly excreËed

into the medium just after the depletion of this carbon source.
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Conversely, ce11s meÈabolizing glucose showed a rapid increase Ín cellular

cyclic AlfP only after the complete utilization of this sugar. Ilo\,rever)

thís cellular cyclic Al'fP rdas excreted into the meàium withín two minutes

of the depletion of the carbon source.

Experiments \.,Iere also carried out to determine the function of

cyclic AlfP in S. salivarius. Glycogen phosphorylase activity was inhibited
by preincubating the crude extracts with ATP and ìlg2+ and thís inhibitíon

was further augmented by the presence of cyclic AMp. The preincubation

of crude extracts with cyclic AlfP alone had no effecË on enz1"me activity.
cyclic AMP actívated (2-fold) parrially purífied glycogen phosphorylase

in the absence of Allp, but was completely ineffective in the presence

of Al"fP. Cyclic AlfP activated phosphofructokinase (2 - 6 fold) and slightly
inhibited (3 - r5z) the P-enolpyruvate phosphotransferase glucose transpoït
system in s. sarivarius. These results, coupled with the effecËs of
varíous cellular comPonents on Èhe activiÉy of purified adenyl cyclase,

indícate that. eyclic AMP may play an importanË role in the control of

glycolysis.
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Cyclic 3',5'-adenosine üonophosphate (cyclic AlfP) plays a central

Tole in eell regulation and hormone action in maumalian Lissues. Various

meËabolic processes such as glycogen synËhesis and degradation,

st sacidogenesis, 1ípolysis, gluconeogenesís, and other processes are

known to be regulated by low concentrations of this cyclic nucl-eoËide

(1-6). Although less is known about the function of cyclic AMP in

bacterÍa, Èhe work of the Pastan-Perlman group has esËablished iÈs role

in Ëhe. regrlation of índucíble enzyme synthesis in Escherichia coli

(7,8). Current evidence suggests Ëhat cyclic AlufP, in the presence of

a cyclíc AMP-receptor (CR) proÈein and RNA poJ-ymerase, acËs at Ëhe

promotor site of the corresponding operon to sËimulaËe Èhe synthesis

of such enzymes.

The intracellular concentraËion of cyclÍ.c Al'P ís regulated by the

acÈivity of two enzymes: adenyl cyclase and cyclic nucleotide phospho-

diesterase. Adenyt cyclase, caËaLyzes the formaËíon of cyclic Al"fP and

pyrophosphaËe from adenosine triphosphate (ATP) (equaËion 1), while cyclic

ATP cyclic AIP + PPi (1)

nucleotÍde phosphodiesterase, on the oËher hand, hydrolyzes cyclic AMP

with Ëhe formation of AMP (equation 2).

Cyclic AMP AMP (2)

During previous studies on glycogen meËabolism by the oral

nr-icrobe, Streptococcus salivarius, Ëhe presence of cyclic AlfP in inËact

cells of this organism v¡as observed" Since little information \{as

available on the synthesis and degradation of cyclic AMP in bacteria, a
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study r¿as undertaken Eo determine the factors influencing the cellular

concentraËion of this nucleotide. IË was hoped that this sEudy would

shed some 1ÍghË on the function of cyclic Al"fP in the oral streptococci

and, in parËicular, whether this nucleotide rníght be involved in the

control of glycogen meÈabolism in bactería as iË is in marmnalian systems.

To Éhis end, the research described in this Ëhesis has been concerned

with (a) the purífieation and properties of adenyl cyclase frou

S. salivaríus (Chapter 4) and (¡) tfre fate of cyclic AMP Ín cel-ls of

Èhis organisrn (Chapter 5). The laËter chapËer also contains some preli-

minary data on the possible function of cyclic AMP in this organism.
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I" DISCOVERY OF CYCLTC A}fP

Cyclic 3t,5t-adenosíne monophosphaËe rvas discovered simulta-

neously and independenËly by two gïoups of investigaËors in '957.

Sutherland and his group (9), v¡hile studying Ëhe effecË of epinephrine

and oÈher sympaËhom:'-metic auines on phosphorylase acËivity in hepatic

tissue, found a heat-stab1e, dialyzable factor which \{as responsible

for the increased formation of active phosphorylase in cell-free

homogenaËes. This compound r^ras purified, crysËallized and was found to

be very stable chenically since no loss of activity r,ras observed on

boiling under slightly acidic or alkaline conditions for 30 rnin (10,11).

At Èhe same time, Cook, Lipkin and Markhan (12r13), \,¡ho r^Iere investigating

Ëhe hydrolysis of ATP Ín Ëhe presence of barium hydroxide, found in

addition to the rnajor products AIIP and inorganic pyrophosphate, several

unknown products, one being later idenLÍfied as cyclíc AMP. Both groups

observed thaË the compound consisted of adenine, ribose aird phosphate

in a ratio of 1:1:l and contained no monoesterified phosphate. Iní-tially,

Ëhis compound r¿as thougÏË to be a dinucleotide (12) , buË later studies

(14) shorved that it was actually a mononucleotide of adenyl-ic acid with

the phosphate esterified to the 3- and 5- positions of the ribose uoiety

(Fie. 2 .r) .

Followíng the discovery of cycl-ic AMP, SuËherland and his group

began the search for the enzymes involved in its synthesis and degrada-

tion. TniËial1y, Rall and Sutherland (15) using tissue homogenates,

shorved that cyclic A-IÍP was synÈhesized by particulate fracËions (1200 g

pelleE) in Ëhe presence of ltg2+ íons and ÀTP. Under Èheir assây conditions,

the formation of cyclic AlufP was augmented by NaF, caffeine, epi.nephrine
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and glucagon. The same authors later showed (16) that the precursor of

the esterified phosphate group of cyclic A-l'fP r¿as the o-phosphaËe of ATP,

inorganic pyrophosphate being the other producË of the reaction (equation

1). The enzyme catalyzíng thís reaction was cal-led adenyl cyclase (17).

At the same time, Sutcher and SuÈherland (18) purified (S0-fold) aïì enzyme

from beef heart which was capable of degrading cyclic AMp. The enzyme,

named cyclic 3t r5t-nucleotide phosphodiesterase, \,ras very specific for

the 3tr5t-cyclic nucleoside monophosphates and required Mg2+ ions for

acÈivity. The enzyme was activaËed by i¡aidazole and was inhibited com-

petitively by Ëhe methylxanthines, theophyll-ine being more potent Ëhan

caffeine or theobronine.

II. BTOLOGICAL ROLE OF CYCLIC AMP

The meËaboJ-ic regulation of the diverse organs and tissues ín

mam¡oalÍan sysËeüIS is controlled by the nervous and círculaËory systens.

In the 1aËter sysËem, hormones (first messengers) are secreted from the

siÈe of synthesis and transported ín Èhe blood to interact with specific

ËargeË cells (19). Research ín the 1asË decade has shown Èhat the regula-

Ëíon of cellular metabolism by many hormones is mediated by cyclic

AI"IP (1) . Thus, hormone molecules interact in ËargeË Ëissue wíth the

adenyl cyclase sysËem of the effector cell membrane sËimulat.íng the

synthesis of cyclic AMP within Èhe cel1. Cycl-ic AIIP, in Èurn, acts as a

"second messenger" by producing various physÍological responses (see

Table 5.1 of Ref 1) "

Although cyclic AMP Ís involved in the action of a variety of
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hormones, this review will deal only with its involvement in glycogen

meÈabolism and with its effect on the various glycolyËic enz)rmes. The

1aËter part of Ëhis review r+i11 be compleLely devoted to the function of

cyclíc AMP ín unicellular organisms. The functÍon of cyclic AlfP, as well

as the regulation of cyclic AMP levels ín various systems, has been

reviewed recently by Robison, Butcher and Sutherland (1r2), SuËherland,

Robison and BuËcher (3), Hardman, Robison and Sutherland (4), JosË and

Rickenberg (5), and by PasËan and Perlman (i).

A. Cycfi-c AllP_eltd glycogen meÈabolfu

The synthesis of glycogen in mammalian tissue from glucose-l-P

is caËalyzed by 'IIDPG-pyrophosphorylase(EC 2.7 "7.9) and glycogen trans-

ferase (synÈhetase) (EC 2.4.L11), while the degradation of Ëhis polymer

to glucose-l-P involves the activity of glycogen phosphorylase (EC 2.4.f.1).

Extensive research (6) has demonsËrated thaË the eellular content of

glycogen is primarily conÈro1led by regulating Ëhe activity of glycogen

Ëransferase and glycogen phosphorylase. The follorving díscussion rvi1l be

concerned rvith the involveuent of cyclíc AMP in the regulation of Ehese

enzymes.

a) Glycogen phosphgrylaeg. In 1943 Cori and Green (20) purified and

crystallízed trvo forms of glycogen phosphorylase from rabbit muscle:

form f at, which rvas 60 to 70"/. active in the absence of adenosine mono-

phosphaËe (Aìß), and form 'b', which rvas inactive without added A.IÍP.

In the presence of AlP, both forms of Ehe enzyme had the same activity.

Furthermore, Ëhey found that muscle extracts possessed a prosthetic-

group-removing (ln) enzyme rvhích could be separated from phosphorylase
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activity by isoelectric precipitation aË pH 5.9. In phosphorylase

preparaËions conËaining the PR enzyme, phosphorylase was found mainly

Ín the inactive tbt form. Further study showed thaË phosphorylase tao

r^ras converted to Ëhe 'b' form when incubated in the pïesence of the PR

enzyne. The effect of the PR enzyme, in essence, vÍas to convert g1-ycogen

phosphorylase from AMP-independent acËiviËy to AMP*dependenË activity.

Cori and Cori (21) subsequenËly purifíed the PR enzyme and showed

that it had 1or¡ activiËy in the absence of cysteine; in the presence of

cysteine Ëhe enzyme \Âias activated 2 - 3 times by Mg2+ ions (0.5 nM). In

this study, Ëhe PR enzyme was shown Ëo remove a prosthetic group from

phosphorylase rat v¡hich contained organíc phosphate. The amount of

phos'phate removed. r,vas proportional to the amount of phosphorylase tat

converted to tbt form. In 1955, Krebs and Fischer (22) showed that resting

muscle contained phosphorylase predominanËly (68 - 76"¿) in the 'b' form.

Furthermore-, the conversion of phosphorylase tbt to phosphorylase tat could

be accomplished in cel1-free exËracts in the presence of M:n2* ions, ATP

and a protein fraction from Lhe muscle extract (23).

During Èhis period, SuËherland and Cori (24,25) observed that

epinephrine and other sgmpathomirneÈic amines caused an increase ín the

raËe of glycogenolysis (i.e., the degradation of glycogen) in liver sliees.

They also reported Ëhat the change in catalytic rates of the enzymes

involved ín glycogenolysis following ËreaËmenË ruas in the order,

glucose-6-phosphatase>phosphoglucomutase>>phosphorylase . However , since

their preparaÈions contained high acËivities for phosphoglucomutase and

glucose-6-phosphatase, Sutherland and Cori concluded that the observed

Íncrease in the raEe of glycogenolysis was due to the increased activity of
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phosphorylase. Furthermore, the above glycogenolytic agents were also

shor¿n to cause a rapid and sel-ective increase in the actívÍty of phosphory-

lase tat in liver homogenates and in intact animals without affecÈíng the

activity of phosphoglucomutase and glucose-6-phosphatase. On the basis of

these findings, Ëhey concluded that Èhe cellular content of the active

tat and the inactive tbt forrns of phosphorylase r+as infl-uenced by the

sympaÈhomimeÈic amines .

In 1957 Ra1l, Sutherland and BerÈhet (9), r¿hile studying the

effect of epinephrine or glucagon on the formaËion of active phosphorylase

(form ra') from inacËive rdephosphophosphorylase' (form tbt) in cell-free

honogenates of dog and cat líver, observed the formaËion of an active

factor in particulate fractions in the presence of these hormones. This

active factor r¿as able Ëo mimic Ëhe effecr of the hormones by stimulating

the conversion of the inactive (tbt) to acÈive (tat) form of the enzyme.

The facËor al-so st.imulated the formation of active phosphorylase in

supernaËant fracÈions obtained from cell homogenaÈes which r,Iere noË

affecËed by Ëhe hormones themselves. This factor \,ras the heaË stable,

dialyzable compound later identified as cyclíc AlP.

Duríng this period, Krebs and Fischer (26) recognized thaÈ the

phosphorylase interconversions in muscle required an enz)rmaËically

catalyzed phosphorylation and dephosphorylation of the enzyme. A similar

conversíon of phosphorylase tbt to tao in liver r^ras reporËed by Sutherland

and l{osilaiË (27) " The latter authors (28) also observed thaË a phosphaËe

group was íncorporated into the enzyme during the reactivation of phos-

phorylase tb t and Ëhis incorporation ruas greatly increased by epinephrine

and glucagon. They purified (45-fo1d) the enzyme involved in Èhis
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activation (dephosphophosphorylase kínase) and showed that the presence

of ATP and ìtg2+ r^Ieïe necessary for its activating effect (28) . Further-

more, Ëhey purified another enzyme rvhich removed the phosphate group

from Ëhe active phosphorylase tat thus converting it, to the ínactive tbt

forur (29)" This latter enzyme, therefore, catalyzed Ëhe same reaction

as cori I s PR enzyme (20) and r,¡as called phosphorylase phosphatase

(EC 3.1.3.17).

Frou these studies it became evident that the presence of glycogen

phosphorylase in the active "a" (phosphorylated) or inacÈive ttb" (dephos-

phorylated) form was regulated by the activíty of phosphorylase phospha-

Èase (equaËion 3) and phosphorylase 'b' kinase (dephosphophosphorylase

kinase) (equatíon 4).

Phosphorylase
phosphatase _ Phosphorylase tbt

(Inactive,
dephosphorylated)

(3)

Phosphorylasetbt kinase

Phosphorylase tat
(Active,
phosphorylated)

Phosphorylase tb t
(Inactive,
dephosphorylated )

(4)

Danforth, Helmreich and cori (ro; concluded from kínetic data

that the increased aroounË. of phosphorylase activíty observed follorvÍng

epinephrine adminj-stration or muscle contraction vras due to the increased

acÈivity of phosphorylase'b'kinase (nc 2.7.r.38) rarher than Èo the

inhibiÈion of phosphorylase phosphatase. htrile studying the effect of

epinephrine and elecLrical sËirnulation on raË and frog skeletal- muscle,

Phosphorylase tat
(ActÍve,
phosphorylated)



-12-

Posner, Stern and Krebs (31) reported a parallel increase in phosphorylase

tat and phosphorylase rbt kínase activity" The addition of epinephrine

also increased the 1evel of cyclic AlfP in a fashion similar to the above

tvro enzymes" However, electrícal sËimulation had no effect on the levels

of cyclic A-ÞF. From these findings the auLhors concluded thaÈ the epine-

phrine-stimulated increase in glycogenolyÈic activity rn'as regulateci through

cyclic ÀMP and the activity of phosphorylase 'b' kinase.

More recent studies have also shown thaË phosphorylase phosphatase

is iurportanË in Èhe regulation of phosphorylase activíty (32-36). The

preincubation of adrenal cortex phosphorylase phosphatase wiÈh ATP and

t-)-Mg'' resulted in an increase in enzyme activity (fZ¡. The acËivated

enzyme could be inactivated by further preíncubaËing the phosphorylase

phosphaËase wrLÈh ATP in the absence of ptg2+" Such an inactive enz)¡me

could Ëhen be reactivated in Èhe presence of ATP + Mg2*, or at a slorver

,-L ,T
raËe, with Mg-- alone. Cyclic AMP, in Ëhe presence of ATP and }fg'',

converted Ëhe actíve form of phosphorylase phosphaËase Ëo a Less active

form. This cyclic Aì'fP effect T,{as not reversible unless the enzyme 'ulas

further inactivated \,iith ÀTP. Similar results, obËained with liver (36)

and skeletal muscle (33-35), supported the vier¡ thaÈ the control- of

phosphorylase phosphatase acËivity was important in the regulation of

phosphorylase interconversions .

Krebs and his associates (37-39) studied the properËies and

regulatíon of phosphorylase tb' kinase isolated from rabbit skeletal

muscle and rabbiÈ heart" 'Ihe enzyme was inactive at pH 7.0 buE could be

activaËed by preincubating the inactive enzyme r¿ith ATP and ¡lg2*; this rate of

actiúation was furÈher increased in the presence of cycJ-ic AMP. The
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acËivation by cyclic AMP compared to thaË caused

maximtrm at a concentraËion 0.5 - 1.0 x tO-7 t"t.

in the absence of ATP arrd Mg2+, had no effect on

kinase activation reacËion (40).

by ATP alone, was half

Cyclic AMP alone , i. e .r

the phosphorylase 'b'

The results obÈained by Krebs et al (40) and Delange eÈ al (4f),

Ëhat the activatÍon of Ëhe phosphorylase 'br kinase by cyclic AMP was not

proporËional to Èhe phosphorylation of the enzJrme r¿ith 32p-ATP in Ëhe

presence of t"tg2+ ions, suggested that cyclic AMP ¡vas not directly involved

in the activaËion reaction. These findíngs, along with evidence Ëhat

cyclic AMP did not bind Lo purified phosphorylase rbr kinase, supported

the possibility that cyclic AlfP acted through the stirnulaÈion of another

enzyme involved in this system. Such an enz)nne was finally isolated in

1968 by I^la1sh, Perkins and Krebs (42) who named the enzyroe: phosphorylase

kinase kinase, nolr rnore coflrrnonly called, proËein kinase. This enz)rme r,Jas

Èhe final link beÈi+een cyclic AMP and the phosphorylase sysËem. T'hís

complicated cascading systero is depicted in FÍg. 2.2.

b) Glycogen transferase. Vi11ar-Pa1así and Larner (43,44), while studying

Ëhe effect of insulin on glycogen metabol-ism, found that the activity of

glycogen Ëransferase, when assayed v¡ithouË glucose-6-P, was increased in

rat diaphragms after insulin treaËmenË. However, when gJ-ucose-6-P was

added in the assay Èhe activíty of this enzyme in the extracts prepared

from control diaphïagms increased to the same l-evel as that of insulin-

treat.ed diaphragms assayed in the presence of glucose-6-P. The increased

activiËy of glycogen transferase in the presence of insulin was not

related Ëo the increased contenË of glucose-6-P (45) or to any other

soluble factor (4+7 , To explain Ëhese results, Larner and his associates
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(43-45) postulated that Èhe enzlrme u'righË exisË in two forms and that

insulin uright acË to regulate their inÈerconversion. The exisËence of

tr'ro such forms in muscle was later confirmed folloi+ing their partía1-

purification and characterizaËion by Rosel1-Perez, Villar-Palasi and

Larner (4A¡. One form rvas dependent on glucose-6-P (inactive D forrn)

rvhile the other was independenÈ of gJ-ucose-6-P (active I form). Later,

Friedmân and Larne r (47,48) purífied (150-200 fold) this enzyme from rat

skeleËal rnuscle and shor.qed that these tr¡o forms were interconvertible.

The D form r,¡as converËed to the I form by a dephosphorylation reacËion,

whÍle the reverse reaction (r to D) was an ATP- and Mg2+ -d.ependenÈ

phosphorylaËion of the erlz)rme. Furthermore, by using 32y labelled ATP,

they observed Èhat the f to D conversion involved the Èransfer of
?,y'"P- from ATP to the enzyme. The dephosphorylaÈion of the enzyme,

converting it from the D to I form, couLd be accomplished by ÍncubatÍng

the 32p- labelled enzJrme rviËh crude muscle extïact. A direct relation-

ship rvas observed betrveen the D Eo I enzyme eonversion éfi() and Ëhe

release of 32P (48"Å) .

Larner and Sanger (49)

ËhaË one serine amino acid at

phosphorylated during the I Ëo

around this serine residue was

, by using radiochernical Ëechniques, showed

the hexapeDtide of glycogen transferase \,¡as

D conversion; the seguence of amíno acids

as foll-ows:

- Arg (or Lys) - G1u - Ile - Ser - Val - Àrg -

A similar emi¡e acid sequence has been found in phosphorylase ta' (50r51)
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suggesting ËhaË these tvro proteins have similar phosphorylated sites.

Various groups (52-55) have studied the D to I conversion in

detail and have reported thaË Ëhis conversion is catalyzed by a cyclíc

AllP-activaËed kinase (transferase I kinase). In their study of the

/É^ É^\ îf

conversion, Huijing and Larner (52r53) found that ATP and Mg'' increased

Ëhe activity of transferase I kinase and that Èhe activaËion by Mg2+ was

sigmoidal indicating an allosÈeric site for Mg2+ on the enzlrme. These

authors further observed thaË cyclic AMP increased the affj-nÍty of the

)+allosteric site for Mg-' and suggested Ëhj-s rnode of activaÈion by Ëhis

nucleotide. In Ëhe presence of cyclic AMP, the Çr values for ATP and

Ug2+ were decreased 4 and 50-fo1d, ïespectively.

Since the interconversionsof the tr¿o forms of rnuscle glycogen

transferase by a phosphorylaËion-dephosphorylation reaction sequence \47ere

analogous Ëo the interconversions of the Èwo forms of glycogen phosphory-

1ase, iË was of interest Ëo know whether a single kínase would catalyze

the phosphorylaËion of Ëhese two enz)rmes. Although the possibility that

phosphorylase tb t kinase and transf erase I kinase \"/ere the same enzyme

has been generally discounted (56-58), transferase f kinase activity was

observed rvith the protein kinase isolated from skeleÈal muscle (59). The

proËein kinase which catalyzes the activaËion of phosphorylase tb t kínase

in rabbit skeletal muscle ruas also capable of catalyzing the conversion

of transferase I to transferase D. This transferase I kinase activity was

essentially dependent on the presence of cyclic Aì4P. The Ku value for

cyclic AlfP (7 x 10-BM) r¿as 60 - 100 fold lov¡er Ëhan Ëhe Kr values for the

other cyclic 3tr5t-nucleotides. However, the maximum activaÈion for al1

of the cyclic 3'15t-nucleoËides studied varied only abouL 20"1. A similar
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enz)rme, Èransferase I kinase, has also been isolated from rabbit heart

(60). This enzyme preparation rvas free of glycogen Èransferase activíty

and was acËivated by cyclic AMP (Ka = 5 x 10-Blt) to the såme exËent as of

rabbit skeletal muscle (61). The control of glycogen Lransferase activity

by cyclic AMP is depicted in Fig, 2.2.

B. Cyclic AlfP and glycolytic enzynes

a) PhosphofrucËokinase. Phosphofructokinase (EC 2.7.L.1-1), which cata-

Lyzes the formation of frucLose-L,6-P2 from fructose-6-P in the presence

of ATP, has been implicaÈed as one of the major regulaËory enzymes in the

control of glycolysis (62-64). Enz¡rme activíËy is regulaËed mainly by

oscillating concentrations of ATP, fructose-6-p, cyclíc Aì'[P, ADP, AIIP and

Pi (65). The acËivation of phosphofructokinase acËivity by cyclic AMP was

first reported v¡ith Ëhe enzyme isolated from guinea pig hearË (65) and

mouse brain (66). The enzyme \ùas strongJ-y inhibited by ATP in the presence

of subsaturating concenËrations of frucËose-6-P. Under such condiËions,

cyclíc AMP caused a marked increase in enzyme activiËy and ATP was partial-

ly compeËitive with respecL Ëo cyclic AMP. Cyclic AMP also caused a

decrease in Èhe Ç for fructose-6-P. Cyclic AMP had a similar effect on

the phosphofructokinase from rabbit liver (67), from spermatozoa of the

rhesus uonkey (68) and from Ëhe liver fluke, Fasciola hepaËica (69,70).

In Ëhe laËter case, however, Mansour suggesÈed ËhaË sínce 5-hydroxy-

trypËami-ne (serotonin) stimulaÈed glycolysis (71), as well as adenyl

cyclase activity in homogenates of Fasciola hepaËica (72r73), Èhe

serotonín effect on glycolysis was mediated through cyclic AMP. A similar

suggestion r{as made by Be1l, Brooker and Harding (74) f.or the effecL of
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ACTH on glycolysÍs in the rat adrenal gland. These authors measured the

1eve1s of the glycolytic intermediates and several nucleotides, including

cyclic AMP, after the j-ntravenous adminisËration of ACTH. They found

that a decrease in Lhe concentration of glucose-l-P, glucose-6-P and

frucËose-6-P, and a simultaneous increase ín levels of frucËose-1r6-P2

and glyceraldehyde-3-P r,¡ere concon-itant with an increase in the content

óf cyclÍc Al"fP vhich occurred 20 sec afÈer the adminisËration of ACTH. On

the basis of Ëhis data, they suggesEed that ACTH stimulated glycolysis

by the cyclie AMP-mediated activaËion of phosphofrucËokinase.

Kemp (75) reported thaË cyclic AlfP, as rn¡e1l as Al"fP and ?i,

decreased Ëhe affinity of rabbit muscle phosphofructokinase for Mg-ATP,

vrhereas ciÈrate had the opposiËe effect. However, cyclic AMP had no

effecË on the ATP-inhibited phosphofructokinases ísolated from yeast

(76,77) and E. coli (Za¡. I{ith these l-atter enz)¡mes, the affinity for

fructose-6-P and Mg2+ r"= increased with increasing concentïaËions of

fructose-6-P, Mg2+ or A,lufP and v¡as decreased with increasing concentïations

of ATP. ATP inhibition could be reduced by AMP.

Cyclic AMP also had anoËher effect on the acËivJ-Ey of phospþofructo-

kinase from liver fluke and guinea pig heart, in addition to its reversal

of ATP inhibition (69,70,79,80), In liver f1uke, cyclic AllP was sholn to

be involved in the activation of an inacËive form of phosphofructokinase

(69,70). This activation could be observed by incubating the enz)rme Ín

the presence of ADP, Mg2+, Pi (or sulfaLe anions or hexose phosphates)

and cylic AMP. A-DP could be replaced by nucl-eoside Lriphosphates such

as ATP. The activation \^ras shor.¡n to involve subunit aggregation since

the sedimentaËion coefficient (S20,") of the enz)rme increased frorn 5.5 S
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xo 12.B S after the activaËion process. The activatíon coulC be complete-

1y reversed by dialysis. In guínea pig heart, phosphofructokinase could

be activated by incubating Lhe enzyme with ATP (or A-DP) , a hexose phosphate,

such as fructose-6-P, cyclic A}IP and an unidentífied, partially heat-stab1e,

díalyzabLe facËor (79). The presence of a nucleotide and a hexose phos-

phate in combinatíon rvere much raore effective in reactivating Ëhe enzyme

than either the nucleotides. or hexose phosphates alone.

In yeasË, tr,Io forms of phosphofructokinase r^Iere isolaÈed) one

inhibited by ATP and another insensiÈive to ATP (81). The ATP-sensitive

form could be converËed to Ëhe ÀTP-insensitive form by incubating the

enzyme wíth Mg2+, ATP, cyclic AMP, NaF and a desensiËizing protein. Cyclic

AMP had no direct effecL on the erizyme activity. Dialysis of ATP-insen-

sitive enzyme resulted in its conversion Ëo Ëhe ATP-sensitive form.

RecenË1y, Afting et al (82) and Atzpodien et al (83) reported additional

fíndings on Ëhe conversion of the ATP-sensitive to ÀTP-insensitíve form

rvíth highly purified yeast phosphofrucLokinase. Their studies showed

ËhaË the interconversion rvas sËimulaËed by ADP

tose-6-P, NHT, Mg2+ arrd NaF, and rvas inhibiLed

the presence of fruc-

ATP. They furËher shor,¡ed

an

by

ËhaË the desensiËÍzing protein did not, ín fact, modify phosphofructo-

kinase itself, but rather alËered the composition of the incubation medium

to permiË the transformation of the ATP-sensiËive form to Ëhe ATP-insensi-

tive form by converting the negative effecËor, ATP, to positive effecËor,

ADP. Cyclic AlfP or AllP rvere not required for the transformation process.

In order Ëo further delineate the effect of cyclíc AlfP on the

regulation of phosphofructokinase activity, the binding of cyclíc AIÍP and

other nucleotides to this enzyme from skeletal muscle was studied by Kernp
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ând Krebs (84). The dissociation constants for ADP, A.lufP and cyclic A-l'fP

were 0.5, 1.8 and 0.6 ltM, respectÍvely. The dissociation constant for

cyclic AMP rvas decreased more than 2-f.oLd in the presence of fructose-6-P

and fructose-l ,6-P2. The binding of each of the above nucleotides \,ras

competitively inhibited by the other nucleoËide suggesting that they

rníght bind to the same site on the enz¡rme. This data is in agreement wÍth

the kinetic data reporËed by Lowry and Passonneau (85) with sheep brain

phosphofructokinase. These r¿orkers suggesÈed Èhe presence of aË least

seven substrate, inhibitor and deinhibítor sítes for Èhe enz)rme. They

showed thaË AMP, cyclic A-I'IP and ADP bind aË Ëhe sarne site and indicated

that this site was probably one of Ëhe three sites involved in the ATP

inhíbitíon of the enzyme.

b) Other enzymes. Fructose-l,6-díphosphatase (EC 3.1.3.11-), which

eataLyzes the dephosphorylation of fructose-Lrí-P2 to fructose-6-P, has

also been shown Ëo play an importanË role in the regulation of glycolysis.

Thís enzyme from crude kidney exËracËs was inactivated by ATP arrd Mg2+ 
"rrd

Ëhe rate of this inactÍvaËion was increased by the pïesence of cyclic A-l'fP

(80¡. The inactivation of the enz)¡me in kidney slices by ephinephrine was

also observed. During this inactivatíon process , 32, from Ar32P was in-

corporated into the enzyme protein with a concomiËanË decrease in enzyme

activity; Ëhe inactir¡ated enzyrne could be reacLivated upon incubation wiËh

crude kidney ext.racts.

Yeast glyceraldehyde-3-P dehydrogenase (EC 1.2.I.12) undergoes a

tirne-dependent inactivatiorr by the dissociaEion of its tetrameric subunits

into monomers at OoC in the presence of ATP (87). This inactÍvating

dissociation of the enzyme by ATP was prevented by cyclíc AMP and several
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oÈher metabolites " The effecÈiveness of cyclic AMP was greater Ëhan thaË

of NAD, AMP, Pi, ADP and glyceraldehyde-3-P. The dissociation (inactiva-

Èion) of the enz)rne was completely reversed by warming to 17oC and it ¡vas

greatly sËiruulated by ATP and by 102 sucrose. The effect of cyclic AIP ontÉä

reverse reaction \^Ias not examined in Èhis sÈudy. Cyclíc ÀMP wasrcompetítive

inhibitor \,rith respect to NAD r¿ith a Ki value of 0.11 nM compared to a Ç
of 0.18 nl'f for NAD Ítse1f (62)" Other adenine-containing compounds were

also compeËiËive inhibitors of NAD, buË Ëhe K1 values (1.1 - 10.2 ml"f) viere

nuch higher Ëhan that for cyclic AMP. The inactivaLion of the enzyme by

chymotrypsín in the presence of ATP was also prevented by cyclic AMP (BB).

Cyclic AMP was also sho¡^¡n Lo stimulate the activiËy of partially

purified pyruvate kinase (BC 2,7.L,40) from loach embryos (89). The

enzyme was acËivated by cyclic AMP and frucËose-L,6-P2, and the activat,ion

was furËher augmenÈed (2-3 fold) by the addition of boËh compounds togeËher.

ATP, on the other hand, did noÈ cause any change in pyruvaËe kinase activity,

buË blocked the activating effecË of frucËose-1r6-PZ. The activating effecË

of frucËose-lr6-P2 could be restored Ín the presence of ATP by the addition

of cyclic AMP to the reaction medium.

II]. CYCLIC A}TP AND BACTERIAL SYSTN"IS

This part of

(A) the discovery of

of cyclic AMP and (C)

in bacterial systems.

the review rvíll be divided inËo three main

cyclic AMP in bacteria, (¡) the microbial

the enzymes involved in Èhe meËabolisn of

sections:

functions

cyclic AIP
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A. Discovery of cyclíc AlufP in bacteria

Although the presence of cyclic AMP in animal system was first

reporËed in 1957 (9,13), Ëhe occurrence of this nucleotide in bacterial

systems r,Ias noË demonsËrated unËi1 l-963. In thaË year, Okabayashi and

coworkers (90-92) observed considerable quantities of an unknoi^¡n adenine

ribonucleotide in cultures of Brevibacterium liquefaciens grown in a

casam-íno acid medium. The substitution of Dl-alanine for the casamino

acids and the presence of a carbon source, such as rnannose or glucose,

accelerated the excretion of this nucleotide inËo the medium. The

nucleoÈide rras subsequently isolated and idenÈified as cyclic AMP (90¡.

B. Microbial functÍons of cyclic AMP

In l-965, Makman and Sutherland (93) observed Ëhe presence of cyclic

AMP in the medium and in ce1ls of Crookers sËrain of Escherichia coli. Th.y

shorved that the content of cyclic AI{P in resËing ce11s íncreased when ín-

cubaËed in phosphate buffer (pH 7.0) buË r^Ias exLruded inËo Ëhe medíum when

glucose ¡vas added to the cell suspension. In another experimenÈ with

resËing cells ÍncubaËed in a glucose-containing phosphate buffer, an abrupt

ríse in the cellular conËenË of cyclic AMP was observed coincident \üith the

complete uËilizatíon of glucose. A similar variatÍon in the cell-ular

cycli-c A-l"fP concentration was also observed r,¡ith other sugars, as rvell as,

with acetate and succinate.

The repression of Índucible enzyme synÈhesis in the presence of

glucose and certain other carbon sources has been observed by many r¿orkers

(94-96) and has been variously cal1ed Ëhe ttglucose effecÈ", "metabolic

repression" or "catabolite repression"" In 1968, Pastan and Perlman (91¡
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postulated that the repression of enzyme synthesis by these carbon sources

uright be due to the lowering of the cellular cycl-ic AllP content by these

compounds. This was confírmed when they showed that cyclic Al"lP acËually

increased the differential rate of synthesis of two inducible enzymes,

ß-galactosidase and tryptophanase, in ceJ-1s of E. col-i grown rviÈh glycerol

in the presence of the inducer, isopropyl-ß-D-Èhio-galactoside (IPTG); rhe

ce11s had been made permeable to cyclic AMP with Tris and EDTA. By sËudying

the incorporation of L-1eucin"-14c it was sho¡vn thât activation was not due

to a generalized activaÈion of proËein synËhesÍs. The cyclic AMP effect

was specific for Ëhe catabolite repressed enz)rmes since the synthesis of

anoÊher índucible enzyme, alkaline phosphatase, which Ís nof- subject to

catabolite repressÍon by glucose, \^Ias not affecËed by cyclíc AllP. Further-

more, repressicn of this enzyme by Pi r,¡as noL overcome by cyclic AMP.

In addition to its effect on permanent caÈabolite repression,

cyclic AMP also restored Ëhe synËhesís of ß-galac.tosidase and tryptophanase

Ín glycerol-grown, induced cells of E. coli rvhen their synËhesis was re-

pressed by the addition of glucose or pyruvate i.e.2 ËransienL catabolite

repression (97). Glucose-initíated Ëransient repression of $-galactosidase

and tryptophanase synthesis in glycerol-grown ce11s of E. coli has also

occurred in the presence of AMP (9e¡. Such repression was also overcome by

cyclic AlfP. Recently,Aboud and Burger (99) showed that ATP reduced the

differenËial raÈe of ß-galactosidase synthesis ín permeable, induced cells

of E. coli. This ATP effect was also reversed by cyclic Aì'IP.

The ability of cyclic AMP Ëo overcome both pe::manenË and Ëransíent

caLaboliËe repression of inducible enzyme synEhesis in E. coli has also

been reported by oËher investigators (100-103). The inÍtial conclusions
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studies suggested that cyclic AMP

enz)rmes at the 1evel of messenger

acted in the synthesis

RNA (mRNA) synthesis

a) ß-galactosidase and the 1ac operon

(i) Intact cells. SubsequenË Èo the discovery of the cyclic AMP effect

on the synthesís of ß-galactosidase ín 1968 (97), considerable effort has

been expended Ëo deËermine how cycl-ic AMP acts to regulate the synthesis

of the nRNA for Ëhe lac operon. This operon (Fig. 2.3(A)) contains three

structural genes r Zt !, and a, which code for the synthesis of ß-galacto-

sidase, galactoside permease and transåcetylase, respecËively. The operon

also conÈaíns three regulatory genes, i, p and o, which code for Ëhe

regulator (repressor) gene, Ëhe promoËor gene, and the operator gene,

respecËively (104-106) .

Since cyclíc AMP was shown to increase specifical-ly the differential

raËe of ß-galactosidase s),nthesis, iÈ was only logícal that the effect of

Ëhis nucleotide would be further examined in a number of mutants of Èhe 1ac

operon. Perlman and Pastan (107) demonsËrated that cyclíc AMP overcame

Ëhe transient repression of ß-galactosidase in strains of E. colí whích

produce Ëhis enzyme constituËive1y through mutaËions in the reguJ-ator

(3300(i-)) and operator (Oå7) genes (for a list of mutants studied - see

Table 2.L). Cyclic AMP also overcame the repression in strain C-600,

which has normal regulatory genes buÈ is deficienË in the permease (y)

gene, and in Èhe mutant, LA-12 G, r+hich is resistant to catabolíte

(permanent) repression" These authors furÈher shor+ed Ëhat glucose prevented

the accumulation of B-galacËosidase-specific mRNA induced by IPTG in cel1s

of strain C-600 ÈreaËed with chloramphenicol. The addition of cyclic AMP
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TABLE 2. I

lfutants of }ìsclierichía coli enrpJ.oyecl 1n the study of cycJ.lc Âì'íP functlon

l.lutants CharacLe r:ls È I cs Referenccs

I. LAC OPÈIìON

Á. l.lild type sf:rains

Crooke's .ATCC 8739
K12
3000
ÀB 257

B. RegulatoÐ:_gcnse
(i) Regu).ator (repressor)

3300, i;22

. (ii) Operator
o9- or oc6t

(iij-) PromoLor

],8

IntacL 1ac operon

Qgg ;-+p+o+r*y+o*)

Constitutfve (i-)

ConsEiÈuÈive (o-)

Synthcsizes about 5Z B-galactosidase
compared to 3000 parental strain.

Revertant of L B and synthesizes norrnal
ß-galaclosídase compared to strãin 300C..

Revertant of L 8 but has second mutation
withiì] Lhe pr:omoÈor- 1ocus ancl synthcsizes about
L5-20'/" ß-galactosidase compared to strain 3000.

RevertanL of L B buL has second mutaLion
¡.¡ithin the pro¡'¡otor locus and synLhesizes about
50-70'/. ß-galactosiciase compared to str.ain 3000.

Pennease deficient (y-)

CR proEein

Âdeny1 cyclasc-
lac i-z;-, ïr 1¿rc i-z- , Clì I'rotein-

64

93. 113
108,131,143
107 ,108
161,162

107

L07

108

108

108

108

o1

N27

c. _s_!¡g4r'r9L-1.g¡99_
(i) Pernease

c 600, 300 u, 200 P

D. 9rrqþl¿J" ."¡¡gssjg!.
r"a-1.2 G

AB 257Pc-1

E, Äddítional. niutants

z rgtq
z rgi-

107,130

Resistant to permanent repression but still 7071167,L62
sensitive to transient repression.

ResistanL Lo boLlì types of catabolite
repression.

Has regulator (repressor) gcne i9
Identical to Z 19i9 but does not contain
a 1ac ilcpressor 8ene.

161,162

Deletíc,r.¡ of the enLire region occupic<ì by the 110
lac ope::on end Èhc ¡;ene for 1ac repressor,

110

110

s14

I1. ¡llSC'LL^ìÌEOUS

5 333

5336

2t.i-3

113

1?.)

113

Lc¡,..rrrì: i = reprcsjsor [tcne, p,- Fr'ónìolol- F,enc, o .= c)peÌ'¿ìcot: 8,crìc; z, y and a = sLrucÈura].
gcncrs for fì-¡;alactosjr.Ì¿rsc, giì1¿rcLosidc pcrncasc ancl tt:¿ìrìsacetylase, rcspecLj-\'ely,
CR pr:otciD '= cyc1.i c 

^l'l' 
):cc('P tor Proi. ('i i).
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overcame this repression. Fu::thermore, cyclic Aì{P failed to sËimulaËe

the production of ß-galactosídase in índuced ce11s ín which inRNA synËhesís

had been arrested by the addition of proflavine or by the removal of the

Índucer. On Èhe basis of these results, Pastan and Perlman confirmed

thaÈ cyclic AHP acted at the gene level (transcripÈion) in the regulation

of B-galactosidase synthesis.

In 1aËer studies, PasÈan and Perlman (1-08) used a 1ac promotor

mutant, LB, r¿hich synthesizes 1ov¡ amounts of B-galactosídase (5%) and

which shows normal permanenÈ repression of B-galactosidase synËhesis ín

the presence of glucose. The addiËion of low concenÈraËions (1 rn¡'f) cyclic

AMP to this promotor defecËive muLanÈ did not overcome catabolite repres-

síon whíle wiËh its parenÈ,al strain (K 12 3000) and revertants (64, N27 and

82), cyclic AMP was capable of overcoming transient repression, buÈ noË

the peqmanent repression. This study suggested Èhat transient repression

of the 1ac operon by glucose v¡as mediaÈed by the þg prorotor and thaË

cyclíc A-l"fP stimulated the synthesis of ß-galacÈosidase Èhrough iËs direct

or indirect action on the lac promotor. Perl-rnan, DeCrombrugghe and PasËan

(109) later showed that permanent repression could also be overcome by

higher concentrations of cyclic AMP (5 nM) Ëh¡rn that required to reverse

the observed ËransienÈ repressíon (1 nl"I) .

(ii) Cell-free systems. Probably the most convincing evidence for the

sLímulatory effect of cyclic AMP on the DM-directed synthesis of

ß-galactosidase was demonstrated. with a cell-free system by Chambers and

Zubay (110) " The system required only a crude extract of E. coli

(prepared from Ëhree differenË strains, Z l-9:_9, Z LTt-- and 514), DNA

containing the 1ac genes, four ribonucleotides (ATP, GTP, CTP, UTP),
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20 amino acids, Ifg acetaÈe, and various other sa1Ës and cofactors. Cyclic

A-ÌlP in such a cell-free system increased the yield of B-galacÈosldase from

B to 30 times. To further prove that cyclic AMP acted at the 1eve1 of lac

DNA transcription, Varmus, Perlman and PasËan (111) ernployed DNA-RNA

1i,ybtídi-'zatíon Ëechniques to measure 1ac nrRNA. This assay ínvolved pulse

labelling the lac mRNA with 3H-uridine and comparing Ëhe ability of this

RNA to hybridize with DNA isolated from Èhe hybrid transducing phage

(Àh8Od1ac) in which some of the phage DNA has been replaced by l-ac operon

DNA. DNA frorn the parenË phage, ).h80, vras used as a control. The differ-

ence in hybridizaÈion of Ëhe Iac nRNA r^rith these two DNA species was taken

as a measure of the amounË of 1ac urRNA synthesized by Ëhe culture. These

auËhors for¡nd that both cyclic AIIP and glucose altered Ëhe rate of urRM

productíon in direct proportion Ëo Ëheir effects on p-galactosidase synthe-

sis. FurËhermore, the increase in 1ac nRNA synthesis \üas not secondary

to protein synthesis since cyclic AMP was sËíll able to regulate the

synthesis of 1ac mRNA in cells where protein synËhesÍs was inhibiËed by

chloramphenicol. In addition, Ëhey showed thaL Èhe repressive effecÈ of

glucose r,ras noË due to its influence on Èhe rate of lac rnRNA degradation.

These results were confirmed by DeCrombrugghe et al (112) with crude

extracÈs of E. coli using the same DNA-RNA hybridizaËíon Ëechniques.

(iii) Cyclic Al'fP-receptor proËeín. In addition Èo the laq promotor

mutanÈs, another group of mutants \,¡ere discovered which were also unres-

ponsive Ëo cyclic AMP" These 1aËter muËanËs (2Li-3, and 5333) eiËher

were unable to synËhesize any of the 1ac operon enz)¡mes or \^rere much less

effective in this regard since they were unable Ëo fermenË lacEose,

galactose, maltose and arabinose on Èetrazolium agar (113). The addition
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of cyclíc AIæ did not alter Èhis fermentaÈion defect. The wild-Ëype

parental strain (ATCC 8739) r+as found to contain a cyclic AMP-receptor

(Cn) protein with a dissociarion consË¿nË (I(U) of ]-2 x tO-61,t. On the

other hand, of the two defective strains, 5333 had negligible quantities

of the CR protein r¿hile 2J-1¡-3 possessed a CR protein r^rith decreased

affinity for cyclic AlufP (Kd = Z x tO-5¡l) . These muÈants were able to

function normally when the CR protein from Èhe wild-type strain (8739)

was added Ëo exÈracÈs of Ëhese organisms.

The purification of this CR protein r,ras reported recently by

Anderson et al (114) " The purified protein had an average molecular

weíght of 45,000 with a sedimentaÈion constanr (SZO,') of 3.5 and r¿as

composed of Ër^ro identical subunits (¡Cl = 221500). Each naËive dimer

possessed 4 free sulfhydryl groups.

A similar protein to the CR proteín wås isolaËed by Zubay,

Schwartz and Beckwith (115) and called the "catabolite-gene-acÈívator

proËein", abbreviated as CAP (115-lf7) or as CGA protein (1fB). E. colí

extracts containing CAP were shor*n Èo stÍmulate the level of $-galacto-

sidase synËhesÍs in extracts from CAP- mutants Ëo half that observed in

CÀ 
-f extracts; both cyclic AMP and CAP \¡¡ere necessary for sËimulation"

Since the physícal and chemical properties of CAP were simílar to that

of the CR proËein isolated by Emmer eË al (113) and by Anderson et al

(114), it is likely that these proteins are Èhe same.

As was the case for the GR proÈein, Eron and Block (117) shorved

Ëhat the initiation of 1ac trânscription aË the lac promotor required the

presence of this I'caËabolite-gene--activator protein" (CAP) in addition to

cyclic AMP and RNA polymerase. The lac repressor r^7as thought Ëo control

transcription by preventing the binding of RNA polymerase andfor CAP to the
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lac promotor. Their results also showed that the 1ac promotor was composed

of tr+o binrling siËes, one for the RNA polymerase holoenzyme and the other

for CAP. CA? (or CGA protein) r¿as shor,¡n to have substantial affinity for

DNA, affinity which r¿as greatly strengthened by cyclic AMP and strongly

inhibited by cyclic GIIP (118). The opposing effects of these two cyclÍc

compounds on the binding of DNA and CAP is in parallel to their effects

on the expression of the lac operon. Thus, it is possible that CAP acti-

vates the lac operon by binding Ëo DNA under the influence of cyclic AlfP,

a process ruhich would be inhibited by cyel-ic Gl"P (119, J'20) "

(Ív) Adenyl cyclase negative muÈant. During the course of their studies,

Perlman and PasÈan (121) isolated a mutant (5336) defÍcíenË in adenyl

cyclase activi.Ëy and which was unable Ëo ferment a varíety of sugars.

Cyclic AMP could, however, resÈore the normal utilizaËion of Èhese sugars

if added to the cells. The synËhesis of lac rnRNA was not observed in

ce1ls of this mutanË until they were supplied rüiËh exogenous cyclic AIIP

(11e).

(v) P-enolpyruvate phosphoËransferase muËant. The ?-enolpyruvate

phosphoËransferase system (PEP-PTS), which particípaËes in the accumulation

and phosphorylation of a number of sugars in bacterial ce1ls (I22,L23) is

catalyzed by two enzymes: Enzyme I catalyzes the transfer of phosphate

from P-enolpyruvate Èo a small, histidine-containing, heat-sÈab1e protein,

HPr (equaríon 5)" Enzlrme II, vihich is membrane-bound, catalyzes the

P-enolpyruvate * HPr Enzyme In P-IIPr * Pyruvate (s)

P-HPr * Sugar Enzyme If Sugar-P * IIPr (6)
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subsequent transfer of the phosphate from P-HPr to the sugar being trans-

ported (equation 6). Unlike Enzyme I, a family of Enz)rme IIrs exist each

being specific for an individual sugar or group of sugars (724).

In order Ëo determíne whether the repression of ß-galactosidase

synthesís by glucose and other sugars r.^ras, in facÈ, dependent upon the

phosphorylation of the added sugar, Pastan and Perlman (125) studíed the

effects of cyclic AMP in muËants deficient in one of the proteins compris-

ing thís transport system. They showed ÈhaË ß-galactosidase synthesis

was rePressed in Ëhe strains which were deficÍent in Enzyrne I or in T{Pr.

These strains viere comparaËively more sensitive Ëo transienË repression by

glucose, mannitol and cl-methyl glucoside Èhan their parenÈal wild-type

strain. This repression r\7as overcome by cyci-ic Alr{P. In contrast,

Ê-galactosidase synthesis in a mutanÈ deficienÈ in enzyme II was resistanÈ

to repression by glucose and o-meì-hyl glucoside. This indicated that the

repression of B-galactosidase synËhesis required only the interaction of

a sugar rvÍth iËs respecÈive enzyme II and did noË require its phosphory-

latíon or subsequent metabolism. These findings also suggested that an

intacË PEP-PTS may not be requíred for lacËose utilízation by E. coli.

(vi) Conclusions of the Pastan-Perlman group. From the sËudies outlined

in the above sections, Pastan-Perlman and their assocíates (119rL26-I2B)

concluded that cyclic AlfP acËs at Ëhe level of 1ac transcription for the

differential synthesis of ß-galactosidase'in E. coh-. The presence of

cyclic AIIP, CR-protein, lac DNA, RNA polymerase, lac repressor and inducer

r¿ere the only components required for the regulation of lac nRNA synthesis.

Their vier,' of the regulaLion of Ëhe 1ac operon is depicted diagramatically
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in Fig . 2.4 "

(vÍi) Some contrary views. Although the work of Pastan-Perlman group has

sËrongly suggested Èhat cyclic Al'lP acts at the level of gene transcription

for the stirnulaËíon of inducible enz)¡me synthesis, a few studies have

suggested Èhat the cyclic AlfP effecÈ may be a secondary one. For example,

in 1969, Goldenbaum and Dobrogosz (101) found that rvhen glucose \.{as re-

placed by glucose-6-P, or a combínaËion of glucose plus gluconate as the

catabolite repressor Ín E. coli, repression qTas reversed only Ëo a limited

extenË by cyclic Al"fP" These authors, on the basis of this data, suggested

that the abí1íty of cyclic Al'fP Ëo reverse glucose repression vras due to

some Detabolic interference in Ëhe conversion of glucose to glucose-6-P.

This was confirmed by Moses and Sharp (129) who showed that cyclÍc A-ÞfP

was unable to abolish catabolite repression in E. coli Ín Èhe presence of

a mixture of glucose, glucose-6-P, gluconate and casein hydrolysate.

These authors also showed that cyclic Al"fP sÈimulaËe<1 glycolytic acËíviËy

while having a minor depressing effecL on the metabolic f1or,¡ Èhrough Ëhe

pentose phosphate cyc1e. The concentraËion of frucËose-Lr6-PZ was greatly

affected by the presence of cyclic Al'lP. Several metabol-ites such as

fruetose-L r6-P 2, ribose-5-P, NADP, NADPH and 5-phosphorylribose-1-pyro-

phosphate, in addition to cyclíc AMP, also parËially or more effectively

relieved glucose repression of ß-galactosidase synthesis in ÐTA-treated

cel1s. This data rvas taken as evidence against a direct role for cyclic

AMP ín overcoming the repression of inducible enz)¡mes.

Evidence has also been presented suggesLing that glucose and cyclic

AMP do not act on transcription but act at the leve1 of translation. Tn

this regard, Yudkin and Moses (f:O) observed that glucose repression
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occurred in induced E. coli cells even after Èhe transcription of the 1ac

operon i¿as terminated either by Èhe removal of the inducer or by the use

of T6 phage knor,¡n to stop transcription. In E. coli strain 300 U, the

glucose effecË on translation l¡as sufficÍent to account for almosË all of

the catabolite repression observed for ß-gaI-actosídase synthesis. In

another strain 200 P, however, much more severe repression r,¡as observed

and it vras postulated that glucose may have had an additional effect in

this strain. On Ëhe basis of these results, Yudkin and }loses (130) suggest-

ed that catabolite repression of ß-galactosidase synthesis was due to a

blockage of transl-aËion by glucose. Sinilar resulËs t\tere reported recenÉly

by Aboud and Burger (f31) Èo explain Èhe action of cyclic À¡æ in reversing

glucose repression ín induced cells of E. col-i Iü2. Cyclic AlfP abolished

glucose repression r,rhen transcríption was blocked by proflavine or by

removing inducer. These authors suggesi:ed thaË cyclic AMP reversed cata-

bolite repression by releasing the glucose inËerference of the translation-

al process. According t,o Ëhese workers Èhe effect of cyclic AMP on lac

nRNA synthesis \^ras a secondary eff ect.

b) Gal-actokinase and the gal operon. In order to further delineate the

function of cyclíc AMP ín the regulaËion of oËher inducible enzymes in

E. colirMíller eË al (132) demonsÈrated thaE, like l-ac nRNA, cyclic AMP

stimulaËed the synthesis of gal urRNA in wild-type strain 3000. The stimul-

aËíon of galactokinase synthesis by cyclíc AMP was also reported by

Tao and Schrveiger (133) and by DeCrombrugghe et al (134). The ga1 operon

in E. coli contains 3 regulatory genes, i, p and o, similar to lac operon,

and 3 structural genes, k, t and e coding for the synthesis of galacto-

kinase, Ëransferase and epimerase, respectively (135) (Fig. 2.3(B)).
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The adenyl cyclase negative mutanË, 5336 (table 2.1), which does

not make cyclic Aì'IP, was unable to synËhesize gal mRNA and the protei-ns

coded ín the gal operon. As was Èhe case for the Iac operon, normal

enz)¡me synËhesÍs was restored by the addition of exogenous cyclic Al'fP

(132). MuËanË 5333, v¡hich lacks the cycl-ic AIUIP-recepËor (CR) proËeín,

was also unable to synÈhesize gal nRNA. Thus, gal transcription ís

probably controlled by cyclic AMP in a manner similar to that for

1ac-Lranscriptíon.

The synthesis of galactokínase T¡/as also demonsÈrated "in vitro"

wíth a coupled system for transcription and Èranslation containing

bacËeriophage gal DNA and a cell-free extract prepared from a gal deletion

sËrain of E. colí (136). The synÈhesís of galactokinase in such a

system was stimulated 2 - 12 fold by cyclic AMP in the presence of the

CR-proËein and DNA containing the gal operon. Synthesis was completely

reversed by cyclic GMP. FurËhermore, Ëhe synthesis of gal mRNA was

increased 15-fold by cyclic AMP in a sysËem ernploying bacËeriophage ga1

DNA (Àp gal B DNA), E. coli RNA polymerase and CR-protein (13i). In this

system, cyclíc GMP rvas an ínhibiËor of gal mRNA synthesis while 2'13' -cyclie

AMP and 51-AMP had no effect. When cyclic AMP, CR-proËein, DNA and RNA

polymerase \,7ere incubated ËogeËher for 10 min, a rifampícin (ínhibitor of

DNA-dependent RNA synthesis)-resistant preinitiation complex was formed

rqhich resulted in gal mRNA synËhesis upon addíËion of all four ribonucleo-

side triphosphates. Cyclic GMP noË only prevented the formaLÍon of the

complex buË also caused the dissocíation of the complex afËer it had been

formed. This data suggests Ëhat cyclic AllP and CR-proËein stimulated gal

transcripËíon at a sËep príor to urRNA chain elongaËion.
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c) Other enzymes. In addition to the regulation of S-galactosidase and

galacÈokinase synthesis, cyclic AMP was also found Ëo regulate the synthe-

sis of a number of other inducible enz)¡mes (fabte 2.2), some of which have

been studied ín deÈai1. For example, early resul-ts demonsËrated Ëhat

cyclic AllP sËimulaËed tire raËe of tryptophanase synËhesis in Tris-ÐTA

treaËed cells of E. coli (97,138). The eyclíc AlfP effect was very specifíc

since Ëhe overall rate of proÈeín and RNA synËhesís, as well as the

synthesis of Ëryptophan synÈheÈase) r^ras not affecÈed (138). Cyclic AI{P

action was thought Lo acË afÈer transcripËion since Èhis cyclic nucleotide

increased enzyme synthesis in índuced cells after mRNA synËhesis had been

arrested by acËÍnomycin D, proflavine or by inducer removal. However, these

results may not be valid as Conde, DelCampo and Ramirez (139) found that

cyclíc AMP inhibits Ëhe uptake of proflavine. These authors, therefore,

suggested Ëhat this drug should not be used to inhibiË RNA synËhesis Ín Èhe

presence of cyclic A-IÍP unless the parËicular experimental conditions ensure

Ëhat such ínterference j-s eliminaËed. RecenÈ1y, the same authors (140)

demonstrated, by the use of rifampicin, that cyclic A-l"fP acts at the leve1

of Ëranscription by stirnulatíng the production of tryptophanase rnRNA in

E. coli.

Cyclic A-MP also increased the raÈe of synËhesis of Ehe biodegrad-

ative ellz)¡me, threonine dearuinase, in Tris-ÐTA treaËed ce1ls of E. coli

(141). As in the previously mentioned cases, the nucleotide ì..as specÍfic

for the enz)¡me and had no effect on Ëhe overall rate of protein or RI'IA

synthesis. Cyclic Al"fP had no ef fecL on enzyme synthesis in cel1s Ín rvhich

protein synthesis had been inhibited by chloramphenicol. Regulation of

enzyme synthesis appeared Ëo be at the transcriptional leve1 since Ëhis
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TABLE 2.2

List of inducible enz)¡mes in díffererit organisms affected by cyclic AllP.

Name of the organisms Name of the enzyme Reference

Escherichía coli

Salmone lla typhimurir:m

S"l*otr.l.!. lyphj*g{l* F-lg t

SerraËia marcescens F-1ac

Proteus inconstans P-lac

$-galacËosidase

Tryptophanase

GalacËolcinase

1ac permease

Glycerokinase

L-<r, -glycerophosphaË e permeas e

Enzyme II of the fructose PEP
phosphotransferase system

L-arabinose peraease

D-serine deaminase

Thymidine phosphorylase

Threonine deaminase

Cyclic AI'IP phosphodies Èerase

GMP reductase

Chloramphenj-co1 acetyl
transferase

Galactokinase

L-arabinose ísomerase

ß-galactosidase

ß-galactosidase

ß-galactosidase

ß-galactosidase

97 ,L07

97 ,L3B,L40

L32-l.34

L34

t34,L42

L34

134

134

134

734

L4L

143

]-44

r4s

134

r46

134

134

134

134Aerobacter aerogenes
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nucleotide failed to sLimulate enz¡¡me production in cells in t¿hich mRNA

synthesis was inhíbited by rifarnpicin or by a change in the components

of the medium.

C. Enz)¡mes involved in Èhe metabolism of cyclic_AMP in bacterial systems

a) Adenyl cyclase. The formation of cyclic AlfP from ATP is caËalyzed

by adenyl cyclase, pyrophosphate (PPi) being the other product of Ëhe

reaction (equaÈion 1) " The activiËy of adenyl cyclase Ín uní.cellular

organisms ¡vas first demonstrated in 1965 ¡,¡hen }lirata and Hayaishi (147)

reporËed its presence Ín Ëhe soluble fractions of Brevibacterium

liquefacíens. The enzyme was partially purified (10O-fold) and was shown

to catalyze tlne formation of equimolar concenËraËions of cyclic AMP ancl

pyrophosphate frorn ATP (148). Both ATP and deoxyATP would serve as Ëhe

substrate for the enzyme (149) and its activíÈy was dependent on Mg2+

and an c-ketoacid, such as pyruvate (7471150). The apparent Kr for ATP

was 1 ml"I and thís value \^ras not altered by changes in Ëhe concentratíon

of pyruvaÈe in the reaction mÍxture. The enzyme rías inhibited by

p-chloromercuriben zoate 
"rra 

tni" inhibition l{as reversecl by $-mercapto-

eËhanol. Inhíbition was also observed r+ith dATP, AMP, dAMP, ÐP and GTP;

the inhíbitíon by dATP was competitive when ATP was Ëhe subsËrate.

Greengard, Hayaishi and Colorvick (15f) subsequently reported

that B. liquefaciens enzpe could cataTyze the reverse reaction i.e.rthe

formation of ATP from cyclic AMP and inorganic pyrophosphaËe. The equili-

brium constant favored the synthesis of ATP (K = 0.065 in the fonvard

direction). The reversibility of the enz)rme ruas, however, questioned more

recently by Cheung and Chiang (152) ruho vrere unable Ëo observc: ATP formation



-39-

\,¡ith the enzyüe isolated from the sane organism. This later claim rvas

discounted by Hayaishi, Greengard and Colowick (153) and by Takaí eË al

(154) who commented Ëhat sínce Cheung and Chiang (152) used very 1itt1e

enz)rme and a very loru starting isoËope level (461000 cpm), Ëhe formation

of 0.1"/" ATP under these condítions could have escaped detection.

In 1969, the presence of adenyl cyclase activity in E. coli was

simultaneously reported by Brana (f55), Ide (156) and Tao and Lipmann

(157). The er,zpe was eiÈher parËiculaËe (155,156) or parËially parti-

culate (157) and required ltg2+ for activity. The enzyme isol-ated by

Tao and Lipmann (157) was inhibited by NaF and by P?i with the inhibition

being particularly severe when boËh NaF and ?P1 were combined in the

reaction mixËure. The enzyme from B. coli was also Ínhíbited by

pyridoxal-P, oxaloacetate, pyruvate, aceLyl-P and ribose-5-P (156r158) ;

the inhibition by pyridoxal-P roas partially reversed by the addition of

lysine (158). Other inhibitors of the enzyme were, ADP, UTP, CTP, and

GTP! the latter nucleoËide producing competitive ínhibition. OËher

compounds, such as cyclic AlfP, cyclic GMP, glucose, acetate, succínate,

glucose-l-P, and glucose-6-P had no effecË on enz)¡me activity (158).

RecenËly, Ide (159) screened 21 strains of bacËeria for adenyl

cyclase activity and classified them on Ëhe basis of their solubility

and pyruvate dependence. Pyruvate-activated adenyl cyclase from

B" liquefaciens, l"licrococcus lysodeikticus, and Arthrobagteå globiformis

was found in Èhe 30,000 g supernatant while a similar pyruvate-stimulated

enzyme from A. citreus and If. flavus was found Ín the 30'000 g pelleË.

In Alkalingenes faecalis, Corynebacterium equi, Bn¡ínia caroËorrora, E. coli,

and Nocardia erythropolis, adenyl cyclase activity r,¡as found in the
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301000 g pellet, but iË was not stimulated by pyruvate. The enzyme

from N. erythïopolis required ltg2+ ot Mo2* for activity, ltn2+ being more

effective than Mg2+. The enz1.me was strongly inhibited by GTP, UTP,

CTP, IP, 3r-AMP, oxaloace.taËe and pyridoxal-P.

b) Phosphodiesterase" Cyclic AMP is degraded to AMP by cyclic nucleotide

phosphodíesËerase (equation 2) . In 1966, Brana and Chytil (160) firsË

reported the presence of this enzyme in the 201000 g supernatanË of E. coli.

Larer in 1969, Monard, Janecek and Rickenberg (l-61) prepared Ëhis enzyure

from a wild type sËrain of E. co1í (AB 257), sensitive to caËabolÍte

repression, and from two uutanËs (A¡ ZSTPc-1 
"nd 

LA-12G), resisËanË to

catabotiLe repression. They found that the degradation of cyclic AMP

required Ëhree differenÈ componenÈs in cell exËracts: component I

(160,000 g pe1let), conponent fI (non-díalyzable 160,000 g supernatant)

and componenË III (a dialyzable fracÈion) (161,162). Mutant ÀB 257pc-1

was defecËive in conlponent I, whereas the LA-12G mutanË was defective

in component If. The formation of component I was not significanËly

affected by Ëhe conditions of growËh. The concentration of componenÈ II

was higher in cells growa under eondi.Èions of severe catabolite repression

than in cells gro\fiì under conditions of 1ov¡ catabolite repression.

Cyclic AI"IP phosphodiesterase in g" ggli K12 was induced by cyclic

AMP (143) . The level of this enzyme was much lor+er in cells gror,rn in a

glucose-containing medium Ëhan in a medium rvith glycerol. However, the

additíon of cyclic Aì'{P Ëo the glucose medium resulted Ín an íncrease of

the enzyme to 1eve1 as high, or higher than that observed rvith glycerol"

The enzyme from E. coli, and from B" liquefaciens, r,Ias inhibited by

dipicolinic acid, a physiologically important meËal-chelating agent in
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spore-forming bacËeria (163). In some strains of E. coli (B and Crooke's),

the activiËy of Ëhis enzyne \ras either very 1ow or absent, while ín other

strains the activity of the phosphodiesterase rvas dependenË on the presence

of a reducing agent, such as mercapËoethanol and ferrous ions (7).

The acËivity of cyclic AIIP phosphodiesLerase lrras also found in

Serratia marcescens, A. cíËreus, B. linens, MicrobacËeriuu fl-avum,

E. carotovora and a nuriber of other organisms (159). The enzyme from

S. marcescens rdas purifÍed more Ëhan 1r000-fo1d from the 30r000 g super-

natarit fracÈíon and was shown to requiru ltg2* for activíty; Fe2+, C^2t

and Ba2* were stimulaËory (164). This enzyme was able to hydrolyze aIL

of the 3t 15t-cyclíc nucleoLides at a considerable rate. The enzyme r\ras

inhibiÈed by the 5'-deoxy-5'-(dihydroxyphosphinyl-methyl)-adenosine 3r-cyclic

esËer, theophylline, proflavÍne, 8-hydroxyquínoline, ADP, AMP, ATP, GTP

and UTP.

Cyclic AltP phosphodiesËerase activiËy has aLso been observed

in Saccharomyces carlsbergensis (165), in Ëhe cellular slime mold,

DicËyostelium discoideum, (166 ,L67) and in the acellular slime mold

Physarum polycephalum (168). The enzyme in S. carlsbergensis was inhibited

by ATP, inorganic polyphosphate and PPi, and v¡as activated by ì,f¡r2* ions

(165). In cultures of D. discoideum, Ëhe enzyme was found in Èhe culture

medium 
"rrd 

Mg2+ was required. for its activity (167). The Ç for cyclic

AMP v¡as 2 nrM and its actívity was noË inhibited by urethylxanthines, such

as caffeine. The phosphodiesLerase actíviËy was also found in the grorvth

medium of g. polycephalum culÈures; this enz)rme, hol+ever, \^Ias inhibired

by meËhylxanthínes and ATP (168).

c) Protein kinase. The activiËy of protein kinase has also been observed
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ín E. coli (169) and ín rtr.e acellular s1i¡ne mold, l. pg]yg=drglg (170).

rn E. coli-, the phosphorylation of histone by ATp v¡as increased about

3-fo1d by 0.7 ¡rM cyclic Al"p. kritrr the E. cori enzyme, the apparent K*

for cyclic A-LÍP was 0.2 UM. Trøo different protein kinases \reïe present

in P' polycephalum' one being activated by cyclíc AMp and another inhibited
by this nucleotide (170). rn the latter case, the phosphorylation of
casei-n by ATP was completely ínhibited by cyclic AMp at concentrations

above I nl'f. These two different protein kinases \À/ere readily separable,

the cyclic AlnP-ínhibited protein kinase being released readily from the

cells by mí1d homogenization, rvhereas the cyclic AMp-actÍvaËed protein
kinase \'Jas present ín extracts only after passage of cells through a French

pressure cell.
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I" BACTERIOLOGICAL

The procedure for the maintenance, groioth and harvesting of

SÈreptococcus salivarius (¿fCC 25975) \,rere carried out as described

previously by Hamilton (171). S. salivarius was routinely maintained
bin glucose-trf^tone-yeast extract (glucose-TYE) broth of the following

composítion: 10 g tryptorÌe, 5 g yeast exLract, 3 g K2I{P04, 1 g glucose

and 1 liter of deionized water. I{hile the daily rnaintenance cultures

r+ere incubated aerobically in 0.1% glucose-WE broËh, all experimental

cultures were incubated anaerobically in an atmosphere of 5% CO2 Ln

nitrogen. For Ëhe majority of the experiments reported here, the cells

rsere grovTn in 0.3% glucose-TYE broËh in.oculated wiËh an overnight

culture (about B-10 hr) gro\r'n in the same broth with 0.12 glucose.

Ce11s at Èhe desíred phase of growth were harvested by centrífugaËion

aË 15,000 g for 10 min at 4oC and washed once ín Tris-HCl buffer (50 ErM,

pH 7.5). The pellet obtained afËer further centrifugation was suspended

ín the same buffer at the appropriate ce1l concerrtratíon. The cell con-

centraËíon \.ÀIas determined by measuring Ëhe Èurbidity of cell suspensÍon

in a KletÈ-Summerson colorímeter containing a red filter (660 nn). A

sËandard curve had been prevíously established for KletÈ uníËs vs. rng

dry weÍghË of cell material-. One mg dry wt of S. salivarius contains

1.2? x 109 cel1s.

I]. PREPARATION OF CELL-FREE EXTRÀ,CTS

The major interest of the research outlíned in this

the isolation and characterization of adenyl cyclase from S.

thesis ¡,¡as

salívarius.

Since litLle ínformation \^ras aval1ab1e on the preparation of cell-free
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extracts from cel1 suspensions of the oral streptococci, it was

necessary initially Èo find a relatively efficienË method for ce11

disrupÈion. To this end, a number of methods \,Jere tested under various

conditions and the relative efficiency of each method measured by

deÈermining the protein concentration, and the specific and total

activitíes of adenyl cyclase. As shown in Table 3.1, maximum cell

breakage (i.e.¡maximum cell-free protein) r¡as obtained when cells were

disrupted by sonicat,ion with a Biosonik Ultrasonic Probe (Bronr+i11

scientific, Rochester, New York) for 30 min aË ooc in the presence of

5 prn glass beads in a ratio of 3:1 (cells to beads). Holever, Ëhe

maximum specifÍc activíÈ1, of the enzyme was found when the cel1s were

dísrupËed manually by grinding frozen cells (liquíd nitrogen) for 10 min

r¿íth an equal amount of alumina. The maximum toÈa1 activiËy was obtained

with extracts prepared from cel1s disrupt.ed in Ëhe French Pressure Ce1l.

Horvever, since reproducible resulËs were difficult to obtaín with the

French press and alumína grindíng methods, preliminary experimenLs

employed extracts obtained by Biosonik sonic disruption for 30 min at

OoC r,¡ithout glass beads. This method released a ïeasonable amount of

total enzyme activity and the adenyl eyclase activity in Ëhe 30r000 g

supernatanL was about 90"/, of that in the v¡hole homogenate.

At the laËer stages of this work, a Branson Sonifier (Heat

Systems Ultrasonic fnc; Plainview, New York) was employed for the

disruption of cel1 suspensÍ.ons. The efficiency of this ne\{er instrument

for the preparation of adenyl cyclase-conLaining extracts was determined

in a manner similar to that described in Table 3.1. As shown in Table 3.2,

this Sonifier produced extracts with protein concenËratÍons and total
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adenyl cyclase acËivity superior to most of the meËhods reported in

Table 3.1, particularly when glass beads r+ere employed. However, clespite

the improved cel1 breakage with Ëhe Branson Sonifier, Èhe specific

acËivity of adenyl cyclase in Ëhe resultant extracts were lorn' compared

to the extracËs prepared by other cell-disrupting techniques. As our

interest at Èhís stage was the purification of adenyl cyclase, the

increased Ëota1 activiËy obÈained wiÈh the Branson Sonifier r"as deemed

more useful Ëhan higher specific acÈivities ¡uith lower yields. Thus,

the purifícation of adenyl cyclase was undertaken rvith exËracts preparecl

from glucose-grovll cells disrupËed in the Branson Sonifier wiÈh 5 pm

glass beads in the ratio of 3:1 (cells to beads).

IIT. ENZYI'IE ASSAYS

A. Adenyl cyclase

The acËívíty of adenyl cyclase r.+as determined by measuring the

formatíon of radioactive cyclic AMP from 1abe1led ATP. The follorvíng

three different assay systems were employed to determine adenyl cyclase

activiÉy at different stages of the work.

a) Assay A: This system contained 2 rpto-32p-ATp, 2 uM MgC12, I d

Ëheophylline, 20 ïnM Tris-HCl buffer (pH 7.5), 9 mM NaF, SO Ug albumin

and enzyme in a final volume of 60 p1. NaF and theophylline were added

to this assay system to inhibit ATPase and cyclic Al'fP phosphodiesterase,

respectively. The other tr¿o radioactive substrates (i.e. 3H-ATP rrrd

B-l4C-A'fp) vrere also employed with comparable resulLs (Table 3.3). This
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TABLE 3.3

The activiËy of adenyl cyclase in crude extracts of S. salivarius
as measured rsitír 32P-, 3H- and l4c-ltbtlrealrp'

Sub s Ërate

Assav svstem 
"l*ï"::" o-32p-¿.rp 3r-¿,rp s-l4c-arp

A(-NaF)

A (complete)

B (complete)

4

3

J

15.ga

70"0

L6.7

15.5 16.1

68.7 69 . B

L6 .2 15 .9

a Enz¡rme uníts äre expressed as pmoles cyclíc At"p foriled/ng
proËein/rnin. All the figures are average of respective
number of experimenÈs '
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assay sysËem \,ras used ín all studies performed with crude extracts.

b) Assay B: This system \,74s similar to Assay A, except that the NaF

was replaced by an ATP-regenerating system consisting of 5 mM P-enol-

pyruvate and 5 Ug pyruvaËe kinase. The total volume of the reaction

mixture was 0.1 m1. This assay was used during the purification of

adenyl cyclase and was later replaced by Àssay C.

c) Assay C: This assay contained 0.6 nM B-14C-ATP, 2 nM MgC12, 1 DÞf

cysteine, 20 nI{ Tris-HCl buffer (pH 8.0), 50 Ug albumin and enzyme

in a final volume of 0.1 û1. This system vlas used in all studíes per-

formed rvith purífied adenyl cyclase foll-owing the deternination of the

optimal assay condiËíons. I{hen Ëhe assay was used ín kineÈic sËudies,

the ATP concenËration ranged between 0.16 rnM and 20 ml'í.

In all of the above assays, the reaction mixtures were incubated

for l0 min and the reactions terminated by boilÍng for 3 min under con-

ditions preventing evaporaËion. These and all subsequenL enzymatic

assays v/ere carried out at 37oC.

Cyclic AlrfP was isolaËed by two methods: (a) Initial assays

(with Assay A) employed a method similar to Ëhat of Krishna, I{eíss and

Brodie (L72). Prior to boiling, 0.1 ml of unlabelled cyclic AMP (5 mg/ral)

or a cycli. 3H-¿1,æ-carríer mixture (I2.5 mM cyclic AlfP, 40 mM ATP and

0.2 UC cyclíc 3n-¿rc (173))was added to each assay to be followed by

0.4 ml of rvater. The compleËe mixture rvas then applied to a column

(0.5 x 3.0 cm) of Dorvex 50-XB hydrogen form (100-200 uesh) and the nucleo-

tides eluted with water. The first 3.5 m1 of effluent, containing most

of rhe ATP and ADP, lvas discarded, while the nexË 3 m1 of effluent,
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containing most of the cyclic AMP (Fig. 3.1), was collected and subjected

to Ba(Ott)r-ZnSOO precipitation (172,L73)" The purified cyclic AltP frac-

Èion (3 ml) was counted in 17 m1 of Bray's solution (774) in a líquid

scinÈillation spectrometer (Nuclear Chicago }lodel 720 Series). The

eounËing effíciency of all 14C 
"r*ptes \¡Jas determined by the channels

ratio meÈhod; the standard curve ís shor¿n in Fig, 3,2.

The cycli" 3H-Al"P-carrier mixture was used only in early ex-

periments to calculate cyelic AlfP recovery rhun c-32P-ATP was employed.

as the substrate. In such cases, 3H and 32P *.re counted simultaneously

in separate channels of the spectrometer and the cyclic AMP recovery

calculaÈed by deterraíning Ëhe cycli. 3H-Alp present in Ëhe samples. fn

later experimenLs, cyclic AMP recovery r^ras calculated by measuring the

absorbance of the supernatant fluid at 260 nm and by using the molar

exËinction coefficienE for cyclic AIP (L4.6 x tO3) . The recovery of

cyclic AMP by both procedures vas 40-60%.

(b) In later experimenLs, the isolaËion of cyclic AllP was

accomplished by Ëhe paper chromatographic meÈhod of Drummond and Duncan

(175) modified for our purposes. In our assay, ZS Uf of unlabellecl cyclic

AMP (5 ug/ml) r^¡as added as carrier to each assay tube, contaíning 0.i- ml

of reacËion mixture, just prior to boiling. After cooling aË room tem-

perature, 75 VL of the clear supernatanË from each tube was spotted on

Whatman 3 Ißl paper and the chromatograms developed (ascending) in a

solvent system of 95"/" eËhanol-l ìl aromonium aceËaÈe (75:30) for at least

L2 hr at room teaperature. A typical chromatogram is shorvn in Fig. 3.3

along v¡ith the Rt values for adenosine, the adenine nucleotides and
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theophyllíne. The spoËs corresponding to cyclic AlfP r,¡ere located by

ultraviol.eË light, cut out and iunnersed in 18 ml of Bray I s solution

fo1lor¿ed by liquíd scintillation counËíng. Recovery from the paper lras

more Ëhan 97% vtítln the counting efficiency determined by Ëhe channels

raËio meËhod from a quenched curve deËermined specifically wit.h Whatman

3l"M paper (l'ig. 3.2). As shown in Table 3.4, the results obtained with

the above two methods of isolation Ì^¡ere very comparable.

The formaËion of ATP from cyclic AMP and pyrophosphaËe by the

reversal of the adenyl cyclase reacËion ¡,¡as cletermined wiÈh Assay C,

excepl that the ATP was replaced by 2 rnM cyclic 3g-¿f'P and 2 mM sodiun

pyrophosphate. the 3H-ATP formed in this system was isolated by two

meËhods: (a) by paper chromaÈography, as previously described, wÍth the

ATP spot being counËed rather Ëhan the spot for cyclic AMP, or (b) by

passing the reaction medium through a column (0.5 x 6 cm) of Dowex 50-XB

hydrogen form (100-200 rnesh) and eluting with water. In Lhe latÈer

method, the first 0.5 mJ. rvas discarded and the next l ml, which contained

BO-}O"Á of the toËal 3U-afU, r{as col-lecÈedl O"B m1 of this latter fraction

Ì{as counËed in 15 m1 of Brayts solutíon. Both meËhods gave identical

resulËs. ADP, SP and adenosine were noË formed in Èhis assay system

when tested by paper chromatography empl-oying Ëhe (ttH¿)2S04-sodiuru

acetate-isopropyl alcohol solvent system of Hirata and Hayaishi (148),

or a solvent system conLaíning isobutyric acid-NH4OH (concentrated)-

ÐTA(0.1 M)-warer (662I:1:32).

Adenyl cyclase activity in the fon¡ard or reverse direcLion

is expressed in nmoles of cyclic AMP or ATP formed/mg protein/mín,

respectively.
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TABLE 3.4

The effect of the column and paper chrornatographic methods on
the isolation of cyclic Aìß synthesized by adenyl cyclase

ín crude exLracts of S. salivarius.

Chromatographic method
Assay system Nurnber of

experiments Dorvex Paper

A(-war)
A (complete)

B (conplete)

2

2

1

16.ga

B3.B

L4.5

16 .3

83.9

14 .8

Al1 conditions \,¡ere as for Table 3.3.
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B" Guanyl cyclase

The activity of guanyl cyclase was determined by measuring

cyclic 14c-cl"p fornraÈíon fro* 14c-Gtp (176-178). The reaction mixture

conËained 2 urt l4c-crt, 2 D'ùl tlncl2, 5 mM Kct, l-0 uùf theophylline, 50 Ug

albumin, 20 mM Tris-HCl buffer (pH 7.5), 5 mM P-enolpyruvaÈe, 5 Ug

pyruvate kinase and enz¡rme in a toËaL volume of 0.1 rnl. The incubation

and isolation of cyclic GMP was carried out by the paper chromatographic

meËhod previously described for cyclic AMP. Enzyme actívity is expressed

as nmoles of cyclic GMP formed/mg proËein/min.

C" Cyclic nucleotide phosphodiesterase

The activity of cyclic nucleotide phosphodíesterase \,ras deËer-

míned by one of the following Ëhree assay procedures.

a) Assay A (P): This procedure r'7as essentialLy as described by Butcher

and Sutherland (18), Rosen G79) and Hirata and Hayaishi (148). In this

method, enz)¡rne activiËy was deLermined by convertíng the AMP formed from

cyclic AI"IP by cyclic nucleotide phosphodiesËerase to adenosine with snake

venom phosphomonoesterase (Na.je naja or Crotalus gtT"å) and assaying the

Pi released" The reacËion mixLure conËained 5 mM MgC12r2 aM cyclic AMP,

50 UC snake venom, 0.1 M Tris-HCl buffer (pH 7.5) and enz)rme in a total

volume of 0.2 ml. After incubation for 10 min, the reaction r¿as terminated

by boiling for 3 rnin under conditions preventing evaporation. The re-

leased P* \nras determined either by Èhe method of Chen, Toribara and I^Iarnert

(fBO) or by the method of Taussky and Shorr (1Bf), as ouËlined later in

this chapter.
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b) Assay B (P): I{ith this assay system, phosphodiesÈerase actÍvity v¡as

determined by measuring the disappearance of the radioacËive (3g)

subsËrate cyclic AMP. The reaction míxture contained 2 nrM cyclic 3H-Al,tP,

2 uM MgClr, 2 iol'f Al"lP, 50 ûM Tris-HCl buffer (pH 7.5) and enzyme in a

final volume of 0.1 n1. After incubatíon for l0 min, Ëhe reaction

was terminated by Ëhe addition of 0.1 ml ZnS04 (0.25 If) and 0.1 n1 of

Ba(OH), (0.25 M) to ïemove the reacËion product, 3H-AltP (I72,182,183).

After 5 min, the samples were centrifuged for 10 min at 31000 g and

0.1 ml of the clear supernatânt \,ras counted in 10 rnl of Brayts solution.

c) Assay C (P): This assay procedure was similar Èo Assay B(P) except

Ëhat the substrate and product \.Jere separated by the paper chromaÈographic

procedure described prevíously for cyclic AlufP (Fig. 3.3). The reaction

mixture contained 2 urM cycli" 3U-Alp, 2 mM MgC12, 50 nì'l Tris-HCl buffer

(pH 7.5) and enzyme in a final volume of 0.1 ml. Follorving an incuba-

tion period of 10 min, 25 p1 of a carrier mixt.ure (eyclic AMP, AMP,

adenosine - 5 mg/ml each) r.vas added to each tube and the reaction was

Ëerminated by boí1ing for 3 mín. AfËer cooling at room Ëemperature,

the samples were centrifuged for 10 urin aË 31000 g and 75 Ul of Ëhe

clear supernatant from each tube was spotted on 'l,Ihatman 3 ]ßI paper and

Ëhe chromatograms developed as described previously. The spots corres-

ponding to cyclic AMP, AMP and adenosine were located by W 1íght, cut

ouË and j-mmersed in 18 m1 of Bray's solution followed by liquid scintil-

lation counting.

In all cases, the efficiency of the assay procedure was tested

wiËh cyclic nucleotide phosphodiesterase from rat brain.
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D. ATPase, GTPase and pyrophosphatase

The activities of adenosine triphosphatase (ntpase) (EC 3.6.I.4),

guanosir-ie triphosphatase (GtPase) and inorganic pyrophosphatase

(EC 3.6.1.1.) were determined by measuring the P. released from their

substrates, i.e., ATP, GTP and sodium pyrophosphate, respectively (148).

For ATPase, the reaction mixture contained 5 nùf Mgclr, 5 ml't ATP, 0.1I{

Tris-HCl buffer (pH 7.5) and enzyme in a total volume of 0.5 m1. GTPase

and pyrophosphatase !/ere deterniined in a simílar manner, except Ëhat

5 rù GTP and 5 mM sodiurn pyrophosphate rvere used as the substrate, res-

pectively. In all cases, incubation r¿as for l0 min and the reaction i¿as

terminated by boiling. Enzyme activity is expressed as nmoles of P.

released/rng protein/min.

E" Glycogen phosphorylase

Glycogen phosphorylase r¿as assayed by measuring the incorporation

of glucos"-14a moiety from g1uco""-14c-l-p inËo glycogen (184,r85). The

reaction mixture contained 0.1 l'1 ß-glycerophosphate buffer (plt 6.8), I ml'f

1Lglucose--'c-l-P, 0.5 mg glycogen (Físher scíentific co., Fair Lawn, Ner.z

Jersey) and enzyme in a final volume of 0.1ml . Enzyme activity r,rith the

Fisher glycogen \üas same as that obtaíned r'¡iËh the glycogen isolated from

s. salívarius (186). The reacrion proceeded for 30 min and ¡,¡as ter-

minated by the addition of 1.5 url of 757" methanol conraining lz Kcl.

The precipitated radioacËíve glycogen \.ras then centrifuged at 3r000 g

for 10 min and the subsequent pellet dissolved in 0.2 ml of 0.1 It

glycine-NaOH buffer (pH 10.5) conraining 5 m}f ZnSOO and l0 Ug of
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alkaline phosphatase. This mixËure \{as incubated for 20 mín and Ëhen

the glycogen again precipitated by the addition of 1.5 m1 of the

methanol-KCl solution. The pe1let, obÈained after cenËrífugation, \{as

díssolved in 0.2 m1 of r,/ater, and the precípitaËion and cenËrifugation

steps repeated. The fínal pellet was dissolved in 1 m1 of \{ater and an

aliquot (usual1y 0.8 urf) added to 10 m1 of Brayrs soluËion for liquid

scínÈíllation counting. Phosphorylase acÈiviËy is expressed in nmoles

1¿Lof glucose-'-C incorporated into glycogen/mg protein/min.

F" Phosphofructokinase

Phosphofructokinase actÍviËy $las determined by measuring Ëhe

frucËose-!r6-P2 forured from fructose-6-P and ATP (65). The reaction

mixture contained 50 n'ùt glycylglycíne buffer(pH 6.9), 0.5 mM ATP, 1 mM

fructose-6-P, 50 nM KCl, 1 rnM MgC12, 10 mlf cysteine, 0.1 mg albumin and

enz)rme ín a final volume of 1.0 nl . After a.n incubatÍon period of 5 mín,

the reaction rvas ËerminaLed by adding 1 ml of. B% perchloric acíd. The

samples v¡erq then neutralized rvith 452 KOH and centrifuged at 3,000 g

for 30 min to remove the ínsoluble potassium perchloraËe.

The amount of fructose-l r6-P2 ín aliquots of the supernatanË

fluid was determíned by the enzymatic-fluorometric method of lulaitra and

Estabrook (187). The assay involved Ëhe conversion of frucËose-1,6-P2

to glyceraldehyde-3-P, dihydroxyacetone-P and finally to cl-glycerophos-
the

phate in presence of commercial aldolase, trÍosephosphate isomerase,

o,-glycerophosphate dehydrogenase and NADH. QuantiËation r+as obtained

from an internal standard of fructose-1r6-rZ. The decrease inthe

fluorescence rùas analyzed 1n a Farrand Ratio lìluorometer equipped rvith
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a nodified Heath rnodel EU-20B Servo recorder (Farrand 0ptical Co. , Ìft.

Vernon, Nerv York). The sËandard reacËion mixLure contained 20 rrù{

triethanolamine buffer (pH 7.6), 20 rn}{ KC1, 2 rnM I'lgCll, L5 ¡lm NA-DH,

10 Ug o-glycerophosphate dehydrogenase, fO Ug triosephosphate isomerase,

25 ltg aldolase and the appropriate amounL of sample in a final volume

of 1.0 nl. Enzyme activity is expressed as nmoles of fructose-lr6-P2

formed/mg proteín/min.

G. P-enolpyruvate phosphotransferase system (PEP-PTS)

The acËívity of the PEP-PTS for glucose Ëransport was assayed

"in vivo" wíth toluene-Lreated cells of S. salivarius according Ëo the

meËhod of Gachelin (1BB). The assay consisted of measuring Ëhe

L4C-2-d"oxyglucose-6-P formed by Ëhe Ëoluene-treaËed cells ín Lhe presence

of L4C-Z-deoxyglucose and P-enolpyr:uvate. Cells \,rere grorvn and harvesËed

as prevíously described and incubaËed in phosphate buffer (50 mM, pH 7.0)
1(,9

r,,r'"þ-resence of toluene (5 U1/m1) wiËh gentle shaking for 30 min. Folloru-

ing this, the cells r,¡ere incubated at a concenLration of 2 mg dry rvt/m1
I

in a reactíon m:'-xture conÈaining 5 n'Ài 2-deoxyglucosu-U-14C and 5 rnM

P-enolpyruvate in a final volume of 1.0 mJ.. Following incubation, Lhe

L4C-2-d,"oxyglucose-6-P forrned in the reactíon was separated from

2-deoxyglucose-U-14, O, Èhe method. of Romano eÈ al (189). In this meËhod.,

aliquots of the reaction mixture rvere applied to columns (0.6 x 3 crn) of

Donex l-XB, formate form (200-400 mesh) and. the substrate 2-deoxyg1r"o""-14c

eluÈed rvith 3 rnl of l,rater. The 14C-2-d.oxyglucose-6-P was then eluted

lrith 3.5 ml of 0.5 M ammonium formate in 0.2 M formic acid and collected

in liquid scinËi11aËion counting vials. After the addition of 16.5 m1 of
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Bray's solution to each vial, Èhe samples rrere counÈed in a liquid

scintillation spectrometer.

IV" ANAIYTICAL METHODS

A. Protein

Proteín v¡as deËermined by Ëhe method of Lowry et al (190).

To Ëhe samples containing 0-50 Ug of proËein (in 0.2 m1) was added 1 uI

of a copper sulfaËe reagent (a 49:1 mixËure of 2"/" Na2CO3 in 0.1 N NaOH

and 0.5% CuS04.5H2O Ln L% potassium sodium tartaraÈe). The resultant

solutions rvere mixed vigorously and then allowed Ëo sÈand at room tem-

perature for 10 min after whích 0.1 ml of 1 N phenol reagent was added

and mixed instantaneously. ÀfËer a period of 30 min, the samples rvere

read in a unicam sP 500 spectrophotomeËer at a wavelength of 600 nm.

Bovine serum alburuin was used as the proËein standard (Fig. 3.4(A)).

B. Phosphate

The amount of phosphate i¡as deËermined by trvo methods. In

initial experiments, phosphate ruas determined by Ëhe procedure of Chen,

Toribara and I{arner (180) (method I), whereas in later stages of the

work, phosphate was determined as described by Taussky and Shorr (181)

(ineÈhod II). Method II, although less sensÍtíve than method I, rvas

used in some situations because of its simplicíty and quick colour

development. Hor.rever, in experiments requíring greaLer accuracy, phos-

phate r,¡as determined by method I.
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a) Ilethod r. To the samples containing 0-0.06 ymole of inorganic

phosphate (Ín 0.5 m1), \,/as added 0.5 ml of a mixture of 0.52 arnmonium

molybdate-l.2 N I12SO4-2% ascorbíc acicl and the tubes ¡.¡ell mixed. The

tubes r+ere then covered ruith parafilnr and incubatecl at 37oC for at least

one hr. After cooling to room teniperature, Ëhe optical density of the

samples r,¡as determined at 600 nm in a Unicam SP 500 spectrophotometer. A

Ëypical standard curve for such a determination is shown in Fig. 3.4(c).

b) I'Iethod rr. i'lith this procedure, Fesoo.THzo rvas used in place of

ascorbíc acíd as the reducing agent. To the samples containing 0-0.4 pmole

of inorganic phosphate (in a volume of 2 ml with L2% trichloroacetic acid),

was added I ml of a mÍxture of. I% ammonium molybdate-l.O N H.SOh-5il FeSOO.7H20

and the tubes mixed instantly. After 5 min at room temperature, the optical

density of the samples ruas determined at 600 nm along with the appropriate

s randard (Fig. 3. 4 (E) ) .

C. Glucose assay

Glucose was determined by the glucose oxidase method of Kingsley

and GeËchell (191). Each assay tube conËaíned 0-10 ug of glucose in

0.2 ml, 0.8 url of peroxidase buffer reagenÈ and 0.I ml of glucose

oxidase (r0 mg/mr). The peroxídase buffer solution contained 0.42 g

K2HP04, 0.56 S KH,POO, 2.BI mg peroxídase and 2.Bl n1 of I% 0-dianisidine

(3',3r-dímethoxybenzidine) in a volume of 250 rnl. After incubatíon at

37oC for I hr, 0.4 ml of. 37.4"¿ H2So4 ivas added. and the tubes ¡vere allor¿ed.

to cool to room temperature. The absorbance of the samples were then read.

at 530 nm in a spectrophotometer. A typical standard curve is shov¡n in
Fie. 3.4(B).
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Glycogen assay

The concentration of the glycogen used in Ëhe glycogen phos-

phorylase assay was determíned by tire anthrone method of }lorris (L92),

rnodified by Sandham and Kleinberg (193). To the assay tube, containing

0-20 1tg of glycogen in 0.4 m1, hras added 0.8 m1 of freshly prepared

anËhrone reagenË (2 g anthrone in 1 litre of 95il H2SO4) and the contents of

the assay tubes mixed immediately. The assay tubes L'ere then placed in an

ice bath until the contents had reached room temperature and then heated

in boiling \rater bath for 6-8 mÍn r¿ith continuous shaking. Following

this, the Ëubes were again brought to room temperature in an ice baËh

and absorbance of Ëhe samples determined at 620 nm. The anthrone

standard curves for glycogen and for glucose are shown in Fig.3.4(D)

and 3.4(F), respectively

B" Quantítative analysis for cyclic AMP

In addition to determining adenyl cyclase activity in enzyme

preparations of S. salivarius, experimenËs were also desígned to measure

the cyclic AllP content in cells and in the ¡nedium únder a variety of

conditions. InÍtia1ly, the quanËitaËíve analysis of cyclic AMP was

carried out by the procedure of Brooker, Thomas and Appi-ernan (194r195)

(rnethod A), hoivever, this method r¿as replaced in later studies by the

more sensitive assay of Gihnan (196) (inethod B).

In method (A), the cells Tdere separated from the mediura by

centrifugation at 31000 g for 5 min at OoC. Following this, Èhe cells

r,Jere extracted at room Ëemperature Ín one ml of 1 N perchloric acÍd

containing a tracer amounË of cyclic 3n-¿¡æ. After a 30 uin period.,
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Ëhe sampl.es \{ere neutralized Èo pH 7.4 - 7.6 wíth K0H-triethanolamine

buffer (185,197) follor¿ed by rapid ÍreezLng and thawing. The clear

supernatant, obtained after removal of the cell debris and precipitated

KC104 by cenËrifugation, r'ras further fracËionated by passage through a

column (0.5 x 6 cm) of Dowex 50-XB hydrogen form (100-200 mesh). The

fractions (3.S - 6.5 nl) containing the cyclic AIUIP were subjected to

Ba(OH)2-ZnSO4 treatment as previously described (L72) and Lhe super-

natants, obtained after centrifugation, adjusEed to pH 8.0 The recovery

of the cyclic AllP following ËhÍs procedure was determined by counËing

an aliquot of the sample.

An appropriate aüount of each sample (maximum 50 pl containing

20 - 320 pmoles of cyclic Al"fP) rvas placed in a vial follor^¡ed by 50 p1

of a substraÈe-mixture consisËing of. 720 nlf Tris-HCl buffer (pH 8.0),

2.5 uM EGTA, 120 mM MgCl2 , O,Lz îrù{ 5'-A}P and 0.16 UM cyclie 3tt-¡¡æ

(about 101000 cpm). Similarly, 50 pl of this substrate mixËure r,¡as

added to vials conEaining sËandard amounts of non-radioacËive cyclic

AlfP (0 - 320 prnoles) in a volume of 50 Ul. The reacËion r¿as started

in all vials by the acldÍtion of 50 p1 of an enzyme míxÈure contaíning

rat brain phosphodiesterase (prepared by the procedure of Brooker,

Thomas and Appleman (195)), snake venom, Naja naja (1 mg/ml), bovíne

serun albumin (2 lr.e/nl.), 60 mM Tris-HCl buffer (pH 8.0) and 5 mM

2-mercaptoethanol. Suffícient phosphodiesÈerase r^tas added Ëo permit

Ëhe hydrolysis of about 40Z of. the cycli" 3U-Altp without the addition

of the non-radioacLive cyclic AMP. The reaction was sLopped afËer a

10 m1n incubation period by the addition of 0.8 nl of a slurry (50"Á

seËË1ed volume) of Dowex L-Xz, chloride forrn (200-400 mesh) and
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equilibrated for another 10 min. After the equilibration perlod, 10 m1

of Brayrs solution \,¡as added to each vial and the radj-oactivity counted

by Lhe liquid scintillation procedure. A typical standard curve for

knor,¡n amounts of cyclic Al'tP is shown in Fig. 3.5 (A) .

In later studies, the sensitive method of Gilman (196) (method B)

was employed for the quantiËative assay of cyclic AlnIP. Thís method is

based on binding competiËíon behueen known amounËs labelled cyclíc AMP

and unknoi+n quanËities of unlabelled cyclic AMP for a cyclic AIuIP-depend-

ent protein kinase. fncreased amounts of unlabelled cyclic AI'IP in the

assay mixture produced a linear decrease (on a log scale) in radio-
?

acÈíve ("H) cyclic Al"fP binding ro rhe proreín kinase (Fíg. 3.5(B)). The

proËein kínase and protein kÍnase ÍnhibÍtor preparations requíred for

thís assay \.rere prepared from bovine skeletal muscle as outlined by

Gilman (196).

This assay system was employed to measure Ëhe cyclic AMP content

in cells and ín the exLracellular medium separately. The cells were

separaËed from the medium by a rapid filtrarion procedure (<20 sec)

using CeliËe 503 as a filter aid. One ml of a 5% celÍËe suspension \^/as

spread evenly on a 0.45 pm Acropor fílter (Gelman Instrument Co., Ann

Arbor, Michigan) in a ìlillipore filter holder aËÈached Ëo a suctíon

flask. This amount of celiÈe prevenÈed cl-ogging of the filter by

S. salivariuq ce1ls and r+as suffícient to filËer up to 10 rng dry weight

of cel1s. After filtering the original volume of cel1 suspension, the

celíte-cell layer was rvashed i+iÈh 0,5 m1 of phosphate buffer (50 nrM,

pH 7.0) to remove the intercellular volume of medium. The filtrate

r'¡as collected in a test tube placed inside Ëhe sucÈÍon f1ask. The ce1ls
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I^tere exËracËed by adding 0.5 ¡n1 phosphate buffer and 0.5 ml of I N

perchloric acid to Ëhe filter-cell-cel-ite fraction in a centrl-fuge tube;

the extraction períod was 30 min. This extraction mixture was then

centrifuged and the clear supernatant \.ras subjected to Ba(OU)r-ZnSOO

treatment. as ouÈlíned previously. Following centrifugation, the super-

natant was adjusted to pH 4.0 for cyclic AMP analysis. The recovery

of cyclíc AllP through all these procedures tras more than 952.

The filtr¿ls : containing the extracellular cyclic AMP rnras

subjected only to Aa(OH)r-ZnSO4 Ëreatment foIlor¡ed by pH adjusrment. In

certain cases ¡n¡hen Ëhe cyclic AllP content of the fíl:rate was l_ow, the

samples !¡ere concenËrated to dryness by flash evaporation. The dried

samples r.¡ere usually dissolved in one-tenth of the original volume with

50 mlf sodium acetate-acetic acid buffer (pH 4.0) before analysis.

The cyclie AMP in both sample types was assayed with a standard

binding reaction mixture containing50 ilù{ sodium acetaËe-acetíc acid

buffer (pH 4.0), 20 nl"I cyclic 3g-a¡æ (15,000 - 20,000 cpm) sufficíenr

proËein kinase (binding protein) ro bind 30-4a"Á of the nucleotide,

enough protei.n kinase inhibítor to give maximal activation of the

nucleotide bínding Ëo protein kinase, and standard or sample cyclic AIIP

(unlabelled and in the range of 1-20 pmoles) in a final volume of 0.1 nl.

Reactions r¿ere ahvays started by Lhe additíon of Èhe proteín kinase and

terminated afËer a 60 rnin íncubaticn period at 4oC by the addítion of

1 nl of cold phosphate buffer (pH 6"0) " The samples \47ere then filtered

Ëhrough a 0.22 J.tm cellulose-ester f il-ter (ltiltipore GSi.rP) previously

rinsed ¡+ith the same buffer. The filters, no\^/ containing the cyclic

AMP-protein kinase complex, v¡ere v¡ashed r"ith approximately 10 m1 of the
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phosphaËe buffer and then placed in a counting vial with 3 m1 of methyl

cel1oso1ve" The vials rvere Ëhen shaken until the filËers \,rere dissolved

and 10 n1 of a scinËilIation mixLure (4 e PPO, 50 mg POPOP in 1 lirre

of toluene) subsequently added to each vial for liquid scintillation

counting. A typical sËandard curve for known amounts of cyclic AIÍP is

shorvn in Fig. 3.5 (B) .

F. Disc gel electrophoresis

Disc ge1 electrophoresj_s r,ras carried out by the meÈ.hod of

Ornstein (198) and Davis (199), as modified by Kapitany and Zebrowski

(200). Acrylamide gels (7%) were used and stained, just. afËer the

electrophoresis, with 0.52 Amido Schwart.z solution for one hr and '.vere

then destained electrophoretically.

IV. DATA PROCESSING

All of Èhe resulËs presented in this thesi.s are the average of

aË least duplicate determinations. All kineÈic daËa in double recipro-

ca1 plots of L/v and 1/s (201), in Dixon plots (202) of. L/v againsr

j-nhibitor concentratíon, in Hill ploËs (203), and in slope and íntercepË

reploÈs (2041205), rvere subjected to linear regression and correlation

analysís rvith a program for the olivetÈi-underwood Programma 101.

Correlation coefficients \{ere never less than 0.96. Basic statistical

ealculaËions, such as esËj-mation of standard errors, cal-culations of

analysis of varíance and studentrs Ë-test, \^/ere also carried out rvith

suitable programs 
"
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V. I'ÍATERIAIS

All radioactive compounds \tu?ere purchased from either Inter-

natíonal Chemical and Nuclear Corporation (Cíty of Industry, California)

of Nerv England Nuclear Corporation (Boston, Massachusetts), and t+ere

purified, when necessary, by suiËable chromatographic methods. All

nucleoÈides, glycolyLic intermedíates and commercial enzl'mes used ín

this study \.zere purchased eiÈher from Boehringer Mannheim Corporation

(Ner,¡ York, N.Y.), or from Sigrna Chemical Co. (St. Louis, Missouri).

Cyclic AMP and Aquaeide I were purchased from Calbiochem (La Jo1la,

California). RNase, DNase and snake venom (N"i_C-naja or Crotalus "tr"")
were obËained from Sigma Chemical Co. All other chemicals were of

reagenË grade.
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INTRODUCTION

Adenyl cyclase catalyzes the formation of cyclic AMP and inorganic

pyrophosphate from ATP (equaÈion 1). The enz)'rne is widely distributed in

animals (L7,L75,183,206-234), higher plants (235,236) and in bacteria

(148,155-L59 1237). In mammalían systeuq evidence suggesËs that Ëhe enzyme

is particuLaterbeing found in ce11 membranes (209,2L1-2LB), in mitochondria

(209-2LI,277,225) and in the nuclear fraction (233,234).

Adenyl cyclase actívíty in bacËerial sysËems has been found both

in partÍculate (155-159) and in soluble fracËions (148,157-159). The enz¡rne

from the soluble fraction of BtgyiÞgs!=I¿gm liquefaciens was shown Ëo

require both Mg2+ and pyruvate for activity (148). In E. coli, Mg2+-depend-

ent adenyl cyclase acLivity was either partículate (155,l-56) or partially

parËiculate, being easily solubilized by buffer extractíon (157,158). The

B. colí enzyme \.ras inhibited by NaF and inorganic pyrophosphate (157), as

well as by AlP, UTP, CTP, GTP, oxaloaceËate, pyruvate and pyridoxal-P

(158). Similarly, Ëhe enzyrne in B. liquefaciens rvas inhibited by AMP, dAlIP,

ADP, dATP and GTP (148).

More recently, Ide (159) demonstrated adenyl cyclase activiËy in

2l- strains of bacteria and classified the enzyme from these strains on

the basis of their solubility and activation by pyruvate. In this study,

the enzyme from Nocardia. erythropolis was studied in detail and, like the

enzyme from E. coli, r^ras strongly inhibited by various nucleoside

triphosphaËes, oxaloacetate and pyridoxal-P, but was unaffecËed by NaF.

fn the present study, the properties of adenyl cyclase in crude

extracts of S. salivarius are ouËlined as well as the proËoco1 for the

purificatíon of Ëhe enz¡rme from the soluble fracLion" The purified enz¡rme
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T'¡as then subjected to kinetic analysis follor.¡ed by a detailed study of

the effects of various cellular constiËuents, such as nucleotides and

glycolytic intermediates, on the actívity of Ëhe enz)¡me.

II. CRUDE EXTRÀCT STIID]ES

Unless otherwise indícaÈed, all studies with crude extracËs of

S. salivarius were performed on the 30r000 g supernatant fracËion obtained

following dísrupÈion of washed, glucose-grown cells ín a Biosonik sonic

oscillator for 30 min aË OoC. Assay A r,¡as used to measuïe adenyl cyclase

actívity in Ëhese crude preparations.

A. Enz)¡me acËivity during grorvth

As preliminary step Ëo enz)rme purificaËion, the activity of

adenyl cyclase r^Ias assayed in crude exLracËs prepared from cells obtained

at dífferent phases of grovrÈh. Maxímum adenyl cyclase actívity was

observed in ce1ls harvesËed ín Èhe laËe exponenLial or early stationary

phase of rhe gro\,ith rvhen Ëhe exogenous carbon source (glucose) rvas almost

depleted (Fig. 4.1). In Ëhj-s thesis, all- studies on adenyl cyclase rùere,

therefore, performed with enz)rme preparatíons obtained from cel1s in the

early sËaËionary gro\.Jth phase.

B. Subcellular distribution of enz)rme acÈivity

In order to deternine rvhether adenyl cyclase activity in

S. salivarj-us rqas associaËecl r+ith particulate or soluble fractions, a

crude extract, prepared from scnically disrupted cells, \,Jas fractionated

by differenËial centrifugation. The extracÈ r,¡as centrifuged ín a stepwise
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fashion at 10,000, 30,000 and 50,000 g for 15 min each and aË 100,000

for I hour at OoC. The maximum specific enzyme activity was observed

the pe1leË obËained betr¿een 30,000 and 50r000 g, although the total

activity was maximum in Ëhe 100,000 g supernatant (Fig. 4.2). Enzyme

acËívity in Ëhe v¡hole homogenate (i.e., sonícally disrupted cell suspension

before eentri-fugation) \,ras very low and the total enz)¡me activiËy obtained

in the differenL fractions was higher than ÈhaË observed rvith toËal ruhole

homogenate. Thís was probably due Èo Ëhe presence of interfering material

in the whole homogenate. As will be shown laËer, a similar increase in

ËoÊal enz)¡me acti-vity v¡as observed during ammonium sulfaÈe fractionat,ion

of Èhe enzyme.

As shoi¿n above, the major portion of the adenyl cyclase activity

$ras associated with the soluble fraction of the cell and for this reason

ínitial studj.es rvÍËh crude exËracts employed Èhe 30,000 g supernaÈanË

fraction.

C. Optimal condiËions for enzyme assay

Prior to enzyme purífication, Ëhe opËimal conditions for adenyl

cyclase acËivity rvere deÈermined with respecË Lo time of incubation,

protein concentration and pH of the reaction mÍxture. Employing Assay A,

cyclic Al'fP formation v¡as shor¿n to be almost linear for 10 min wíth crude

extracts of S.. salirzarj-us (Fig. 4.3(A)). Adenyl cyclase activity r¿as also

proportional to proLeín concenËration r,¡iËh a distinct change in slope

beyond 0.2 mg protein (FiS. 4.3(B)). This latter effect was probably due

to Ëhe presence of increasing concentrations of ATPase in the crude extract.

The amount of this substrate-degrading enzyme aÈ high protein 1evels prob-

ably exceeded the effective concentration of NaF in Ëhe assay mixture

6

in
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Fig. 4.2, Adenyl cyclase activity ín the r+hole homogenate (l{H)
of S. salj-varius and in various fractions obÈained by.. -=differential centrifugation. The crude extract \,¡as
prepared frour 200 mg dry wt ce11s and the Èotal enz¡¡me
activity calculated from the protein content of those
ce11s. Assay conditions as for Fig. 4.1.

=
O
cf

()
E
Nr
q)

o
bt-

30



.E a) o L- O
.

(f
"f E U
)

C
J o E 5 0_

1,
6

1,
2

o,
E

O
,4

.: () ðo

.E E a (l) o r l: o-

F
ig

. 
4.

3.
 

E
ffe

ct
 o

f 
tim

e 
of

 i
nc

ub
at

io
n

ac
tiv

iÈ
y 

of
 a

de
ny

l 
cy

cl
as

e 
in

24

M
 in

ut
es

t6

(A
) 

an
d 

pr
ot

,e
in

cr
ud

e 
ex

tr
ac

ts

o,
2

P
ro

ïe
in

 (
*g

 )
C

O
nC

,

of
S

o,
4

en
tr

al
io

n 
(B

. 
sa

l-i
va

riu
s

o,
6

on
 th

e

I ! @ I



-79-

(see D belor.i) " Although the presence of cyclic nucleotide phospho-

diesterase in the extracts could have accounÈed for this effect, subsequent

study demonstrated that this enzyme is absenË in S. salivarius (Chapter 5).

Based on these findings, all assays wiËh crude extracLs vrere carried out

wíth less than 0 .2 ^g 
pïotein for an incubaLion períod of 10 min.

Attempts to find the optimum pH for adenyl cyclase activity were

carried ouË aÈ pH values ranging from 4 to 11. Surprísing1y, no single pH

optimum v¡as observed for t.he enzyme in crude extracts since the acËivity

increased and decreased at three dífferent pH values, 5, B, 10, as shown

in Table 4.1. These results could have been caused eiËher by the presence

of interfering enzyme(s) in Ëhe crude extracÈ, as mentioned above, or by

the presence of more Ëhan one enzyme or Ísozyrne, each enzyme having a

dífferent pH optinum" Since reasonably good activity ru'as obtained between

pH 7 and pH B, all assays rvith crude extracts used Trís-HCl buffer aL

pH 7.5 .

D. Effect of NaF

NaF is an activator of adenyl cycJ-ase ín mammalia.n systems

(L7,775,238-244). This compound also activated adenyl cyclase activity

ín crude exÈracÈs of S. salivarius with the maximum stimulation of Èhe

enzyme being observed with 20 mM NaF (Fig. 4.4). The maximum activation

observed i¿ith this compound, howerzer, varied from experimenË to experiment

normally ranging f.rom 2.5 - 9-fo1d. This variation may have been due to

different amounts of ATPase acËivity in the dífferent crude extrâct

preparations" ATPase actívity in such preparations \{as inhibiËed 307" by

10 mM NaF. As will be shor¡n later, NaF aLso had a direcL acËívating

effect on S. salivarius adenyl cyclase.
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TABLE 4.1

Ëhe activity of
ext::acts of S.

adenyl cyclase in the
salivaríus.

pH Enzyme activity

16 .04

42.9

7r.2

31.7

39.2

2L.2

30.4

23.0

Adenyl cyclase acËivity rvas deLermined wiLh Assay A. The buffers
used r¿ere sodium citrate-citric acid (pH 4-6), Trís-HCf (pH 7-9),
Glycine-NaOH (pH 9-11). Enzyrne actívity is expressed as pmoles
of cyclic AMP formed/uig protein/rnin.

10

11
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o,oE

o,c4

Fig.4.4"

20 4C

NcF (mM)

Effect of NaF on the activity of S. sal-ivarius adenyl
cyclase in crude extracËs. Assay A ras .r""d 

"*".ptthaË the NaF concentration r+as varied as indicated.
Enz¡rme units (v) as in Fig . 4.I
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F Enzvme sËability

Adenyl cyclase acËiviËy in cell-free extracts of S. :gli:arjgg_
prepared by Biosonik sonic disrupËion was unstable, losing all of íts

activity in about 40 days even after storage at -70oC (Fig. 4.5). Atteupts

were made to stabilJ-ze enzyme activity by adding, to extract preparaËions

stored at -7OoC, various reducing agenÈs (10 ûM) such as, mercaptoethanol,

mercaptoacetíc acid, cysteine, dithiothreitol and glutathione. The agents,

horvever, failed to protect enzyme activiËy regardless of r¿hether the

extïacts were kept frozen until use, or frozen and thawed at OoC aË differ-

ent time intervals (Table 4.2). In fact, adenyl cyclase activity in fresh

ce11-free preparations was inhibiËed iniÈial1y by all of the above reducing

compounds, except mercapÈoethanol and mercapËoacetic acid. Despite this

fact, hor¿ever, the acËivity of Èhe preparations ËTeated with mercapto-

ethanol and mercaptoacetic acid decreased aË the rate of abouË 3% a day,

while the conËrol extracË decreased aË a slightly fasËer rate (4%). Lrhile

the aderryl cyclase actívity decreased at a sloroer raÈe (7-2it a day) rvith

diËhiothreiËol and cysteine-treated extracË preparaÈions, the initíal

activiËy with these compounds was only 53% and 591l of the control acËiviËy

ín fresh preparations, respectively. The Ínitial activity of adenyl

cyclase in the presence of 10 rùi glutathione was only 64% that of the

control acËivity.

Subsequent partíal purification of Èhe enzyme (60-fo1d) through

DNase treatment, ammonJ-um sulfate fractÍonation and gel filtraLlon on

Sephadex G-50 produced preparations rvhich vrere very sÈab1e, losing less

than 17" activity in 38 days i,rhen sËored at -70oC (table 4.3). Lyophilization

of this partially purified enz)¡me caused an initial loss in activíty as

well as decreasecl stabilÍty at -70oC. The results obtained rviËh crude
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TABLE 4.2

Stability of adenyl cyclase in crude ce11-free preparations of
S. salivarj-us stored ín preserrce and absence of various

reducing agents at -7OoC.

Reducing agenÈsa Enzyme activity Percent
loss activiËy

Initial After 20 days

None

Glutathione

MercaptoaceËic acid

Mercaptoethanol

Cys teine

Dithiothreitol

91. Ob

58.0

9s .0

87 .0

s4.0

48.0

17 .0

1_5 .0

29.0

41.0

35 .0

32.4

81.3

74.L

69.s

52.9

35.2

33.3

Final concenËration rvas 10 nü.

Enzyme acËívity is expressed as pmoles of cyclic AllP formed/nig
protein/min.
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TABLE 4.3

Comparative stability of adenyl cyclase in crude extract and partially
purified (60-fold) preparations of S. sallver:þq.

Enzyme actívity Percent loss
Initial After 38 days activity

Crude

Control 914

-È Mercaptoethanol
(10 uM)

9B

90B7

Purifíed

Lyophilized

Frozen (-7OoC)

37 40

5820

L270

5810

66

<1

a Enzyme activity is expressed as pmoles of cyclic AI"IP formed/mg
protein/min "
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extracts, stored r¿ith and r¡iËhouË mercaptoeÈhanol, are also shown in this

table for comparison.

III. PUR]FICATION OF ADENYL CYCLASE

A. Crude homogenate

For Ëhe purpose of enzyme purification, adenyl cyclase r.]as always

prepared from early stationary phase cells of S. salivarius (Fig. 4.1). The

ce11s were disrupted r,¡ith a Branson Sonifier in the presence of 5 Um glass

beads for 3 min aË OoC; the ratio of cel-ls to glass beads was 3 to 1. The

supernatant obtained after cenËrifugaËj.on of these sonically disrupted

cells aË 21000 g Ìüas considered the crude homogenate. Since the crude

er,zyme was unsËable even in Èhe presence of reducing agents (fa¡fe 4.2)

but rvas stable ín more purified form (TabLe 4.3), purification procedures

rvere initiated irnnediately after cell breakage in Ëhe absence of a reducing

agent. Assay B, vrhich contained an ATP-regeneraËing s)¡sten, r¿as used to

measure adenyl cyclase activity at all steps of the purification process

except r,¡ith Ëhe enzyme preparations obtained after ge1 filtratíon on:

Sephadex G-200. These latter samples \üere assayed with Assay C, which

contained no ÀTP-regenerating system, sínce it r+as subsequently shor.rn that

these fractions \{ere de\¡oÍd of ATPase actívity.

Centrifugation at 100,000 g_and l¡gse_llgatger!

Further centrifugations of the crude enz)¡me at 1001000 g for

min resulted in the removal of 407 of. the total protein with retentíon

B.

90
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of approximaÈely BO"l of. the adenyl cyclase activity in the supernatanË

(table 4.4) . Incubation of the supernatant r,¡ith DNase (10 Ug/ml) and

2 mM MgCl, for 30 min at l:oom temperaËure resulted in increased specific

actívity upon dialysis. The dialyeed, DNase-treated preparatÍons had

increased enzyme activity rohen compared Ëo thaÈ of the non*día1-yzed samples

indicating that nucleotides lost duríng díalysis probably inhibiËed the

enzyme. Furthermore, RNase or proEamine sulfate t.reatment of the 100,000 g

supernatant alr+ays resulËed in loss of enzyme activity even afLer dialysis 
"

Therefore, only DNA r¿as removed at Ëhis sËage.

C. Anunonium sulfate fractionaËion

AfËer DNase treatmenË, the extract was brought to 45% saEuration

rviÈh ammonium sulfate and the pel1et, obtained afLer cenËrifugation at

20,000 g for 10 mín, was discarded. The pe11et, which r.¡as obLained after

further precipítation to B0Z saturaËion and which contained most of Èhe

enzyme, was retained and díssolved Ín Tris-HCl buffer. A typical profí1e

of the adenyl cyclase activity in the various ammonium sulfaËe fractíons

is shorvn in Fig , 4.6. The enzyme at Ëhis sÈage was stable for at least

tr¡o weeks at -70oC. Surprisingly, when the adenyl cyclase acËivity of

Èhis preparaEion \^zas assayed. afËer dialysj-s a 6-fold increase in total

acËiviËy was observed ín spite of a 40% reduction in Lotal proteín

(table 4.4). The same results v¡ere obtained on 4 diffeïent occasions.

Tao and Lipmann (f5i) reporËed similar results r¿hile pulifying adenyl

cyclase from E. coli, indicating the presence of inhibitors or inter-

fering proteins in extract preparations of both E. colí and S. salivarius.
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Gel filtration

Five m1 (approximately B0 mg protein) of the 45 - B0'/" ammonium

sulfate fraction r^ras applied to a column (5.0 x 85 cm) of Sephadex G-200

which had been previously equilibrated with Trís-HCl buffer (50 ÐM, pH 7.5).

The colurnn LTas run in the ascending directi-on at a flor*r rate of 12 ml per

hour r+ith the same buffer. The enzyme \¡ras recovered in three dístínct

peaks (I, II and III) ín 1or,¡ protein fracrions (Fig. 4.7), The fractions

j-n eaeh peak tvere pooled, concentrated rvith Aquacide, and sËored separately

ín snall aliquots at -7OoC afËer overnight dialysis. High enzyne specific

acËívities \,¡ere alrvays obtained in each peak when sma1l anounts of proteín

in sma1l volumes rvere applied to Ëhe column. Higher proËein concentrations,

on Ëhe other hand, resulted in a 2 - 3-fold decrease in Ehe specific

activity.

Further purÍfication of enzyme III by ion exchange chromato-

graphy on DEA-E-cellulose or Clf-cellulose always resulted in inactivation

of the enz)ime. Therefore, all further studies \,Jere carried ouË on the

enzymes obtained afler Sephadex G-200 gel filtration.

IV. PROPERT]ES OF PURIFIED ADENYL CYCIASE

A. fnterfering enzymes

The activity of all i-nterfering enzymes

inorganic pyrophosphatase and guanyl cyclase r+as

As shot¿n in Table 4.5, adenyl cyclase activíty in

from gel filtration on Sephadex G-200 r,¿as free of

except guanyl cyclase. The specific activity of

, i.e., ATPase, GTPase,

determined aË aIl steps.

the three peaks obtained

a1l of these enzymes,

this enzyme in the three
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peaks increased 30-fo1d compared to its activíty in the crude extract e

while the total activity ranged from 2.7 - 6.7"¿. As rn'il1 be shorvn later,

Ëhis actívity may have been due either to natural contaminaËion of the

preparations rvj-th this enzyme or simply represented the non-specific

activity of adenyl cyclase. The homogeneity of the protein ín the peaks,

as tested by disc gel elecËrophoresis and Amido/Schr'tartz sLaíníng,

increased from peak I through pealc III (Fig. 4.8). This latter peak rvas

essenËial1y pure, being contaminated r^¡iËh t\^/o very lighË and well-separ-

ated bands. I,,lhile peaks I and II each contained f ive contaminat,ing bands,

peak II had much less protein in these bands than did peak I.

Stab ility

Adenyl cyclase from al1 three peaks \^ras very unstable at 4oC and

1osË more lu1nan 90"1 of the original acËiviËy in about 2 v¡eeks. Storage at

-70oC reduced the rate of loss in actir¡ity such that 3 months was required

to reach Èhe same level of inactívation. fn order to reduce this 1oss,

various reducing agents rve¡e tested for their ability to prevent inacti-

vation at -70oC. Of the agents tested, cysteine (5 or 10 nM) was the uost

effective for al-l three preparatíons (table 4.6) . Mereaptoacetic acid was

equally effective for the enzyine in peak I, but less saÈisfacËory fo¡ Ëhe

enzyme ín peaks II and III" The other reducíng agents tested were much

less effecËive. Liith this in mind, all enzyme preparaËions were stored.

r+ith 5 rnM cysteine at -7OoC. Unlike their effect on crude extïact

preparations (talle 4"2), these.educing agenËs did not inhibit the activity

of the purified enzyme.
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Fig. 4.8" Electrophoretic pattern of the proteins contaíned.
in the three different pealcs of adenyl cyclase activiËy
obtaíned after gel filtration on Sephad,ex G-200.
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Effect of sulfhydryl reagents
in the three enzyme peaks

-96-

TABLE 4.6

on Lhe stability of adenyl cyclase
elutíng from Sephadex G-200â.

Additíons ConcenÈration
Percent actívity after 3 months

Peak I Peak II Peak III

rnlf

None

Cysteine

Mercaptoacetic acid

DíthíoËhreiËo1

Reduced glutathione

Ifer cap to ethano 1

1

5

10

10

5

10

5

10

B

79

100

99

51

101

100

11

77

101

100

10

7L

101

ro2

26

52

63

I

5

10

L6

25

15

20

10

29

53

7s

B6

23

33

15

26

11

13

22

27

L2

22

10

20

The enzyrne in all three peaks \{as concentrated rvith Aguacide
after G-200 Sephadex chroma-tography and stored aE -70"c with
and withouË sulfhydryl reagents. Inítial activity deÈermined
without sulfhydryl reagent rvas taken as L007..
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C. Op t ima 1 c o n d i t_r ogs_lg_1_gfg_ _p ur i f i e d en z yme

The reaction velocity of adenyl cyclase in all three prepara-

Èi-ons r^ras linear at enzl'rne concentrations up to at least 1.75 ¡-tg proteín

(Fig. 4.9(A)). At this enzlme- level, the rate of cyclic AlfP formation

was linear for 20 rnin (Fie. 4.9(B)). Thus, all assays employed less than

1 pg of enzyme for an incubation period of 10 min.

As shown previously (table 4.1), the optirnum

was dífficult Ëo establish i+iÊh crude exÈracts probably

theophylline rvere present in the assay sysLem (Assay A)

Ëhe purified enzyme in peaks I, II and fII was assayed

pH, much elearer resulÈs were observed (Fíg.4.10). The

II and III r,¡as optimum aÈ pH 8.0, rvhi-le Ëhe optimum for

betrr'een 7.0 and 7.5. Maximun activity at 8.0 has been

erythrocyte adenyl cyelase (183), ruhile the optima for

Like the

adenyl cyclase from

enzyme in animal tissues (L7

S. salivarius \{as activated

pH for Èhe enz)'me

because l.laF and

. Hor^¡ever, when

as a function of

activity of enzymes

enzyme I r.¡as

reported for frog

E. coli (155-157)

,I75,238-244) , the purifíed

by NaI. As indicated

and B. liSle.lg"igl¡- (148) ¡,¡as betrreen pH 9 and 10.

The enzyme had an absolute requírement for a divalent ion i.¡ith
)r 2+either ìlg-' or I'ln- salts satisfying this requirement (table 4.7). No

detectable actívity Ì,Jas observed ivith Ca2* , Zn2* , Ba2* and only partial

activity rvith Sn2*. At a fixed concentration of ATP (2 ralf), the optimum

'')rIIg'' concentration r¡as 2 mM for each of the three erlzyme preparations

(Fig. 4.11), suggesting that the acÈua1 substrate for the enzl-rnes Ís MgATP.

NL

The apparent IÇ f or Mg-' was 1.12 mM, 0. 89 and 0.63 !'ù{ f or the enzyme

in peaks I, II and III , respectirzely.

D. NaF activation
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Fig. 4.9 . A. Effect of proEein concentration on adenyl cyclase
activity in peaks I, II and III obtained from Sephadex
G-200 column chromatography. Incubation time:
(-O-O-)-5 min, (-æ-e-;-10 min.

B. Effect of incubaËion time on adenyl cyclase
aetivity in peaks I, II and III. Values índicate the
amount of protein used in each reaction mixËure.

Assay C rvas used in all cases.

A,
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ro

pH optina for the purified adenyl cyclases in the peaks
I, II and III follor.¡ing Sephadex G-200 chromatography.
All reaction constituents \.Jere prepared in buffer at
Ëhe desired pH. The assays r.Jere carried out with
Assay C, except that the buffer concentration rvas in-
creased from 20 r¡ùl to 40 nùf. Tris-ß-glycerophosphate
buf fer was used betr¿een p}l 6 and 7, r+hereas Tris-HCl
r¡as used from 7 to 9.5. The activity at pll 7 r+ith
boËh buffers r¿as the same.

to

B

Hp

Fie.4.10.

Peak lll
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TABLE 4.7

Effect of dívalent ions (2 uùl) on Lhe activity of
purified adenyl cyclase from S " salivarius .

Divalent ions

Enzyme actívity

Peak I Peak TI Peak IIf

MgCL,

MnC12

ZnSO,
t+

BaCL2

CaCL2

SnC1,

3.BA B.B

4.L

0

0

0

0

9.0

0

0

0

2.2b

1s.B

1s .9

0

0

0

7 .7b

a Enzyme activity is expressed as nmoles cyclic ANP formed/rng
proteín/min.

b PrecípitaËe formed during assay.
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Peok llllbr À-

vB

l0

Mgz"(mM)
Fig" 4.IL Effect of. Itg2+ "orr"urrar"tíon on the activity of the

purifíed adenyl cyclases from S. salivarius. The
enz)¡me activity was detemittuaiittr arsay C except
that the buffer for the peak I assay \^ras at pII 7.5
instead of pH of 8.0. Inset diagrams are the corres-
ponding double reciprocal p1ots.

Peok I
Km=l,12mM

Km=0,63mM
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previously, NaF was routinely added to Assay A to inhibit Â.TPase r¿hen

crude S. salívarius extracts \.,/ere used. However, when an ATP-regeneraLing

sysËem (P-enolpyruvate-pyruvate kinase) rrras íncorporaÈed ínto the assay

method (Assay B), NaF activation \{as sËi11 observed with crude extracts

suggesting Ëhat NaF had a direct effect on the enzyme. This activation

rvas confirmed r,rith the purified enzyme in peaks I, II and III' which,

as shown in Table 4.5, contained no ATPase activity. Optinum activation

of the enzyme in these peaks was obtained at 20 mM NaF (Fig. 4.L2). This

is Ëhe first report of a bacterial adenyl cyclase being activaËed by NaF.

The activation was specific for the fluoride ion since the chloríde salts

of Na+, K+, Ba2+ did not. acËívate Ëhe enzyme.

E. Effect of ATP on enzyne acËivity

Increasíng the ATP concentration with a fixecl amount of enzl'me

produced hyperbolic rate curves for the enzyme in peaks I, II and III

(Fíg. 4.L3, 4.L4 and 4.L5, respectively). fn al1 cases, the addition of

20 ül'f NaF to the assays increased the V*"* fot the enzyme. This increase

was particularly great L,ith enzymes II and III, where ahu Vrr* was in-

creased 5-fo1d in the presence of NaF (see summary, Table 4.8).

The apparent Ç values for enzymes T and II, on the other hand,

rvere similar (1 mM) and unaffected by NaF. The value for enzyme III,

however, \rrâs somervhat lorver (0.70 ml'{) in the absence of NaF, but increased

5-fo1d (3.30 mM) in the presence of this cortpound (tabte 4.8). The K,
,J-

for Mg-' at a fixed concentration of ATP i¿as very similar to the Ç values

for ATP further indicating thaÈ the true substrate for these enz¡rmes ís

IlgATP. The K, values reported for the adenyl cyclases from E. coli (156)
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50.o
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20 30

NcF(mM)

Fig. 4.I2. EffecË of NaF on Ëhe activity of the purified S. salivaríus
adenyl cyclases. The enz1¡mes were incubated ruiÈh Lhe re-
quired NaF concenËration for 10 min rvith Assay C. Assays
were carried out at pH 7.5 for peak I and at pH 8.0 for
peaks II and III.
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concentration on the activity of purified
adenyl cyclase I, with and without 20 rnlf

r+as employed at pH 7.5.
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Effect of ATP
S. salivarius
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concentration on the activity of purified
adenyl cyclase II, rvith and without 20 ml'f

rvas employed at pH B. 0.

Fig. 4.l-4.



-106-

Peck m

o,l2

o,o4

Fig. 4.L5. Effect of ÄTP

S. salir,'arius
NaF. Assay C

o,o8I

V
B

(mM)

B4

þnrP (miv)

coriceritration on the activity of purified
adenyl cyclase III, with and rvithout 20 nlf
r,ras employed at pH 8.0.
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TABLE 4.8

Surunary of apparet'rt K' aod V*a* values for the three adenyl cyclase
preparations (Peaks I, II and IIT) isolated from S. salivariusa.

Peak

IIIII

Apparent IÇ (rnM) for ATP

- fluoride

* fluoride

1.0

1.0

1.0

1.0

0.7

3.3

vr""

- fluoride 17.54 L4.7 82.2

* fluoride 25.9 72.0 407.8

Fold actívation by fluoride 1.5 4.9 5.0

a Values were determined from the double reciprocal plots in
Fig. 4.L3 (Peak I), Fig.4.74 (Peak II) and Fig. 4.75 (Peak III).
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and from B. liquefaciens (148) r+ere also found to be

reported for the animal enzymes ranged from 0.08 to 0

Hill plots (203) of our data for enzymes I,

slope values (n) of 1 in each case, rvheËher incubaËed

absence of 20 urM NaF (Fig. 4.76). This indicated that

one bj-ndíng site for the substrate (ATP) and that NaF

r.rith ATP at this síte.

1 mlf, rn'híle Ëhose

. 159 ml'I (175 ,183 ,206 ) .

II and III gave

in the presence or

Ëhe enzyme maY have onlY

does not interact

F. ]rygtve*e"t of -SH g¡rpp

The Ëhree adenyl cyclase preparaËions rüere Ëreated wíth tr¡o

-SH inhibitors, N-ethylmaleimide (Uf¡t) and p-hydroxymercuribenzoate (pHlfB),

to test r,¡hether -SH groups are inrzol-ved ín enzyme activiËy. As shor,¡n in

Fig. 4.L7, boËh of these inhibiÉors had a significant effecË on enzyme

activity aË concentrations up to I ml'f, rrrhere lor¿ or negligible activity

¡,¡as observed. Cysteine limited errzyme inhibition sígníficantly at inhibi-

tor concentrations less than 0.1 mM. These observations, coupled r¿ith Èhe

stabílizíng effecË of cysËeine on the enzyme, suggesLs Lhat -SH groups äre

involved in enzyme function

G. Reverse reacr:!gn (4Tp lgg.!igg)
The enzyme from all three peaks was capable of synthesizing ATP

f rom cyclic A}IP and pyrophosphate in the presence of lrg2+ (tabte 4,g) .

Holever, r+hereas NaF stimulated the fonvard reactíon, the reverse reaction

r.'as inhibíted by NaF r¿ith inhibition being particularly severe for the

enzyme in peak III (73"/"). Determínation of the equÍlibrium eonstant (K)

and AFo for each of the enz¡¡me preparaËions demonstraÈed thaË ATP formatíon
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TABLE 4.9

ATP synthesis by purífiecl adenyl cyclase from S. salivariqga.

Peak

II III

RaËe of ATP formation

- fluoride

* fluoríde

Z inhibítion by fluoride 14

1.00b

0. B6

3. 70

2.64

29

3.03

0. 83

73

K

^Fo

63c

-2.55ð

64 43

-2.56 -2.32

a Adenyl cyclase activ:'.ty r+as deteruined in the direction of ATP
syntiresiL (reverse r".ttiorr) by using cyclic 3tl-¿¡æ and pyrophosphate
as substrates in absence and presence of NaF (20 u.l'{). To determíne
the rate of the reverse reacËion, the enz)¡me from peak I (1 Ug) was
assayed aË pH 7.5 whereas peak II (0,62 pg) and peak ITI (0.38 Ug)
r{ere assayed in pH B buffer.

b orole" ATP forrnecl/mg proËein/min.

c The equilibrium constant (K) rvas deÈermined both in the forrvard and
reverse directions and employed 0.2 ug, 60 Ug and 50 Ug of protein
from peaks I, II and III at the appropriate pH, respectively. The
values represent the mean of 6 determinations, three in each direction.

d K cal/nole.
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from cyclic AIIP and pyrophosphate rvas favored energetically. K values

rsere determined in both the fonvard (cyclic Al'lP formation) and reverse

(ATP synthesis) directions and ranged from 43 to 64. These values rvere

higher than the K value (0.065 in the fon+ard direction) reported for the

purified g. ]¿9"1""je"" adenyl cyclase (151).

V. REGUI-ATION OF PURIFIED ADENYL CYCLASE

In order to undersLand the regulation of adenyl cyclase activity

it !_. salivarius, the effect of inorganic phosphate (Pi) and pyrophosphate

(PPi), and various nucleotides and glycolytic ínËermediates on the activity

of enzyme III was examined. This preparation \À7as selected because ít was

the most homogeneor-rs. Assay C rvas used to deÈermine adenyl cyclase acti-

vity ín all cases.

A. Effect of nucleotides

SÈudies rvith bacterial extracts (148,158,159) and animal tissues

(245 1246) have demonsËrated the ínhibíÈíon of adenyl cyclase by a variety

of nucleotides. In vier+ of the possible role of nrrcleoËides in the control

of this enzyme "in vivo", the effect of all the Ëri-, di-, and monophosphate

nucleotides of adenosine, guanosine, uridine, inosine and cytídine on the

activity of purified S. gqfrxeåiuq adenyl cyclase fII rvas examined. In

general, all of these nucleotides inhibited enzyme activity. For example,

Ëhe double reciprocal plot of the effects of tire nucleosÍde triphosphates

and ADP (1 mì.I) on the activity of the purif ied enzyme, as a functíon of the

ATP concentraËj-on, demonstrated that Èhese compounds r,¡ere competitive
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ínhibitors (Fig. 4 .18 (A) ) .

By reploÈting Èhe slopes and intercepts vs inhibítor concen-

tration (Fíg. 4.18(B)) according to the method of Cleland (204), it can

be seen that, the intercepts are independent of inhibitor concentration,

r¿hereas the slopes are a linear function of the inhibitor concentration.

This linear relationship indícates that the ínhibition is ful1y compe-

titive, i.ê., Ëhe inhibitors compete directly for Èhe ATP binding site on

the enzyme. This conclusion r,¡as also confirmed by p1oÈting vo/vo-v1 vs

7/ T as suggested by iùebb (205). The inhibitor díssociation constanË

(Ki) for each inhibitor was determined by Dixon plots (202) of L/v n"ff],

as well as by exËrapolation of the slope replot Ëo the horizontal inter-

cept (204). The mean \ value for each inhíbiLor is listed in Table 4.13

in ordcr of decreasing affinity for the enzyme.

The inhibition of purífied S. Egl¿ygIl""- adenyl cyclase III

by the other nucleoside diphosphates is shown in Table 4.10 for one

concenËration of ATP (0.6 ml'l). In all cases, the degree of inhibition

increased with Íncreasing concentraËions of the inhibitor, alËhough it is

evident that GDP had a signífícanÈ inhibitory effect aÈ Èhe lowest

concentraËion employed (0.1 mM).

Competitive inhibition of the purified enzyme \¡¡as also noËed for

all of the nucleoside monophosphates, excepL AMP, when incubated at a

concenËration of 5 noM (Fig. 4.I9 (A)). Although the lines in Ëhe double

reciprocal plot intersected slightly to the left of the ordinate, analysis

of the data by studenLrs t-test following analysis of variance indicated

Ëhat the intercepts for these nucleoside rnonophosphates were noÈ signifi-

canËly different than thaL for the control (P>0.1). Replots of the
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TA3LE 4.10

Effect of nucleoside diphosphates
purified S. salivarius adenyl

on the activíËy of
cyclase III.

Additions Concentration
(urlf)

Enzyme
acËívity

Percent
ínhibition

None

GDP

IDP

CDP

-ÜDP

0.1

0.5

5.0

0.5

1.0

5.O

0.1

1.0

5.0

0.1

1.0

5.0

L3.28 J 0.324

B "47 ! 0.r2

8.42 t 0.I2

7.67 ! 0.09

13.07 t 0.18

12.L2 t 0. 15

6.57 ! 0.L2

10. B0 t 0. 09

l_0.58 ! 0"22

5,72 ! 0.I3

11.70 t 0.18

8.30 t 0.09

4.65 t 0.10

36

37

42

12

38

65

2

9

51

L9

20

57

nmoles cyclíc AIíP formed/mg protein/min.
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The inhibition of purified S. salivarius adenyl cyclase
III by various nucLeoside monophosphates aË a concentration
of 5 mM. (A) Double reciprocal plot.
(B) ReploËs of slopes and intercepts vs inhibitor
concentraËion. StatisÈical analyses rrere the same as for
Fig. 4 .18.
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inËerceprs and slopes (Fig. 4.19(B)) confirmed this and further indícated

thaË the inhibition \,¡as completely coupeËitive since only the sJ-ope replots

varied with inhibitor concenËration and did so in a l-inear fashion (204).

The K. values are lisËed in Table 4.13 and indicate thaË the nucleosíde
a

monophosphates generally have less affinity for the enzyme Ëhan the trí-

phosphate derivatives .

Sirnilar sËatistical treatmenË of the kineËic data obtained r+iËh

Ëhe enzyme incubated r¿ith AlufP indícaËed ËhaË this eompound inhibited the

enzyme in a non-compeËiËive fashion (Fig. 4.20(A)). BoÈh Ëhe slope and

intercept replot curves r+ere hyperbolic Índicating the inhibition \,Ias

actually hyperbolic non-compeËitive. The data r¿ere further analyzed by

deËermining the interaction consÈants o and ß as suggested by lrtebb (205),

where O¿ ïepresenËs the change in both the Ç and Ki, whÍ-1e S represents

the rate of breakdor¿n of the enz¡zme-inhibitor-substraËe compJ-ex to products

relative to the rate for Ëhe uninhibited enz¡rme-substrate complex. Since

Èhe value for ß lras essentially equal to zeîo (0.018 t 0.006), whil-e the

value for o (3.72 t 0.25) 'rvas less than - buÊ greaÈer than 1, Ëhe actual

inhibitíon by A}IP r+as of the mixed type, i.e., partially competitive and

completely non-compeËitive (205). The Ki value for AMP was 2.5 mll indi-

cating thaÈ it had the greatesÈ affinity for the enz)rme of all the nucleo-

side monophosphates tested.

Although the inhibition of adenyl cyclase activity by ADP and

various nucl-eoside Ëriphosphates has now been established rvith extracts

from B. liquefaciens (148), E. coli (158), N. g¡ylttrqpolis (159), and ivith

enzyme III frorn g" 
""]*"g-t3lg in this study, the effect of the nucleoside

monophosphates on oËher microbial preparations is not clear. I^Ihile AlfP
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ínhibi-ted Èhe enz¡rme in B. liquefaciens (148), the enz)rme in E. coli

(156) was activated by GMP. It is clear from the results with purified

S" salivarj-us adenyl cyclase III that the adenine and guanine nucleotides

were the most inhibitory of all the nucleotides tested.

The involvement of nucleoside diphosphaËe glucose compounds in

mammalian (247) and bacterial (248) glycogen metabolism is well knovm.

Sj.nce cyclic AlfP is knor,m to regulate gJ-ycogen meËaboLisn in ¡nammalian

Ëissue (6), the possibility exists that the nucleoside díphosphate

glucose compounds, particularly ADP-glucose (248), might influence adenyl

cyclase activity in bacÈeria. Às shovm in Table 4.11-, all of Ëhe nucleoside

diphosphaËe glucose compounds tested ínhibited purified S. salivarius

adenyl cyclase III acËivity at concenËrations from 0.1 to 5 rnM when incubated

with 0.6 nM ATP. Inhibition ranged from 11 - 30"1 at the l-owest concentïa-

tion tested (0.1 ul'f) Èo 41 - 72"Á aË Ëhe 5 rnluf level. In a1l- cases llDp-glucose

was Ëhe mosü potent inhibitor followed by ADP-glucose at concentrations

above 0.1 mlf.

Various cyclic 3t,5t-nucleoside monophosphaËes, on Ëhe other hand,

had relatively 1itt1e effect on the s. salivarius enzyme (table 4.r2).

Of the sÍx cyclic derivatives tested, cyclic 3t15t-II¡æ was the most

inhibíËory, although inhibition was not particularJ-y severe even at

5 mM level (112). Sinilar results have been reported for the effect

cyclic AMP and cyclic 3',5'-GMP on E. coli adenyl cyclase (158).

the

of

B" Effect of inorgjrgic pþosphate and pyrophosphate

Adenyl cyclase, in addítion Ëo synthesizing

produces equimolar amounts of inorganic pyrophosphate.

cyclic AllP, also

In S. salivarius,
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TABLE 4.11

EffecÈ of nucleoside diphosphate glucose compounds on the
aeËivity of purified S. salivarius adenyl cyclase III.

Additions Concentration
(nlf)

Enzyme
activity

Percent.
inhibítion

None

ADP-glucose

GDP-glucose

CDP-glucose

IIDP-glucose

0.1

1"0

5"0

0.1

1.0

5.0

0"1_

1.0

5"0

0"1

1.0

.5.0

13.28 t 0.324

11.80 ! 0"27

7.35 ! 0"22

5"45 t 0.18

1l-.43 r

9.32 !

7.83 t

LI.22 t

8.37 t

6"77 !

9"32 t

8"10 I

3"70 t

0.40

0"18

0.07

0.22

0.09

0.03

0.14

0 "11

0 "L2

11

4s

s9

t4

30

4T

L6

37

49

30

39

72

a nmoles cyclic AlfP forned/rag protein/min.
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TABLE 4 "12

,5t-nucleoside monophosphates on the acËivity of
S" salivarius adenyl cyclase III.

Additions Concentration
(nl"f)

Enzyne
actívity

Percent
inhibition

None

Cyclíc 3r 15|-AMP

Cycli.c 3t,5I-Q'fP

Cyclic 3o ,5 t-nP

Qrclic 3t r5t-CMP

Gyclic 3¡ ,5 t-UMP

Cyclic 3',5'-TMP

2

4

5

3

1

1

5

I

7

11

7

8

1

5

1

5

l-

5

1

5

1

5

1

q

l-3"28 t 0.324

13.05 r 0.12

12.78 t 0.09

12.62 t 0.10

12.93 t 0. 09

13"L7 t 0.03

13"17 t 0.11

L2.60 t 0.09

12"22 t 0.12

12.38 I 0.20

l-1.85 r 0.09

12.40 t 0.18

12"20 t 0.18

a nmoles cyclic AMP formed/rng protein/uin.
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Ëhis inorganic pyrophosphate ís probably degraded readily to inorganic

phosphate since inorganic pyrophosphatase is present in abundanË quantities

in Ëhis organism (fable 4.5). As was the case for E. coli adenyl cyclase

(157), the purified S. -gglÈygri"g_ enzyne III v¡as inhibiËed by low concen-

trations of inorganic phosphate (Fig" 4.21(A)) and inorganic pyrophosphaÈe

(Fig.4.21(8)). The double reciprocal plots of the effecÈ of Èhese inhi-

bitors on the S. salivarius enzJ¡me Índicate Èhat the inhibiÈion lvas con-

petitíve, however, only the inhibition by Pi was fu11-y competitive as seen

by the slope and intercepË replots. Th" K:- for Pi t¡as 1.40 ul,f (tabte 4.13).

The inhíbition by inorganic pyrophosphate, on the other hand, was hyper-

bolic wíth respecË Ëo the slope replot índicaËÍng Ëhat the inhibition was

partially competitive, i.e., PPi binds aÈ a site different than Èhat for

ATP (204). The inhibition constanË (Ki) for PPi was only 0.23 nM indicat-

ing thaË of all Ëhe inhibitors tesËed, this compound had the greatest

aff inity f or Ëhe enz)rme.

C " Effect _of glycolyti_c_ intermediates

In 1965 Makman and SuËherland (93) reporËed that the presence of

exogenous glucose caused a decrease ín the cellular concentration of cyclic

AMP in E" coli cells. Since then several- reporËs have appeared which have

indicated Ëhat glucose, or possibly metabolites of glucose, had a signifi-

cant effect in regulati-ng the synÈhesis of various inducible enzynes by

causing the extrusion of cyclie AMP from the cell and by preventíng its

formation (97,L34). In view of these reports and Ëhe facÈ that members

of the genus, Strsptococcus, are homofermentative organisms, r,Ie have

exarnined t.he effects of various glycolytic intermediates on Èhe forrnation
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Fíg. 4.27" The inhibition of purified S. salivarius adenyl cycl-ase
III by (A) inorganic phosphãte (Pi) a"d (B) inorganic
pyrophosphate (PPi). The smal1 inset plots represenË
the reploËs of the slopes and intercepts deËernined
from the coresponding double reciprocal plot.
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of cyclic AMP by purifi.ed S" qalivati"". adenyl cyclase III.

As shorn¡n in Fig" 4"22(A), glucose-6-P, glucose-l-P, 2-P-g1-ycerate

and pyruvate were weak actívaÈors of the enzyne (1.e., up Èo 402) in the

concentration range from 0.1 to l-0 nM, although these compounds were

essentially ineffective below the 0.01- mlf level. Pyruvate $ras the weakest

actívator, which Ís in contrast to its requirement by other bacterial

adenyl cyclase preparations (148,159). ActivaÈion of the enzyme by

glucose-6-P, glucose-I-P and 2-P-glycerate was significanÈ between 0.1 and

l-0 ÐM (at 0.1 mlf, P=0.02; at 1- and 10 nÌ'1, P=0.01), while the activation

by pyruvate \.,ras significanÈly different Ëhan the control only at levels

of 1 and 10 rDM (P=0.05)" The above compounds, when tesÈed at various

ATP concentrationse rÀrere shown to increase the maximt¡m velocity (V,o"*) of

the enzyme without affecËing the apparent Ç for ATP (Fig. 4.22 B,C,D and

E). The activatÍon consËanËs (f.) for Ëhese compounds are 1isÈed in Table

4.13 and indícaËe that, of these four compounds, 2-P-glycerate was the most

potent activator. Weak activat.ion lras also observed with acetaËe, whÍ1e

citrate and Lactatee at concenÈrat,ions between 0.1 and 1x0ì1, inhibited the

enz)rme up Ëo 502. Dihydroxyacetone-?, 2r3-diphosphoglycerate and 3-P-g1y-

ceraËe had no effecË on enzyme activiËy. The enz)rme i. E. coli has been

found to be inhibited by pyruvaËe and acetate, but unaffected by glucose-6-P

and glucose-l-P (l-58).

A more complicated effecË was observed with the S. salivarius

enzyme in the presence of fructose-6-P, frucËose-lr6-Prrglyceraldehyde-3-P

and P-enolpyruvate" These compounds were both activaËors and ínhibitors

of the enz)rme depending on Ëhe concentration of the cornpound employed in

the assay urixture. The lower concentrations (<1 rnM) of fructose-6-P and
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Fig. 4"22. Effect of increasing concentrations of glucose-6-P,
glucose-l-P, 2-P-glycerate and pyruvate on the
activity of purified S" salivarius adenyl- cyclase
III. Symbols in B-E:- "õntrotJõ ), 0.1 mll ( 

^ 
),

1 rol"f ( tr ). Adenyl cyclase activity r¡as determined
with Assay C.
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TA3LE 4.13

cyclase fII of S " eelir¡efiffs .

activation
adenyl

Effectors IÇ (nlr) K" (nM)

PPi

ADP

GTP

UTP

ITP

Pí

AMP

cïP

GÌ{P

I]MP

CMP

IMP

2 rP-glycerate

Glucose-1-P

Glucose-6-P

Pyruvate

0.23 t 0.03

0.43 t 0.03

0.52 r 0.03

0.60 r 0.02

0"93 t 0.04

1.40 t 0"23

2.50 t 0.16

3.25 t 0"31

7 "20 ! 0.50

10.50 t 0"39

13.00 t 1.19

L4"40 ! 0.32

0.13 t 0.02

0.24 t 0.03

0.55 t 0.07

1"12 t 0.09
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fructose-Ir6-P2 activated the enz¡rme whereas the enzyme r.ras inhibited at

concentrations above 1 rnl'Î (Fig. 4"23, 4"24,respectively). Eowever, the

activaÈion by fructose-l-,6-P2 was signi-ficant only aÈ the 0.05 rDl'I leve1

(f=0.1), while the acËivation by fructose-6-P was significant between

0.01 nnl"f and 0.3 uM (0.01 rnlf, P=0.05; 0.05 mì4, P=0"02; 0.1 roM, P=0.02;

and 0"3 nM, P=0.1)" On the oËher hand, the Ínhibition by fructose-1,6-P,

was significant between l and 10 nM (1 Dl'I, P=0"05; 5 and 10 ûl{, P=0.01),

while the inhibition by fructose-6-P was significant only at the 5 and

10 nM levels (P=0.01)" These compounds altered both the maximum velocity

of the enzyue and Ëhe apparenË Ç for ATP"

Glyceraldehyde-3-P activated the enzyme aË concenËrations below

0.05 Dl{ and greater than 1ü}f, while inhibitíng the enz)rue slightly at

a concentration of 0.1 uM (Fig. 4.25)" StaListical analysis, indicated

rhar Ëhe acËivaËj.ons at 0.01 nM (P=0.02), 0.05 ul'f (P=0.1), 5 nll (P=0.1)

and 10 nM (P=0.05) were significant" The inhibition at the 0.1 ÍM

concentration was only significant aË the 102 level (P=0.1). In conÈrast,

P-enolpyruvate was ineffective aÈ 0"0L ¡01.f, activated the enzyme at 0.1 iol"f

(e=0.1) and 0.3 nl'f (P=0"02) but was inhibitory at 5 nl"f (l=0.05) and 10 nM

(P=0.02) (Fig. 4.26). Although rhe effecËs of P-enolpyruvaËe and

glyceraldehyde-3-P \¡¡ere opposite at the same concentraÈions, kinetically

they were simílar. The activating concentrations of Ëhese trvo compounds

increased the V_-_- of the enzlntre without affecting Ëhe apparenÈ Ç for
max

ATP" However, at inhibiting concentrations, i.e., âË 0.1 nM for

glyceraldehyde-3-P and above l- rol"l for P-enolpyruvate, the maximum velocity

was decreased and the apparent Ç value increased, although Ëhe change in

V-- for glyceraldehyde-3-P was srnall (7 "2"¿) "max
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!'ort (mM)

Fig. 4"23, Effect of fructose-6-P (F6P) on the activiËy of
purified S. salivarius adenyl cyclase III.
conrrol (-0);0.01 rM ( 

^ ), 0.1 ral"r ( a ),
1 nM ( tr ) and 5 Elf ( @ ). The inset shows Èhe
effect of increasing fructose-6-P concenËration
on enzJrme activiËy aË one ATP concentraËion
(0.6 nM) .
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lorr(mM)
Fig. 4.24" Effect of fructose-l,6-P2 (FDP) on Lhe acriviry of

purified S. salivarius adenyl cyclase III. ConËrol
( O ), o.01 rnTãf , 0.1 Dl"r ( a ), 1 E[ur ( o ) and
5 xd"l ( @ ). The inset shows the effect of increasing
fructose-lr6-P2 concentration on enz)rme activÍty at
one ATP concenÈraÈion (0.6 nlf).

o,6
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'r*r(mM)
Fig. 4.25. EffecÈ 6f glyceraldehyde-3-P (cAP) on rhe acriviry

of purified S. salivarius adenyl cyclase III. Control
(O),o.O1 üÀrTZ-)l 0-.1 rnu(a), 1't"Í(tr)and
5 ulf ( g ). The inset shotrs the effect of increasing
glyceraldehyde-3-P concentraÈion on enz)rme acËivity at
one ATP concenÈration (0"6 ml'{)"

log conc. (GAP)
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htt (m'l)

Effect of P-enol-pyruvate (PEP) on the activity of
purified S. salivarius adenyl cyclase III. Control
(O ), 0.01 nM ( 

^ ), 0.1 ûùI (A ), 1 mM ( O) and
5 nÌî ( @ ) " The inset shows the effect of increasÍng
P-enolpyruvate concenLration on enz)¡me activj-Ëy at one
ATP concenËration (0.6 DM)"

o,6

o,4
( PEP)

"I-v
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VI. DISCUSSION

The repeaÈed recovery of adenyl cyclase from S. salivaríus Ín

three distincË peaks upon Sephadex G-200 chromatography has raised the

obvious quest.ion as to r¿hether the activity observed in each of Ëhe peaks

was that of the same enzJrme or wheËher three isoz¡rmes exisÈ. Clearly,

enzyme III is dístincËly different from enz)rmes I and II wiËh respect Èo

its kinetic propertÍ.es, both in the presence and absence of fluorÍde

(table 4.8)" Differences between the enz)rme 1n peaks I and II can also

be seen. trùhile the Ç values were the same r,rith and without, fluoríde,

fluoride increased th. Vr"* of enzyme II three times more than it did

that of enzyrne I. Furthermore, differences in the raËes of the reverse

reaction (i.e., ATP synthesís) and Èhe degree of fluoride inhibitíon of

this process, coupled with differenÈ K values strongly suggests thaË Ëhese

three enzymes are differenË. One cannot, hovrever, completel-y exclude the

possibility Èhat the contaninating proteins in peaks r and rr nay be

alËering some of the kÍnetic parameters. It should be noÈed, however,

that two differenÈ adenyl cyclase sysËems have been observed in animal

sysËems (207,208).

The physiological significance of dífferent isoz¡rmes possessing

adenyl cyclase activity is unknovm, but may be a refl-ection of the

association of the enzyme with different subcellular fractions. For

example, the loss of enz)¡me activity in crude exËracts during RNase

Èreatment suggests thaË the enz)¡rne may be bound to, or assocÍated with,

RNA. As one would assume that the rather harsh treatment of the cel1

during breakage by ultrasound (and beads) would disrupÈ the protein

synthesizing machinery, Ëhis associaÈion rnay be distinct frorn its normal
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relatÍonship Èo rnRNA and ribosomes during proÈein synthesis. In addition,

a portion of the total âctivity raay have al-so been associated with the ce11

membrane before sonic breakage as has been observed rvirh the enz¡rme from

E" coli (155,156).

The adenyl cyclases from S" salívarigs differ in a variety of

respects from the oËher bacterial enz)nnes studied. I{hile all of the

microbial enz)¡mes including those from S" salivarius required a dívalent

ion such as ìtg2+ for acËivity, the enz)rme from the gram-negat,íve bacteria

had optimum pH values ar least L ox 2 units higher (i.e., 9-l-0) than thaÈ

observed in the presenË study. The enz)rme from B. liquefaciens, in
addition, requíred pyruvate, or a related e-keto acid for actívity (148) 

"

Of the three reporËs concerning the Ísolation of adenyl cyclase from E. coli
(155-157)e tr.lo of these found the enzSrme parËicul-ate (155,156), whi-le the

third isolated the enz5rme fro¡o the soluble fraction of Èhe cell (157).

Ïn this latter study, adenyl cyclase was inhibited by NaF in direct contrasÈ

to the results obËained i,¡ith S. salivarius.

The fluoride effecË on enz¡rme III qlas unusual in that it not

only caused an increase in Ëhe V-a¡ but also an increase ín the Kn (ATp)

for Ëhe enzyme (fable 4.8). Several sÈudies r¿ith adenyl cyclases from

animal tissues (I75,206) have demonsÈrated increased Vr"* values in the

presence of fluoride without affecting the K, of the enzyme. These

observaËions are similar to those obtained with the å. salivarius enz)¡mes

in peaks I and II. C1ear1y, the effect is a complex one, since fluoride

not only íncreased the velocity of the reaction in the direction of eyclic

AlfP synthesis, but it also inhibited the reverse reactÍon (Table 4.9) .

In fact, with enzyme III Ëhe fluoride concentration rvhich increased the

Vr"* for cyclíc AlfP synthesis 5-fo1d also inhibited the reverse reaction
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by 732" FurÈher work will be necessary to elucidate the precise mechanism

of fluoride action.

The ínhibition of å. salivarius adenyl cyclase III by nucl-eotides

was in general agreement with results obtained wíth the enzyme isolated from

other sources" Adenyl cyclase from thyroid g1-ands was inhíbited by

deoxyATP, TTP and UTP, but was unaffected by CTP, GTP or ITP (246) " In

fat ce1l menbrane, the enz)rme acËivity r,ras inhibiËed by GTP, GDPr GMP,

CTP and UTP but cyclic GMP and guanosine had no effect (245). In contrasË,

Èhe enz¡rme from rat adrenal or kidney.was not affected by GTP. In E. col-i,

the enzyme was inhibited by ADP, UTP, CTP and GTP (158), but was activated

by GtlP (156). The inhibitÍon of adenyl cyclase in N. erythropol-is (159)

by GTP, UTP, CTP! ITP, 3'AMP along with Ëhe inhibiËion of B. Liquefaciens

enzyme (148) by AMP, dAMP, A.DP, dATP and GTP is also in general agreemenÈ

with å. salivarius enzyme. The reason for difference in Ëhe type of

ínhibition observed with AlufP and oËher nucleoside monophosphates is not

clear, but it is possible that .AMP may have a complex inhibiting effect, on

this enzyme"

AlËhough pyruvate-acËivated (or dependent) adenyl cyclase

actÍvity has been observed i"n B. liquefaciens and several oËher organisms

(159), this compound r^/as a very weak acËivator of S. salivarius adenyl

cyclase III. Further differences can be noted, e.9., Èhe S. salivarius

enz)¡me was affected by a number of glycolytÍc intermediates, some of which

had no effect on the E" coli enz)¡me (fSA). However, despite these

differences, inhibiÈion by PP, has been observed with both the E. coli

(157) and S" salivarius enzymes. This functional similarity suggests

a possible regulaËory role for inorganic pyrophosphate on the microbial
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adenyl cyclase reaction. The low Ki (0"23 roM) for this compound índicaÈes

thaË this product of the adenyl cyclase reacËion must be removed rapidly

"¿g nino" Ëo avoid extensive inhibiËion of cyclic ÆlP formaÈion. The

presence of a highly active inorganic pyrophosphatase wiÊh a low apparenË

Ç for PPi (0"1 - 0.2 n}l depending or, Mg2+ concentration (249)) indicaËes

that pyrophosphate probably does not accumulate Lo any greaÈ extent but

is converted to Pi, which is less inhibitory (Ki = 1.40 mM). Thus, the

control of inorganic pyrophosphatase activiËy "in vivott may be an important

factor in the synËhesis of cycl-ic AMP.

Although the exact role of cyclic AÌÎP in S. sal-ivarius has not

been determined" the fact that the equilibriurn for Èhe adenyl cyclase

reactÍon favors ATP synÈhesís suggests ËhaÈ Èhis enzyme may play an

imporËant functÍon in energy ueËabolísm. As Greengard, Hayaishi and

Color"rick (151) have shown, the 3r-OH phosphate ester bond of cyclic AMP

is a higheneïgy bond, giving a free energy of 11-l-2 Kcal/rnole on hydroly-

sis, compared to 10 Kcal/rnole for the a-ß bond (250) , or B Kcal/nole

for the S-y bond (251) of ATP. Thus, regardless of whether cyclíc AlfP is

converted to ATP and thereby conserving energy¡ or wheËher iË ís

hydrolyzed Ëo Al"fP by phosphodiesterase with Ëhe release of L1-1-2 Kcal/rnole,

it can be regarded as an energy sËorage compound. From Ëhe evÍ-dence,

presently available, it would seem Ëhat cells of S. salivarius probably

do not acquire energy from the latter reaction since cyclic nucleoËide

phosphodiesterase is apparenËly absent from these cells (Chapter 5).

'Ihe faet that a large number of nucleotj.des (Fig. 4.18, 4"J-9,

4.20 and Table 4.10,4.11, 4"1'2) and glycolytic intermediates (Fig" 4.22

- 4"26), as well as inorganic phosphate and pyrophosphate (Fig. 4.2I),
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affecË the activity of purified adenyl cyelase III suggests that the

mechanj-sm regulatÍng cyclic AMP synthesis in S. salivarius may be a

complex one.
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I. INTRODUCTION

The content of cyclÍc AlfP in ce1ls i-s regulated by trvo

processes: (a) by the rate of its synthesis from'ATp by adenyl cyclase

and (b) by the rate of its removal rvithin or from the ce1l. Two

mechanisms have been clemonstrated for the removal of cyclic AlfP from

microbíal ce1ls. The fírst of these ínvolves the degradation of cyclic

AMP to AI'IP by cyclic nucleotide phosphodiesterase (1,2,5,252), ruhile

the second resulrs in the extrusion of this nucleotide into the medium

(e3).

With the exception of red ce1ls, the presence of cyclíc nucleotide

phosphodiesterase has been reported in all mammalian tissues tested r¿ith

braín containin8the híghest enzymatic activity (18,253-255). Subcellular

fractíonation of various tissues has indicated that Ëhe enz¡rme is partíal1y

soluble and partially particulate (18,209 ,256), the relative amount of

enzyme actívity ín the fractions depending on the source of the enzJ¡me.

l"faxiuum actívation of enzyme activity ín these tíssues was observed r¿ith

Mg2+ or h2*, while other ions were less effecríve (r7g,256-262) . The
,-L

optimum Mg-' concentratíon varied. from 0.08 - lo mM,.again depending on

the source of the enzyme (r79,253125812591262). Kakiuchi, yamazaki an¿

Teshima (263) recently isolated two phosphodiesterases from rat brain

by column chromatography with sepharose 68. Enzyme f r+as Mg2+-d"p.ndent

whereas enz)¡me rr activity \,ras dependent on cr2* and Mg2+. An earlier
study by Kakiuchi and Yamazaki (264) demonstraËed that the presence of

a heat-stable, non-dialyzable factor \^/as essential for the activity of

enzyme II.

The presence of cyclic nucleotide phosphodiesterase has also

been observed in lorver forrns of life, such as in yeasË (165, 265) , slime
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nold (166-168), several marine organisms (260) and several bacteria

(7 
"I59-L64). T{hile the enzyme is presenÈ in some strains of E. co1i,

other sÈrains of this organism possess very low or negligible quantities

of the enz)rm.e (71161). However, the degradation of cyclic AMP to AMP

is not the only mechanism for íts removal from bacterial ce1ls since

Makman and SuËherland (93) have demonsËrated its extrusion into the medium

with resting cel1s of E. co1Í. These authors observed that in the

presence of glucose, cyclic AMP rapidly disappeared from the ce11s and

instantly appeared in the medium. Such an effecË was also observed in the

presence of acetate and succinate

As a companion study to the synthesis of cyclic AMP by adenyl

cyclase in S. salívariug, a study was undertaken to determj.ne the

mechanism of cyclic AMP removal from cells of this organism. Às a first

step, the cellular content of cyclic AMP was measured during carbohydrate

fermentaËion by non-proli-ferating cel-ls gror,{'n wíth glucose, fructose,

mannose or raffinose as Ëhe sole carbon source" In these experiments,

late exponential-phase ce1ls of S. salivarius were harvesÈed, washed

and finally suspended at a concentraÈion of 10 rng dry wt/ul in 50 url"l

(pH 7.0) phosphate buffer (171). The cel1s rvere then preíncubated

anaerobically for 20 uin at 37oC in buffer alone fo11or¿ed by the addiËÍon

of the appropriate carbon source" One ml samples rùere withdrau¡n through-

out the incubation period for cyclic AlfP analysis (FÍg. 5.1). Following

the depletion of the first carbon source, glucose was added to the ce1l

suspension and the sanpling contínued. In these experiments, the incu-

bation míxture was maintained at a constant pH (7 "2 ! 0.1) r+ith 1 N NaOH,

added by means of a magnetic valve coupled to a Radiometer l'lodel
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26 pH-meter-tiÈrator assembly (Radiometer, Copenhagen). The rate of

cellular carbohydrate metabolism was monj.Èored by the amounË of NaOH

required to keep the pH consÈanË " In some e)çperiments, the amount of

glucose utilized r¿as confirmed by determining the glucose content in the

samples by the glucose-oxidase rneËhod (see Methods).

The samples \,üiÈhdrawn for cyclic AMP assay throughout the incuba-

tion period. were stored at OoC unËi1 the end of the experiment and then

cenËrifuged at 31000 g for 10 nj.n" The supernatant $ras decanted and

the sedimented ce1ls extracËed r,¡ith 1 N perchlorÍc aeid for 30 min

follor¡ed by neuËralization. Cyclic AlfP v¡as isolated from the extracts

by passíng them through small columns (0.5 x 6 cn) of Dovzex 50-X8

(100-200 mesh) and Ëreating the cyclic .AIlP-containíng fractions with

Ba(0H)"-ZnSOr,. The samples were adjusËed Ëo pH I before being anaLyzed¿4

for cyclic AMP by the meËhod of Srooker, Thomas and Appleman (195)

(Method (A) ) "

As sho¡,¡n in Fig. 5.1, little cycli-c AMP was formed during the

preincubaÈion period in buffer except for the cel1s grotln in mannose.

ln these 1aÈter ce11s, the cyclic AMP level increased rapidly initíally

and Ëhen slowly decreased during the remainder of Ëhe preincubatÍon

period. With all of Ëhe sugars tesËed, the cellular cyclic AMP level

increased just afËer Ëhe addition of the carbon source "¡¿ inrmediately

follorving its depletion. By far the greatesË amounË of cyclic AIÍP

(22"8 nmoles/rng dry wË ce11s) was formed by fructose-grown ce11s fo1lowíng

the compleËe exhaustion of frucÈose by the resting ce1ls. Although, no

consistent cyclic AlfP profiles were observed vrith Ëhe various sugars,

some differences r¿ere observed. For example, after the additíon of
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Slucose to mannose-gro\fir. cells the cyclic AMP levels decreased ínstantly

and then reached another steady-state level. l"Iith Èhe other ce1l Ëypes,

the cyclic AMP contenË decreased slowly during Ëhe entire period of

glucose utilization and then increased after the depletion of glucose.

These prelimi-nary experiments demonstrated that Ëhe cyclic AIIP

conËent "in vivo" fluetuaËes rapidly during the metabolism of sugars.

In fact, cyclic AMP could be synthesized and removed at rates as high as

22 nmoles/mg cells/urin (fructose-gror¡in cells). Àlthough, iÈ is clear that

the formation of cyclic AMP in Ëhese cells was due Èo the action of adenyl

cyclase, the mechanism for the decrease Ín Ëhe cellular cyclic AllP content

was not clear" As mentioned previousl_y, Èhis rnay have been due to (i) its

conversion to AMP by phosphodiesËerase and/or (ii) Ëhe extrusion of this

nucleotide from Ëhe cells into medium" In order to determine whether the

observed rapid loss of cellular cyclic AMP was due to a phosphodiesterase,

a study was undertaken to isolate and characterize this enzyme from

s. saliv_arius. rn the following section, we wÍl1 discuss all- of the

variables examined in an efforË Ëo detect the activity of phosphodiesterase

ín extracËs of this organism. Despi-te an extensive search, cyclic nucleo-

tide phosphodiesterase activíty was not d.etected in s " salivarius.

II. THB SEÁRCH FOR CYCLIC NUCLEOT]DE PHOSPHODIESTERÀSE

rn all of the experiments ouËlined below, unless otherwise

specified, extracts \¡rere prepared from the late exponential phase cells

of S. salivarius by sonication (Branson Sonifier) for 3 min at QoC wíth

glass beads (cells:beads = 3:1) followed by centrifugation at 301000 g
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for 20 min" Three assay procedures, (A(p), B(p) and c(p)), were employed.

Ëo assay for phosphodiesterase acËiviËy throughouË the work.

A" Enzyme acÈivity during growÈh

As shom in Chapter 4, the activiÈy of adenyl cyclase in

s. salivarius was relatively dependent on the phase of the growth

(Fig. 4.1). Thus, it r¿as conceivable Ëhat phosphodiesterase night also

be active at different phases of the growth" To test this possibility,

cel1s were harvesÈed by centrifugation at. various points during growth in
0.32 glucose-TYE broth aud cel-l-free extracts pïepared. phosphodiesterase

actÍvity was sought in the whole homogenaÈe, the 30r0OO g supernatant

and the 30,000 g pelleÈ suspended in Tris-HCl buffer (50 ulf, pH 7.5). No

deËecÈable phosphodiesterase activity \,ras observed in any of these samples 
"

Similar resulËs were also observed wiËh extracËs prepared from l-aËe

exponenÈial-phase cells gro\¡in in TYE broËh with different concentraÈions

of glucose (0"05-0.52).

To test for the possibÍliËy thaË cyclic AMP phosphodiesterase

might be repressed by glucose under Ëhe growth conditions used in Ëhe

above sËudies, ce1ls of S. salivarius .l{ere grown with fructose, galactose,

lactose, maltose or sucrose aÈ concentrations of 0.1 and 0.37". The ex-

tracts prepared from these various ce1ls were also devoid of phospho-

diesterase activity.

Since it r¿as conceivable that cyclic AMP might induce the synthesis

of cyclic phosphodiesterase, dibutyryl cyclic AlfP, aÈ concentrations of

I and 5 nlf, v¡as added to cells of s. salivarius growing in glucose-TyE

broth. The dibutyryl derivative llas used because previous experiments had

shor¿n that S. salivaråus cell-s are impermeable Ëo extracellular cyclic AMp.
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However, despite the use of dibuÈyryl cyclic AIIP, phosphodiesterase

activity \ùas not observed in cells receiving this compound nor was the

rate and total growth of the cel1s alËered compared to control cells

gror.¡n without, Ëhe cyclic nucleotide.

The nethod of cell breakage was also varied in order to deËermine

r¿hether it influenced the activiËy of phosphodiesËerase in exÈracts of

s" salivarius. For thi.s purpose, laËe exponenÈial phase cells were

disrupted by ultrasound in Èhe Branson and Biosonik Sonifiers for periods

ranging from 0.5 ruin to 30 nin, wiÈh and without 5 ¡rm and 25 ¡_rm glass

beads in various cel1 to bead ratios. The variously prepared exLracts

again showed no activíËy of phosphodiesËerase.

B. Crude extract studies

a) Effect of pH. The pH optimum for phosphodiesterase

mamralian systems ranges fron pH 7-9 (179,256-26I). The

the enzyme in various mícrobial extracts is in Ëhe same

8"5 for Èhe Saccharomyces carlsbergensis (165), 8.4 for

in various

opËimum pH for

range, ê.8. r

E. coli (160)

and 7"5 - 8.5 for SerraËia marcescens (l-64).

In an aËtempt to detecÈ phosphodiesterase activity ín extracts

of S. salivarius, assays lùere carried out at pH values betr¿een 5.0 and

10.5 with the follorvi-ng buffers: sodium aceËate-aceËic acid (pH 5-6),

ß-glycerophosphate buffer (pH 6-7), Tris-ß-glycerophosphare (pH 6.5-8.5)

glycylglyci-ne buffer (pH 7-8.5), Tris-HCl (pH 7-9.5) and glycine-NaoH

(pH 9-10.5). No detectable enz¡rme acËivity \ùas observed in any of the

assay mixtures employing these buffers.
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b) Effect of divalent ions ""4 r.¿""i"g "g."t". The activity of mammalian

phosphodiesterase is stimulated by divalent ions such as t"Ig2+ or I'frr2*

(I79,252,256-264) " In extracts of Saccharomyces Sg¡þlS:.ggggt" (165)

phosphodiesterase v¡as activated by Mrr2* ioo", whil-e Èhe Serratia marcescens

enzJrme (164) was stimul-ated by F.2+, C^2* 
^nd 

8"2*, but not by t"tg2+ and

ì,fn2+" In some strains of g. coli (7) , enzy¡ne activity vras dependent on

Fe2* and Ín Ëhe presence of red.ucing agents such as aercaptoethanol.

In viel¡ of these reports, the effecË of l"l,r2+, c^2*, F.2*, sr2*,

B^2* , zo2* 
^od 

St2* iorrs at. concenËrations of 1 rul'f and 5 mluf was examined

wíth extracts prepared from the late exponential-phase cel1s of S. salivarius.

In all cases phosphodiesÈerase activiËy r,¡as not observed. FurËhernore, Ëhe

addition to the extracL preparations of EDTA or EGTA, wiËh and without

several divalent ionsn Mg2+ alone at concenÈrations from 0.1 - 100 nM or

reducing agenËs (e.g., mercapÈoeËhanoL, mercaptoaceËic acíd, cysËeine,

glutaËhione and dithiothreíto1) added separately or in combination wiËh

varíous divalent, ions, had no effect"

c) Effect of various ueËabolites. Since various cellular metaboliËes

are important in Èhe regulation of adenyl cyclase activity in S. sal-ivarius

(Chapter 4), it was postulated that a phosphodíesËerase ín thís organism

rníght also be regulated in a similar manner. This suggesËion was supporËed

by the observations of Monard, Janecek and Rickenberg (f62), who demonsËrated

the activation of E. coli phosphodiesterase with several- phosphorylated

hexoses and penËoses. 't^Iith this in raind, phosphodiesËerase activity was

sought by assaying the 30,000 g supernatant of sonically disrupËed ce1ls

in presence of glucose, glucose-l-P, glucose-6-P, frucÈose-6-P,
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fructose-Ir6-P2, glyceraldehyde-3-P, P-enolpyruvaÈe, pyruvaÈe, I'IAI , NA-DP,

NADH, NADPH and several other nucleotides. None of these compounds

eliciËed phosphodiesËerase activity in the extract preparaËion.

The hydrolysis of cyclic AMP by cycJ-ic nucleotide phosphodiesÈerase

in rat tissues (266) and in rat thynic lymphocytes (267) has been shorv-n

to be stimulaËed by low amounts (to 2O UM) of cyçlic GMP when added wiËh

cyclic AlfP to the assay mixture. However, wheÈher added separately, or

ín combinaÈion at. concenËrations between 1 ¡rM to 10 mM, these t¡¡o

cyclic nucleoÈides did not elicit phosphodiesËerase actÍvity in crude

preparations of S. salivarius.

d) ExËracË fractionation. Since the purificaËion of adenyl cyclase from

å. salivarius demonsËrated that enz)rme activity could be suppressed by the

presence of inhibitor(s) ín the crude extract preparat,ions (tabte 4.4), it

llas conceivable Lhat phosphodiesterase activity might have been similarly

affected. To test for this, a sarnple of the whole homogenaËe and the

30r000 g supernatant, obËained from the whol-e homogenaÈe, vrere fractionated

by aumonium sulfate fractionation, by gel filËeration on Sephadex G-200

and by ion exchange chroraatography on DEAE-cellulose. Ammonium sulfaÈe

precipitaËion r+as carried ouÈ in increments of 10% from 20-B0Z saturation.

The fracÈions obtained were dialyzed overnighË againsÈ Tris-HCl buffer

(50 nM, pH 7.5), before analysis. The samples \{ere run ín the descending

direction on a Sephadex G-200 (2.5 x 42 c¡n) with Tris-HCl buffer, while

the proÈeins adsorbed onLo DEAE-cellulose r¡ere eluted in a stepwise fashion

with increasing concentraËions of l.laCl in 50 mM Tris-HCl buffer (pH 7.5).

All of the fractions collected during these three procedures r,/ere devoid

of phosphodÍesÈerase activíËy.
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e) Other possible en4-products. In Èhe above experíments, phospho-

diesterase activity \^ras primarily measured by one of two assays (¡(p) and

C(P)) involving cyclic AlfP depleÈion. Assay B(P) involved measuring the

cyclic Al{P content follo\,ring Ëhe precipitaÈion of other nucleoËides by

Ba(OH) 2-ZnSO4 treatnent, while assay C (P) involved the separaËion of the

assay components by paper chromatography. The 1atËer meËhod was parti-

cularly useful since cyclíc AMP depletion and AMP fornation could be

measured at the same tíme, alËhough AMP (and adenosine) ürere never formed

with preparaËions of S. ""1i"99.¡"s._ However, since Gulyassy and Oken

(268) and Therriault and l.{inters (269) have shor,¡n thaË the degradation

of cyclic AMP in a crude phosphodiesterase sysÈem may resulË in the formation

of other products such as inosine and hypoxanthine, we decided to pursue

this possÍbility further. To this end, S. salivarius extracts were assayed

with cyclic 3tl-¿¡æ as the subsËrate. After the termination of Èhe reaction,

the assay conponenÈs lrere isolated by 2-dimensional thin layer chromaÈo-

graphy (TLC) using glass fiber paper impregnated with Silica gel (tflC-type

SG - Gelnan Instrument Co. ) . The paper was developed with Ëhe solvents

described by TherriaulË and WinËers (269) (solvenË I, n-butanol:iso-propanol:

NH40H = 70220:10, and solvent II, n-buÈanol:iso-propanol:ErO = 50:25:25)

The results obËained fron l-his experirnenË eonfirmed the earlier observationns,

i"e., that Ëhe substraÈe cyclic ÀìfP was noÈ hydrolyzed to adenosine, inosine,

hypoxanthine, xanthine, 5I-DfP and 5t-Al'[P"

C " EffecË of snake venoms, phosphgdiesterase actívator and protein
kinase inhibitor

Cheung (270) partially purified an inactive phosphodiesterase from

bovine brain which could be activated by preincubating the enz¡rme with
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different snake venoms. This actívation was not due to the protectíon of

the enzyme by proteins contained in the venom or to Ehe relief of product

inhibition by the action of venom 5'-nucleoËidase activity on AMP. Thís

possibility \,ras tested by preincubating S. sal-ivariug crude extracts with

two snake venoms (Crolalus aLrox and Naja naja) at 37oC for l-0 min and then

assaying for phosphodiesterase activity. No enzyme activity was observed

as a result of this treatment.

Cheung (27L,272) further reporËed the presence of a proËein

acÈivator for the brain phosphodiesterase r"rhich \^¡as renoved during the

purification procedures" The purified enzyme was fully acËive only in the

presence of this acËivaÈor" À proËein acËivator of bovine hearË phospho-

diesterase \¡ras kindly made available to us by Dr. J. H. I^Iang, DepartmenË

of Biochemist,ry, Faculty of Medicine, to test r,¡ith crude extracts of

S. salívarius. The addition of Ëhe actívator, however, did noÈ elicit

enzyme activíty in Ëhe S. salivarius preparaÈíons. Similar negaËive

results were also obtained rvhen protein kinase inhibiËor, isolated frorn

bovine skeleËal muscle, \^/as added to our assay system. This inhibitor

was prepared for the assay of cyclic AMP by the method of Gilman (196).

D. In vívo experiments

Since phosphodiesÈerase was noL detected in ce11-free extracts

of sonically-disrupted cel1s of S. qa[verlus, it was concluded that, if

phosphodiesterase was present, it may have been destroyèd during sonifica-

tíon" To test this possibÍ1ity, cyclic AMP degradation was measured

under "in vivo" condiËíons r¿iEh

aL 37oC Ëo make them permeable

cells treated wiËh 0.5% toluene for 30 min

Èo cyclic AMP. This procedure was considered
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gentle enough to preserve enz)¡me activity, if it existed, and yet make

cyclíc AMP available to the cel1u1ar contents. Enzyme activity was sought

by using assays A(P) and C(p) as described in MeËhods, excepL thar rhe

toluene-treated cells replaced the extract preparations in the reactj-on

míxËure. Phosphodiesterase acËivíty \,¡as not detected.

Further to the previously menËíoned experiments, ruany of the tests

performed r'¡ith the S. salivarius extracËs ürere also carried out with

exËracts of sLrains AHT, BHT, }IHT and 67L5 of. the cariogenic oral uicrobe,

S" mutans, in an effort to detect phosphodiesterase activity. In all cases,

phosphodiesteråse activiËy \,ras not observed.

Thus, the aforemenËioned experíments clearly indicate Ëhat

S. salivarius, and at leasË some other meubers of the genus Streptococcus,

are devoid of cyclic nucleotide phosphodiesËerase activity.

ÏII. THE FATE OF CYCLIC AMP

Since phosphodiesterase vzas not present in S. Sali"g¡¡"=, the

obvious question to be asked is what uechanism is responsible for the

rapid loss of cyelic AlfP from non-proliferating ce1ls previously observed

in Fig. 5.1. Early rvork by I'fakman and SuËherland (93) with E. coli has

indicated that the loss of cyclic AMP from the ce1ls was due to its

extrusion into the medium. In order to determine whether such a mechanism

night exist in S. geEyggat l, the intracellular and exËracellular content

of cyclic AMP rvas measured in systems employing growing and non-prolifer-

ating cel1s.

The first series of experiments involved assaying the cyclic A-l"fP
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content of cel1s growing ín a glucose-TYE broth" For this, two flasks

containing 0 "27! glucose-TYE broth, r,¡ere inoculated with an overnight

culËure and samples (5 m1) withdrawn from both flasks periodically by

sterile syringe and the contents immediately filEered to separate Ëhe

ce11s from the supernatant (rnediu:r) by the celite-filter procedure

ouÈlined in Methods. One flask served as Ëhe control r,¡hile the other

flask received 12 al'{ NaF when Ëhe ce1ls were in mid-exponentíal phase.

The ce1ls in Ëhe celite maËrix on the filter were extTacËed wiËh perchloric

acid, neuËralized and treated with Ba(Ott)r-ZnSOO followed by adjustment

of the pH to 4.0. The medium in the filtrate r,¡as concenËraËed t.o dryness

by flash evaporation after 3a(OH)2-ZnSOO treatment and suspended in 50 nM

sodír¡m acetate-acetic acid buffer (pH 4.0). Both fractions were then

analyzed for cyclic AMP by the method of Gihnan (196) (Methods 3).

Unlike the resting cel1 experiments shovm prevíously in Fig. 5.1,

the cyclic AlfP levels ín Ëhe cells were relatively constant Ëhroughout

Èhe experiment falling off as the cells reached Ëhe stationary phase

(Fig. 5.2(D)). The cyclic Al'fP levels in the medium r¡/ere essentially

constant throughouÈ the growth period (FÍg" 5.2(C)). The addition of

NaF to the ce1ls in the exponentíal phase resulted in complete inhibition

of growth (Fig.5.2(À)) and glucose uprake (Fig"5.2(B)), whí1e rhe cyclic

ÀIfP content in the medium increased rapidly (Fig. 5.2(C)). Thj.s j-ncrease

in the extracellular cyclic AMP occurred r,¡íthouË a significanË change in

the cyclic nucleotide content of the ce1ls (Fig.5.2(D)). When Ëhe intra-

cellu1ar levels of cyclic Al'fP ¡¿ere expressed in terms of a constant uniË of

ce1l weight (i.e., nmoles/rng dry wt cells), the cel.lular cyclic AMP contenË

was observed to decrease throughout the growth period until the onset of
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sËationary phase (Fig" 5.2(D))-ínset) suggesting that 1itËle, if any,

cyclic AlfP was slmthesized during growth.

I.Ihen the experiment \^ras repeated with the addition of a lor¿er

concentraËion (0.L%) of glucose to grovith medÍum 35 min after the addition

of the in$oculum, somewhat similar results were obËained. Hor'rever, while

the addition of NaF to Ëhe ce1ls in the exponential phase shorved the same

effect on ce11 growth (Fie. 5"3(A)) and on glucose uptake (Fie. 5.3(B)) as

in the previous experi:nenÈ, a I-ag period of 55 min was observed after the

NaF addition before the increase in ühe cyclíc AMP conf:ent of the medium

was observed (Fíg. 5.3(C)). The reason for Ëhis phenomenon ís unknown.

Since the resulËs obtained with growÍng cells (Fig. 5.2 and 5.3)

showed lítt1e, Íf any, fluctuaÈion in the cellular conËenË of cyclic AMP

compared to the earlier experimenÈs rvíth non-proliferating cells (Fig. 5.1) ,

experímenËs Tíere again undertaken to measure cyclic Al'fP in a non-prolÍfer-

ating cel1 sysËem. However, on this occasion, the cells r^rere separated

from Ëhe medirim by Ëhe rapid filter-celite method and cyclic AllP was

assayed with the more sensitive method of Gilman (196). In these experí-

ments, cyclic AMP r¡as assayed in glucose-grovrn cell-s and in the extra-

ce1lu1ar medíum during and. afLer the metabolism of fructose or glucose.

As can be- seen in FÍg " 5.4(A) and 5"4(B), the cyclic AMP level, both rvíthin

the ce11s and in Èhe medium, \47as almosË constant during the l0 min pre-

incubation period. The addition of frucEose resul-ted in a linear increase

in intracellular 1evel of cyclic AMP unÈil the fructose \{as depleËed

(Fig.5.4(A)); no significant change was observed in Ëhe cyclic Al"fP

concentration in the exËracellu1ar medium during this period. However,

iuurediately following the complete utilization of this sugar, the cyclic

AMP vras excretecl from the cel1s inÈo the medium" 't^lith glucose, on Ëhe
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oËher hand, Ëhe cyclic AMP content, both wíthin the cells and in the

medium, did not change until glucose was completely depleted (Fig.5.4(B)).

AË this point, the ce1lu1ar cyclic Al'fP increased rapidly for a short

period and then ltas excreted into Èhe medium aË ari equally rapÍd ïate.

The more recent results obtained with resËing ce1ls in Fig . 5.4,

differed from those observed in the earlier experiments (rig. 5.1)" Since

Ëhe later experiments employed improved procedures for the separaËion of

the ce1ls from the medium, as well as Ëhe isol-ation and assay of cyclic

AMP, Èhey probably reflect more accuraËely the distribuËion of cyclic AMP

than the earlier results. I,,lith these improved techníques iÈ was possible

to obÈain consistenË results beËween experinents.

IV" THE EFFECTS OF CYCLIC AMP

Although the r¡ork of Pastan, Perluan and their associates have

esËablished the role of cyclic AMP ín the regulation of inducible enzyme

synthesis in unicellular organisms, relatively l-itt1e is known about iËs

function on other cel1u1ar processes. Since we have, Èo daÈe, been unable

to demonstrate inducible enz)rme synÈhesis Ín s. salívarius, probably

because energy metabolisrn by Ëhis organism is resËrÍcËed to the fermen-

tation of relaËively f ew carbohydrates, \,üe !¡ere unable Ëo pursue the

function of eyclic Al'fP in this direction. As an alternative projectn

the effect of cyclic AlfP on the acÈivity of a number of regulatory

enzymes r¡as examined. For this study, phosphofructokínase and glycogen

phosphorylase were selected because of their knor.vn regulation by cyclic

AMP in other systems (Chapter 2), as well as the P-enolpyruvaËe
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phosphoËransferase system (PEP-PTS) for glucose t,ransporÈ in 9. salivaríus

(273). This latter system was selected because of the current interest

in our laboratory on the factors regulating glucose transport in Ëhis

organism. No atÈeurpt was made Ëo study these effects j-n detail- since

the purpose of these experinents was t.o indicate Ëhe directÍon of future

research.

A. Phosphofructokinase

Mansour and several oËher workers (65-85) have demonstrated the

activatíon by cyôlÍc Al'fP of phosphofructokinase from various mammalian

Ëissues, as well as the reversal of the ATP ÍnhibiËion of this enzyme by

this nucleotide. Since the subsËrate (fructose-6-P) and producË

(fructose-l-,6-P2) of the phosphofructokinase reaction had a significanË

regulatory effect on Èhe acËivity of purified adenyl cyclase in

.S. salivaríus (Fig. 4.23 and 4.24), it was posÉulated thaÈ the acËÍvity

of phosphofructokinase mighË be regulated by cyclic Al"fP in a reciprocal

fashion. This possibility \^ras examined by measuring the acLiviËy of

phosphofructokinase in crude exËracts of S. salivarius in Èhe presence

of increasing concentraÈions of cyclic AlfP. As indicated in Table 5.1,

Ëhe enzyme Ì./as actívated by cyclic AlfP and the acËÍvaËion íncreased

wiËh íncreasing concentrations of this nucleotide e aË least to a level

of 1 rnl'f.

B. Glycogen phosphorylase

Unlike uammalian glycogen phosphorylases (6), rnicrobial

phosphorylases, with the exception of Neurospo.ra crasså (274), appear
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TABLE 5 .1

Effect of cyclic AMP on phosphofructokinase activity in
crude extracts of S. salivarius.

Cyclic AMP concentraÈion Enzyme acËivity Relative activíty
(nl"l)

0

0"001

0. 01

0"1

1"0

5.34

10"3

r-8.6

25.7

32"8

1.0

1.9

3.5

4.7

6.2

a nmoles of frucËose-lr6-P2 formed/mg protein/min.
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to exist only in one active form (184,275-277). The glycogen phosphorylase

of N. crassa exists in two interconvertible forms: one active (AlfP-depend-

ent) forco and the other inacËive in Ëhe absence of AMP. Like the majority

of microbial enzymes, glycogen phosphoryl-ase in s. sal-ivarius appears to

exist only in one active forrn since preincubation with ATP and Mg2+

(and an ATP-regeneraËing system) did not increase enz)rme activity

(taUle 5.2) . In fact, such treatmenË resulted in a l-oss of actívity

which was parËicu1ar1y severe for the exËTact preparaËion obËained from

statíonary phase ce1ls. The observed inhibition, increased rvith the tíme

of prei.ncubaÈion and was considerably augmented by 1rnl"f cyclic AlfP.

Sinilar inhibíting effects rvere also observed with cyclÍc AlfP at concen-

traËions as 1ow as 10 Ull v¡hen Íncubated with ATP-ltg2+. In addition,

preincubaËÍon of t.he crude extracts for 30 nin with no ad.ditíon, followed

by a further 10 min incubation period in the presence of ATP-Mg2l'rrrd cyclic

AMP produced the same results, furËher differentiating this enzyrne from the

one in N" crassa (274) 
"

Although nucleotides \Ârere not required for enz¡¡me activiËy,

charcoal treatmenË of the crude extracts with 52 Norit A, following

preincubation with and wiÈhout ATP-Mg2* r.".rlted in the loss of some

activity (Tab1e 5.3). T,JiËh thÍs treatment, the inhibition of the enzyme

,-)-
by ATP-Mg'' \üas abolished when compared to t.he charcoal-treated enzyme

incubated in the absence of ATP. However, the addition of I nM and

10 Ul'f cyclic AMP to the preincubation medium in combinaËion with ATP-Mg2+

resulted in the usual inhibition of glycogen phosphorylase acËivity in

both the control and charcoal-treated extracts. Surprisingly, the

addition to the preÍncubation medium of cyclic AMP alone v¡as not
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TABLE 5"2

EffecÈ of preincubation Lrith ATP and cyclic aMp on the activiÈy of
glycogen phosphorylase in crude exLracts of S. salivarius

obtained from laÈe exponential phase (expl 1) and 

-sÈationary phase ce11s (exp. 2) "

Preincubation additions Time of preincubaËion (¡nín)

10

E>rp " 1

None

+ ATPb

+ ATP * cyclÍc AMP (1 nM)

0. Boa 0. 71

0.77

0.23

0. 71

0.64

0 "2L

0.72

o.2B

0.19

Þ<p. 2

None

+ ATP

+ ATP * cyclíc AMP (1 nl"f)

0.50 0.47

0.13

0.10

0.46

0.10

0.09

0.47

0.11

0"08

After the prei-ncubation period, Èhe samples were dialyzed f.or 4 hourswith Èwo changes of Tris-HC1 buffer (50 uùr, pH 7.0) and assayed,for
glycogen phosphorylase acËivity. units are nmoles of gj-uco".-l4c
incorporated inÈo glycogen/mg protein/30 rnin.

rn all cases when ATP was employed in the prej.ncubation medium,
ATP regenerating system ¡vas included in the experimenË. The reaction
mixture contained: 2.5 rnì'f ATP, 10 mM Mgc1e, 5 nM p-enol-pyruvaËe,
20 rnlr KCl, 10 ug cornmercÍal pyruvaÈe kinasã and crude extract.
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TA3LE 5.3

Effect of preincubation with ATP and cyclic AlfP on the activity of
glycogen phosphorylase in crude exËracËs of S. salivarius

subsequentl-y Ëreated rvith charcoaf.

Phosphorylase activity

Preincubation additions
ConËro1 Charcoal

Ëreatmenta

None

ATPC

ATP + cyclic AMP (10 !M)

ATP + cyclic AMP (1 il)

Cyclic AMP (10 UM)

Cyclic AMP (1 Ði'1)

1.00b

0.86

0 "44

0.39

0 "96

T"2T

0 "7L

0. 73

0.34

1-.17

a The samples i,rere treated wíth 5"/. charcoal (Norit A) after
preincubation for 30 nin as indicaËed.

b nmoles of glucos.-14c incorporation inÈo gLycogen/mg protein/3O min.

c Conditions as Ín Table 5.2.
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ínhibitory at both concentraËions, in fact, ÈhÍs nucleotide actually

acËivaËed the enzyme at the I ml"I 1evel .

The effect of cyclic AMP in relatiori to AMP and NaF was furÈher

examíned v¡ith a 200-fo1d purified glycogen phosphorylase (278) prepared

frorn S. salivarius. The enz)rme v¡as acËivated 2-fo1d by 1 mlf cyclic AMP

in the absence of AMP and NaF, but cyclic Al"fP was coropleÈely ineffective

in Èhe presence of AMP and NaF. The cornbined effecË of AMP and cyclic

AlfP on enzyme acËivity is i11usËraËed more completely in Fig. 5.5. It

can be seen thate as a function of the AMP concentration (Fig. 5.5(A)),

1 uM cyclic AMP had no additional effect on the enz)rme compared Èo Èhe

acËivity with AI"IP alone" As shown above, 1nì,I cyclic AMP activated Ëhe

enz)rme only in the absenee of AMP; a hÍgher concentrat,ion (5 nl'I) of

Ëhis nucleotide was slightly inhibitory. The inhÍbition is more clearly

observed when the values are p1oÈted as a function of the cyclic AlufP

concentration (Fig. 5.5(B)). rn the presence of 1 and 5 mu AMP, increas-

ing 1eve1s of cyclic AMP resulËed in a slight but steady decl-ine in

activity, rlhich, under Èhese conditions, !¡as sti1l greater than the

acËivity with cyclic AMP alone. The influence of NaF on varying levels

of both AlfP and cyclic Al"P is also sho¡.rn in Èhis figure. The combination

of AI{P * NaF produced twíce the activation of the S. salivarius phosphory-

lase, and at a lov¡er AMP l-evel (Ffg. 5.5(A)), than did Ëhe combínation of

cyclic AMP * NaF (Fie. 5.5(B)).

C. P-enolpyruvate phosphotransferase system

Previous research in our laboratory has demonstrated that glucose

Thisfs transported inËo cells of S. salivarius by Èhe PEP-PTS (273),
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sysÈem \,¡as first observed in E. coli by Kundig, Ghosh and Roseman (122)

and 1aËer identified as the predominant system for the transport of

glucose in a variety of bacteria (123,1-89,279,280)" The activity of

the PEP-PTS in toluene-treated cells of S. salivarius \¡ras measured by the

phosphorylaËion of 2-deoxyglueose-U-14a ,r, Èhe presence of P-enolpyruvaËe

(273)" The effect of cyclic AlfP, dibutyryl cyclic AMP and theophylline

on the actÍvity of this transporË systeu was determined. As shown in

Table 5.4, the inhibÍtion by dibutyryl cycl-ic AMP and theophylline was

greater Ëhan the inhibition observed with cyclic AMP" The percenË

inhi-bition with the 10 ¡.,U aiU,rtyryl cyclic AMP r.üas greaËer Ëhan Ëhat

observed lziËh 1 nl'f. It can also be seen in this table thaË Ëhe inhíbi-

tion by theophylline was partially overcome by cyclic AMP. These results

indicated thaË cyclic AMP raay play some role in the regul-aËion of this

Ëransport sysËem.

V. DISCUSSION

Since the discovery of cyclic AMP in microbial systems, much of

Ëhe research in Ëhis field has been concentrated on the function of cyclic

AMP in Ëhe regulation of inducible enzyme synËhesis. Less interest has

been shown in the regulaËion of cyclic AMP synËhesis by adenyl cyclase

and even less interesË in the factors controlling the loss of cellular

cyclic AMP. Earlier, Makman and Sutherland (93) observed the presence of

cyclic AMP boËh in ceIls and in the medium of E. coli cultures. However,

conflicting observaËions have been recently reported by Peterkofsky and

Gazdar QBf). I^lhi1e working on the effect of glucose on cyclic AMP
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TABLE 5.4

Effect of cyclic AMP, dibutyryl cyclic Al'fP and theophylline on
transport. of 2-deoxyglucose by P-enolpyruvate phosphotransferase

sysËem in toluene-treated cells of S. salivarius.

AdditÍons Rate of phosphorylaËion Percent
inhíbition

None

Cyclic AMP (10 UM)

Cyclic AMP (1 nl'f)

Cyclic ÀÌfP (5 nM)

Dibutyryl cyclie AMP
(10 Ut"t)

DibuÈyryl cyclic AMP
(1 ûl"I)

Theophylline (1 nM)

Cyclic AMP (10 UM) +
theophylline (1 xolr)

Cyclic AMP (1 ÐM) +
theophylline (1 ral'I)

565 .84

549.3

534.9

481.6

443.0

498 "4

439 "3

4s0,7

500"1

2.9

5.5

1"4 "9

2t.7

11.9

22.4

20.3

11. 6

a nmoles of 2-deoxyglucose-6 -y-l4c formed from 2-deoxyglucos"-u-14c/rg
dry wt cells in 30 min.
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metabolism in E. co1i, these auËhors could not detect any cellular cyclíc

AMP. In Èhis latter study, Èhe cyclic AMP cont,ent of the Èota1 system

(í.e" o cells * nedium) was deÈermined by boiling Èhe reaction mixture for

3 nin to extract any cel1u1ar cyclic AMP. The total cyclic AMP conÈent

T,r7as assayed in the clear supernatant obtained after centrifugation. The

extracellular cyclic AMP was determined by Ëhe inmediate separation of the

cells from Ëhe exogenous medium by centrifugation followed by boiling of

supernatant for 3 uin. Cellular cyclic AlfP contenË vTas taken as the

dífference between Èhese two fracËions. In our experímenÈs with

S" salivarius, cellu1ar cyclic AllP could not be exËracted by boiling

Ëhe ce1l suspension for 3 min in a fashion similar to Peterkofsky and

Gazdat (281) " It T¡/as necessary Èo treaË cel1s of S " salivarius wiËh 1 N

perchloric acíd for 30 mín in order to extract Èhe cel1u1ar cyclic AMP

r.rith Èhis organism.

The observation that the cyclic AlfP content of both the cells

and Ëhe exogenous medium Ìvere constant during growth of S. salivarius

Ín complex medium consisting of Èryptone-yeasË extract was surprising

(Fig. 5.2 and 5.3). These findings suggest that cyelic AlfP probably

is noË required for Ëhe growth of this organism ín a nuËritionally

complete mediu¡. Clear1y, much more lJork is requíred on Ëhe growth of

this organism in a defined medium, as rve1l as on its genetics, before

definitive ans\¡rers will be obËained "

The effect on cyclic Al"P synthesis by the addition of NaF to

gror+ing cultures (Fig" 5.2 and 5.3) was not compleËely surprising sínce

NaF was known Ëo stimulaËe adenyl cyclase activiËy in S. sallvarius

(Fig" 4.4 and 4"LZ) " Holever, the results demonstraËed that this
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additional cyclic AMP was forned after the complete inhibition of growËh

and glucose uptake, and lras excreted into medium as soon as it r¿as formed.

Previous experiments with resting ce1ls of S. salivarius meÈaboI ízing

glucose have demonstrated that Èhe addition of NaF to these ceIls results

in Ëhe iuunediate decline i-n the ATP conÈent of Ëhese ce11s (273). Experi-

menÈs are in progress Èo determine wheËher this loss of ATP is in fact

rel-ated to the exËrusion of cyclic AMP inÈo the medÍum under identical

conditions.

The patterns observed for Èhe cellular and exogenous cycLic

AMP levels ín experíments with fermenÈíng resting cells of S. salivarigs

(Fig" 5.1 and 5.4) were different than Èhose observed with growing ce1ls

(Fig" 5"2 and 5.3)" Of significance in Ëhe resÈing cel1 experimenËs was

Ëhe intracellular increase of cyclic AMP afËer the addition of the sugar

and just afËer the depleÈion of the carbon source, as well as Íts excre-

tion into Ëhe rnedium. Unlike these results, cyclic AMP in ce1ls of E. coli

increased on incubation in phosphate buffer but was excreted into the

medium after the additíon of glucose (93). However, an abrupt increase

in the cellular contenË of cyclic AI"IP in Ëhis organism, jusË afËer the

depletion of glucose, was in agreemenË \^¡ith our present findings with

S" salivarius. A sirnilar increase in cyclic AMP was also observed by

Peterkofsky and Gazð,ar (281) with an E. coli system, however, Èhe inerease

occurred in Ëhe extracell-ular medium and not in Ëhe cells. Since cyclic

phosphodiesterase is absenË ín S" salivarius, the cyclic AMP extrusion

mechanism ís probably Èhe only exisËing process for the loss of cyclic

AI"IP fron within ce11s of this organism. The resulËs have also indicated

that once cyclic AMP is excreËed into the extracellular fluid it is no
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longer available to tire ce1l because a mechanism does not exíst for its

transport ínÈo the ce11. I^Ihether a precise control mechanism exists

for the extrusion of cyclic ÁìfP is not, 
", Ot""ånt, knotu'n.

The studies concerning the effects of cyclic AIIP on some of the

enzymíc processes r,rere preliminary in nature but served to indicate a

possible role of cyclic AIUIP in Ëhe regulatíon of phosphofructokinase

and P-enolpyruvate phosphotransferase acËivity. Cyclic AMP acÈivated

the parËially purified S. salivarjuq glycogen phosphorylase in the

absence of AMP, but had no effect on the enzyme ín the presence of Alfp

(Fig. 5.5). Since the cellular leve1 of Æ{P fluctuaËes during metabolism

(2821283), cyclic AIÍP might activate the enzSrme aË 1ow A.l'fP concentrations.

In facË, if the AMP concentratíon in cells of S. sal-ivarius resembles

thaÊ for ATP (5 nmoles/mg dry iuÈ cells) (273), cyclic ÀìtP may indeed

have a controlling effecË. Adenyl cyclase activiËy in S. salivarius is

readily inhibited by AMP and other nucleoÈides, as well as by certain

glycolytic intermediates (Chapter 4), indicatíng that a cornplex control

sysËem regulates metabolÍte levels in these celIs. These levels r pâï-

ticularl-y those of AMP, would then directly affect'Ëhe acËivity of

glycogen phosphorylase .
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I. DISCUSSION

Although considerable evidence ís now available demonstraËing

the role of cyclic AMP in the regulation of inducible enzyme synthesis

in bacteria (718) relatively little i.s known about its effect on other

cellular processes in micro-organisms. This nucleoËíde may have an

ímportant role ín the conËrol of glycolysis in unieellular organisms.

This is a reasonable assumption in víew of the increasíng amount of

infornaÈion avaílable concerning energy meËabolism and cyclic AMP. For

example, Perlman and Pastan (121) ísolated a mutant from E. coli whích

did noË grow on a variety of carbohydrates and which was low in adenyl

cyclase activíty. However, in the presence of exogenous cyclic AMP,

the mutant Ì^Ias able Èo degrade carbohydrates ín a manner similar Ëo Ëhat

of the wÍld-Ëype straín. Furthermore, Moses and Sharp (L29) have shorrm that,

cyclic AMP greaËly stimulated glycolysis and profoundl-y affected the

íntracellular concentraÈi-on of several glycolytic intermediates, pêT-

ticularly fructose-Lr6-P2, suggesting Èhe interaction of cyclÍc AMP and

cerËain enzyme in the glycolytic paÈhway, such as phosphofructokinase.

This is 1ike1y a possibility since it has been knov¡n for some time that

cyclic AlfP can reverse Lhe ATP-sensitivity of yeast phosphofructokinase

(81) and inhibiË yeast glyceraldehyde-3-P dehydrogenase (62). Of course,

Ëhe role of cyclic AIIP in the regulaËion of glycolysis, glycogenolysis

and gluconeogenesis in animal systemsis well-known (L12,284).

The interrelationship betrveen the phosphofructokinase reaction

and cyclic AlfP is also evident in the results reported for purified

S. salivarius adenyl cyclase since fructose-6-P and fructose-Lr6-P2

actívated or inhibited the enz)rme depending on the concentration of the
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intermediate (Fig. 4.23 and 4.24). Clearly, the concentrations of Ëhese

compounds "irr ,ti,tg" are probably important to the actívity of the enz)¡me

withín the cell. Under physiological conditions in S. salivaríus, ho\uever,

the fructose-6-P concentration is probably of lesser imporËance since the

1eve1 of thís i-ntermediate remains low during acËive glycolysis

(0.6-3.2 nmoles/mg dry wt cells). on the other hand, Èhe inËracellular

levels of frucËose-1,6-p, are usually high (29-32 nmoles /mg d,ry wt cel1s)

during energy metabolism and changes in the concenËratíon of Ëhis compound

probably play a significant role in Ëhe regulatÍon of adenyl cyclase

actívÍty 
"

These and other results (81) suggesÈ Ëhat a reciprocal control

system night exist Ín microbial ce11s regulaËing both adenyl cyclase and

phosphofructokinase activity. In addition. Ëo demonstrating the influence

of Ëhe phosphorylated frucËose derivatíves on adenyl eyclase activity,
we have also demonsËrated Ëhe stimulation of the phosphofructokinase

activiËy in crude exrracrs of s. salívaríus by cyclic AMp (Table 5.1)"
In this connecËion, one cannot. exclude the possible effecË of fructose-lr6-
diphosphatase activity on the level of fructose-lr 6-p2, as well as the

effecË of cyclie AMP on this latter enzyme. The enzyme in kidney exËracËs

has been shor¿n ro be inhibited by Ëhis nucleoËide (86).

The influence of glyceraldehyde-3-P and P-enol-pyruvate on adenyl

cyclase activity is of particular interest since boÈh the glyceraldehyde-3-p

dehydrogenase and Pyruvate kinase reactions constitute major gLyeolytic

control points (62-64). Furtherüore, boËh compounds aïe at branch

points for divergent netabolic path\,iays: glyceraldehyde-3-p at the point

betr'¡een glycerol synËhesis and glycolysis, whí1e P-enolpyruvate is involved
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not only in glycolysis and gluconeogenesi-s, but also j-n the pliosç,liory-

1aüion of carbohydra,t.es in the P-enolpyruvate pb.osphotransferase transport

systen (273) " Ilere again, sirrce glyceraldehyde-3-P dehy-Crogenase :'-s in-
hibíËed by cyclic AìíP in other microbial systems (62) a reciproca.l. control

syste-m might exist beËween this enzyme and adenyl cycl.ase in S. salivarius.
The influence of cyclic AMP on pyruvate kinase has not been exanined in
microbial sysLens. The transport of glucose in S. salivarius, which does

Possess P-enolpyruvaËe phosphoÈransfer'ase transpcl:t sysÈem was s1íght1y

inhibited by cycli.c AlfP (Table 5.4). The possible merabolic conËrol of

glycolysi" "ío vivot' by the oscÍllating 1eve1s of fructose-lr6-pz, þ.Tp

and cyclic aMP in relation to phosphofructokinese, glyceraldehyde-3-p

dehydrogenase and pyruvâte kinase, has been discussed by yang and Deal

(627 
"

c1ear1y, the control of adenyJ- cy'clase acËivity Ín s. salj-varius

is rrot onJ-y re1.aËed to Ëhe cellular levels of Lhe critical glycolyÈic

Íntermediates but also Ëo t.he whole range of nucl.eotides v¡hich uust exÍst

at any one time in th.e eel1. The kínet:'-c daËa- irr Table 4.13 indicates

Èhat of a1i the nuclecË j.des tested, Aì)P prc,bably ha-s the greaÈesË ef f ect,

'þ,ri.'g" sir¡.ce the j-nhibítor díssociation constant (Ki = 0.43 uM) is
sígnificantly lower than rhe apparenü Ç (0.70 roM) for ATp. one rni.ght

i.magir:e that in addítion to the ila.deny_1-ate cha::geF conÈrol syeten pïcrpr.rsed

by Atkinson (2BZ) there rnight ex:l-st another regulatory sysËen controlled

by che interact:Lon of both nucleotides and glycolytíc intermeclj-aLes and

ínvolving cyclíc AlufP as a "r,..essengeï". Àl-though the reaction in

S. salivarius is reversible, one can conceive of the possibility that

adenyl cyclase might not only be involved direcËly in energy metabolism
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by regulating the cellular concentration of ATp, but secondarily in

response to the cellular levels of nucleotides and rnetaboliËes. For

example, the inhibition of the enzyme by ADp suggests that r¿hen the

adenylate charge r¿as 1ow (i.e., Arp + ADp is high) cyclic AMp synrhesis

would be inhibited Ëhereby reducing Èhe amount of cyclic AMp avaíIable

to interact r'¡ith the various glycolytic enzymes. At such 1ow cyclic Alfp

concentraËíons, for instance, the activation of phosphofructokinase r,¡ould

be reduced, thereby decreasíng the amount of frucËose-lr6-p2 formed which,

in turn, would reverse Èhe inhibiÈion of adenyl cycLase (Fíg. 4.24). This

control system is probably further complicated by the activity of adenylaËe

kinase, which would converË 2 moles of ADP to 1 mole of ATp, the substrate

for adenyl cyclase, and 1 mol-e of AMP, a much less effective ínhibitor of

the reacËÍon (Ki = 2"50 û1"f, Table 4.13).

In addition Lo the effects of glycolytic internedíaÈes and nucleo-

Èides r one cannot ignore the possible role of inorganic pyrophosphate on

Ëhe acËivity of adenyl cyclase. The low \ (o"23 mM) for Èhís compound

suggests Ëhat ttin vivo", this producÈ of the adenyl cyclase reaction must

be removed rapidly Èo avoid exË,ensive inhibÍtíon of cyclic AMp formation.

The presence of a highly acËive ínorganic pyrophosphatase in S. salivarius
(Table 4.5) indicaÈes that PPi probabJ-y does not accumulate Èo any great

exËenË buE is converted to P1, which is less inhibitory (Ki = 1.40 rnM).

The results Presented in this thesis further suggest Ëhat Ëhe

concentration of cyclic Al'P in cells of S. salivarius may be regulated

solely through the regulatíon of adenyl cyclase activiËy. This postulation

is supported by data indicating that (i) adenyl cyclase acrivity is regulated

by a number of nucleotides, glycolytic intermediates, as wel1 as by Ínorganic
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phosphate and pyrophosphate, (ii) cyclic nucleotide phosphodiesterase is
absent it q. salivarius and (iii) the presence of an exÈrusion mechanism

for Ëhe removal of cyclic AlfP. the question remains as to rvhether the

latter exËrusion process is conËro11ed or is sirnply available to keep the

ce11u1ar cyclic Al'fP belor'¡ a certain steady staËe leve1. The regulation

of the extrusion process would, of course, play a significant role in
determining the ce11u1ar concenÈratíon of this nucleotide.

II. POSSIBLE FUTI]RE ENDEAVOURS

The present study has answered some quesËions on the regulati.on

of cyclic Al'fP synÈhesis Ín S" salivarius and, on soae aspects of Íts loss

from cells. However, like mosË research projects, it has raísed a varieËy

of other questions which can be "rr"r.tåd by fuÈure research.

since the purifícation of adenyl cyclase has indicaÈed

presence of three isozymes for the enzyme, further work should

whether in facË the enzymes r and rr are different or similar
III, which has already been studied in sone detail"

the possible

establish

to the enzyme

The effect of glycolytic intermediaËes on enzyme III has suggested

that these compounds probably regurate adenyl cyclase activíËy ín
S. salivarius. However, the combined effect of these inËermediates, when

added together with purifíed adenyl cyclase, is not knovm. This could

readíly be undertaken by determining the physiological concenËrations of

the varíous glycolytic intermediates under differenÈ conditions of growth

and examining the effect of these concentratj-ons on cyclíc AMp production

by adenyl cyclase.
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Adenyl cyclase activiÈy was stimulaËed by NaF Ín the forward

direction (í.e., cyclic AMP synthesis) and ínhibited by the same compound.

in Ëhe reverse direcËion (i.e., ATP synthesís). It would be of interest
to pursue the precise mode of NaF action by examining its effect kineti-
cally in both directions, particularly under conditions of varying ltg2+

concentrations" Furthermore, as Ìre have also demonstrated the NaF activa-
tion of cyclic AlIp formaËion unde. "¿g vivo" condiËions, iÈ will be of

interest to know rvhether other meÈabol-ic inhibiËors can mimic the effecË

of this compound.

Adenyl cyclase isolaËed from S. salivarius catalyzes the reverse

reaction i.e., ATP formaËion from cyclic AMP and PPr. The activity of the

enzyme in Èhis direction "in vivo" will rnainly depend on the presence of

cyclic Al"fP and PPi in Ëhe system. The concenÈrat,ions of pp., a potent

inhíbitor of adenyl cyclase, will depend mainly on the activity and

regulation of inorganic pyrophosphatase, arr enz)¡me involved in the

hydrolysis of Ëhis compound Èo Pi. Therefoïe! a study on the regulation

of purified inorganic pyrophosphatase rvould be of interest. DeÈermination

of the "in vivo" concentraËions of PP, under various condiËions would also

provide useful information.

Furthermore' as there is no appaïent acËivity of cyclic nucleotide

phosphodiesterase in S. salívarius, the cyclic AlufP levels both in cells
and supernatanË under a variety of experimental- condiËions should be

pursued. A few such experiments have already been reported in this thesis

but the value of this information r+ould be greatly augnented by da¡a on

Èhe levels of various glycolytic intermediates and nucleotides existing
under the same condiËions. The results obtained ¡vou1d undoubtedly províde
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additional insight as to the mechanism for the ext.rusion of cellular cyclic

A-l'P in tire medium.

Prelíminary data has indicated the possible effect of cyclic AMp

on phosphofructokínase, glycogen phosphorylase and on the p-enolpyruvate

phosphotransferase system. The effect of cyclic AlfP on phosphofructokinase

would be most profitably pursued with a purified preparation. rn this
context, the regulatory properties of the enzyme can be subjected to

analysis. A símilar study might also be undertaken on the regulatory
properties of the t'o important glycolytic enzymes, glyceraldehyde-3-p

dehydrogenase and pyruvaËe kinase. Studies on the effect of cyclic A-I1p

on glycogen phosphorylase and on t.he P-enoJ-pyruvate phosphotransferase

system in S. salivarius also deserve further attention.



REFERENCES

Robison, G.4., Butcher, R.I^i. and Sutherland, E.W. (1971): "Cyclic
.A-l'P". Academic press, New york.

Robison, G.A. , Butcher, R.I^i. and Sutherland, E.W. (1968) : Cyclic
AMP. Ann. Rev. Biochem., 37, I4g-L74.

SuËherland, E.l,l., Robison, G.A. and Butcher, R.W. (1968): Some
aspecËs of Èhe biological role of adenosine 3tr5t-monophos-
phate (cyclic AMP). Circularion , 37 , 279-306.

Hardman, J.G., Robison, G.A. and SuËher1and, E.W. (1971): Cyclic
nucleoËides. Ann. Rev. physiol., 33, 311-336.

5. Jost, J-P. and Rickenberg, H.v. (1971): cyclic Alfp. Ann. Rev.
Biocheu., 40, 74L-774.

6" Villar-Palasi, c. and Larner, J. (1970): Glycogen metabolísm and
glycolytic enzymes. Ann. Rev. Bíochem., 39, 639-672.

10"

PasËan, r. and Perl-uan, R. (1970): cyclic adenosj-ne monophosphate
Ín bacteria. Science, 169, 339-344.

PasÈan, I., Perl-man, R.L., Eunner, M., Varmus, H.E., DeCrombrugghe, 8.,
chen, B.P. and Parks, J. (1971): Regulation of gene expression
in Escherichia coli by cyclic Al'fp. Rec. prog. Horm. Res.,
27, 42T-43L

Ra1l, T.w., suËherland, E.w. and Berthet, J. (1957): The relationship
of epinephrine and glucagon to liver phosphorylase.
rv. Effect of epinephrine and glucagon on the reactivation
of phosphorylase in liver homogenates . J. BioI. Chem . , 224 ,
463-475.

sutherland, E.I^Ì. and Ral1, T.w. (1957): The properties of an ad.enine
ribonucleotide produced with cellular particles, ATp, MgH
and epinephrine or glucagon. J. Amer. Chem. Soc., 79, 3608"

sutherland, E.I^1. and Ral1, T.w. (1958): Fractíonation and character-
ization of a cyclic adenine ribonucleotide formed by t.issue
particles. J. Bio1. Chem., 232, 1077-1091.

Cook, I\i.H., Lipkin, D. and Markham, R. (1957): The formation of a
cyclic dianhydrodiadenylic acid by Èhe alkaline degradarion
of adenosine-5r-Ëriphosphoric acid. J. Amer. Chem. Soc., 79,
3607-3608.

12"

1.

2"

3.

4.

7,

8"

9"

11.

Lipkin, D., Ifarkham, R. and Cook, I.tr.H.
adenosine-5' -triphosphoric acid
hydroxide. J. Amer. Chem. Soc.

(1959): The degradation of
by means of aqueous barium
, 81, 6075-6080.

13.

-176-



-r77-

14" Lipkin, D., Cook, I,I.H. aad Markham, R" (1959): Adenosine
3t:5t-phosphoric acid: A proof of strucËure. J. Amer. Chem.
Soc., 81, 6198-6203

15. Ra1l, T.Irr. and Sutherland, E.I^I. (1958): Formation of a cyclic
adenine ribonucleotide by tíssue parËicles. J. 3io1. Chem.,
232, l-065-7076

1,6. Ra1l, T.I^I. and Sutherland, E.tr{. (L962): Adenyl cyclase. II. The
' enzymatically catalyzed formaËion of adenosine 3t15t-phosphate

and inorganic pyrophosphate from adenosine triphosphate.
J. Biol. Cheur., 237, L22B-I232"

L7 " Sutherland, E.I^I., Ra1l, T.w. and Menon, T. (1962): Adenyl cyclase.
r" DisËríbuÈion, preparation, and properties. J. Bio1. chem.,
237, 1220-7227 "

l-8. Butcher, R.w. and suLherland, E.w. (1962): Adenosine 3t ,5 t-phosphate
in bíologicaL materials. I. PuríficatÍon and properties of
cyclic 3t,5t-nucleotÍde phosphodiesËerase and use of this
enz)rne to characterLze adenosine 3t15t-phosphate ín human
urine. J. Biol. Chem. , 237, 7244-1250,

19" sutherland, E.I^1. , Øye, T. and Butcheï, R.I^r. (1965): The action of
epinephrine and Ëhe role of the adenyl cyclase system in
hormone acti.on. Rec. Prog. Horm. Res., 2I, 623-646.

20" Cori, G.T. and Green, A.i" (1943): Crystalline rauscle phosphorylase.
II. ProsËhetic group. J. Bio1. Cheur., 151, 31-38.

2L" cori, G.T. and cori, c.F. (1945): The enz¡rmaÈic conversion of
phosphorylase a to b. J. Bio1. Che¡n., 158, 32L-332.

22" Krebs, E.G. and Fischer, E.H. (1955): phosphorylase actívity of
skeleËal muscle extracts. J. Bio1. Chem., 216, 113-120.

23. Fischer, E.H. and Krebs, E.G. (1955): conveïsion of phosphoryrase
b to phosphorylase a in muscle extracts. J. Biol. Chem",
2\6, L2L-L32" 

-24" Sutherland, E.l,I. and Cori, C.F" (195L): Effecr of hyperglycemic-
glycogenolytic facËor and epinephrine on liver phosphorylase.
J. Bio1. Chem., 1BB, 531-543.

25" Sutherland, E.l4T. (f951): The effect of the hyperglycemíc factor and
epinephrÍne on enzyme systems of liver and muscle. Ann.
New York Acad. Sci.,54,693-706.

26" Krebs, E.G. and Fischer, E.H. (1956): The phosphorylase b to a
convertíng enzyme of rabbit skeletal muscl-e. Biochim.
Biophys. Acta , 20, 150-156 

"



-I7B-

27"

28"

29"

30"

35"

suÈherland, E.I{. and I{osi1ait, I^i.D. (1955): rnacÈívation and
activation of liver phosphorylase. Nature, r75, 169-170.

Ra1l, T.w., sutherland, E.I4r. and l^losilalË, Iù.D. (1956): The relation-
ship of epínephrine and glucagon to liver phosphorylase.
rrr. ReactivaËion of liver phosphorylase in srices and in
exLracts. J" Biol. Chera. " 2LB, 483-495.

trlosilaiË, W.D. and
epinephrine
inactivation
469-48r.

Sutherland, E.W. (1956): The relarionshf_p
and glucagon to liver phosphorylase. II.
of lÍver phosphorylase. J. Biol. Chem.,

DanforËh, LI.H., Helmreich, E. and Cori, C.F. (1962): The
cont.ract.ion and epinephrÍne on the phosphorylase
of frog sarËorius muscle. proc. Nat. Acad. Sci.

of
EnzymaÈic

2LB,

effect of
actÍvity
u. s.A. ,

48,1191-1199"

31. Posner, J.8., stern, R. and Krebs, E.G. (1965): Effects of electrical
stimulation and epinephrine on muscle phosphorylase, phosphory-
lase b kinase and adenosine 3t15t-phosphaËe. J. Bio1. chern.,
240, gB2-985.

32" Merlevede, I{. and Ri1ey, G.A. (1966): The activaËion and ínacËivaËÍon
of phosphorylase phosphatase from bovine adrenal coïËex.
J. Bio1. Chern. , 24L, 3517-3524"

Torres, H.N. and che1a1a, c.A. (1970): RegulatÍon of skeletal muscle
phosphorylase phosphatase acÊivity. r. KineÈic properties of
the active and inacËive forms. Biochim. Biophys. Acta, 198,
495-503

chelala, c.A. and Torres, H.N. (1970): RegulaÈion of skeleËal muscle
phosphoryl-ase phosphatase activity. rr. rnterconversions"
Biochim. Biophys. Acra, 198, 504-513"

chelala, c.À. and Torres, H.N. (1969): rnterconverÈible forms of
muscle phosphorylase phosphatase. Biochim. Biophys. Acta,
u9, 423-426 "

sÈalmans, w., Dewulf, H., Lederer, B. and Hers, H-G. (1970): The effecË
of glucose and of a treatment by glucocorticoids on the in-
activation in vitro of liver glycogen phosphorylase. Eur. J.
Biochem., Il 9-12.

33.

34"

37. Krebs, E.G., Graves, D.J" and Fischer, E"H"
the activity of muscle phosphorylase
234, 2867-2873,

(1959): Factors affecËing
b kinase. J. Bio1. Chem.,

Krebs, E.G., Love, D.S., Bratvold, G.E., Trayser, K.A., Meyer, I^1 .L.
and Fischer, E.H. (1964): purifícation and properties of rabbit
skeletal muscle phosphorylase b kinase. Biochemistry, 3,
1022-1033.

36

38"



4I

39"

40"

42"

43"

44"

45"

47"

48"

-779-

Haurnermeister, K.E., Yunis, A.A. and Krebs, E"G. (1965): studies on
phosphorylase activation in the heart. J. Bio1. Chem. , 240,
986-997.

Krebs, 8.G., Delange, R.J
vati-on of skeleËal
163-171.

, Kemp, R.G. and Riley, W.D. (1966): Acri-
muscle phosphorylase. Pharmacol. Rev. , 18,

Delange, R.J., Kemp, R.G., Riley, W.D., Cooper, R.A. and Krebs, E.G.
(1968): ActivaËion of skeletal muscle phosphorylase kinase by
adenosine triphosphate and adenosine 3t,5t-monophosphate.
J. Biol. Chein., 243, 2200-2208"

I^lalsh, D.4., Perkins, J.P. and Krebs, E.G" (1968): An adenosine
3t,5t-rnonophosphate dependent protein kinase from rabbit
skeletal uuscle. J. Biol. .Chem., 243, 3763-3765.

villar-Palasi, c. and Larner, J. (1960): rnsulin-nediated effecr
on the activity of llDPG-glycogen transglucosylase of muscle"
Biochiro. Biophys. Acga, 39, L7I-I73"

villar-Palasi, c. and Larner, J. (1961): rnsulin treaÈmenË and
increased llDPG-glycogen tïansglucosylase activity in muscle.
Arch. Biochem. Biophys., 94, 436-442.

Larner, J., Villar-Palasi, C. and Richman, D.J. (1960):
stimulated glycogen formatíon in rat diaphïagm.
tissue intermediates in shorË-time experimenËs.
Biochern. Bíophys., 86, 56-60.

Insulin-
Levels of
Àrch.

46 Rosell-Perez, 14., villar-Pj-lasí, c. and Larneï, J. (L962): sËudies
on liDPG-glycogen transglucosylase. I. preparaËion and
dÍfferenti-ation of two actívities of l]DpG-glycogen trans-
glucosylase from rat skeletal muscle. Bjgsþs-.g!_ïy, l,
7 63-7 68

Friedman, D.L. and Larner, J. (L962): rnterconversion of two forms
of muscle ilDPG-c-glucan transglpcosylase by a
lation-dephosphorylaËion reaction sequence.
Biophys. AcËa, 64, 185-186.

phosphory-
Biochirn.

Friedman, D.L. and Larner, J. (1963): studíes on uDpG-{¡¿-glucan
transglucosylase. III. Interconversion of tr+o forms of muscle
IrDPG-û-glucan transglucosylase by a phosphorylatíon-dephospho-
rylation reaction sequence. Biochemistry, 2, 669-675.

Larner, J. and sanger, F. (1965): The amino acid sequence of the
phosphorylation siËe of muscle urídine diphosphoglucose
a-lr4-glucan cx,-4-g1ucosy1 transferase. J. Mo1ec. Biol.
11,491-500.

49"



-180-

Krebs, E.G. and Fischer, E.H. (L962>: Molecular properties and tïans-
formations of glycogen phosphorylase in animal tissues.
Advan. Enzymol" , 24, 263-290.

50.

51.

52.

53.

55.

56.

57.

58.

59.

Fischer, E.H., Graves, D.J.,
Structure of the site
to tat reaction. J.

E.R.S. and Krebs, E.G. (1959)
ted in the phosphorylase 'b'
234, r69B-L704.

CriÈtenden,
phosphoryla

Bío1. Chem.,

Huijing, F. and Larner, J. (1966):
3t r5t-cyclophosphate on Ëhe
c-4 glucosyl transferase.
23, 259-263.

0n the effect of adenosine
kinase of tiDPG: CI,-1,4-gJ-ucan

Biochem. Biopþ's. Bes. Commun.,

Huijing, F. and Larner, J. (1966): 0n
adenosine 3 t,5 t -cyclophosphate.
56,647-653,

the mechanism of acÈion
Proc. NaË. Acad. Sci.

of
u. s.A. ,

54 Appleman, M.M., Birnbaumer, L. and Torres, H.N. (1966): Fåctors
affecËíng Ëhe actívity of glycogen synthetase. III. The
reaction with adenosine triphosphate, t"tg#, and cyclic
3t r5t-adenosine monophosphate. Arch. Siochem. Biophys.,
116, 39-43.

Rosell-Perez,14. and Larner, J. (1964): Srudies on UDpG: o-1,4-glucan
a-4 glucosyl transferase. VI. Specificity and strucËural
requÍremenËs for the activator of the D form of Ëhe dog
muscle enzyme. Biochemist,ry, 3, 773-778.

Fríedman, D.L. and Larner, J. (1965): Studies on UDPG:o-1,4-glucan
o-4-glucosyl transferase. VIII. CaËalysis of Èhe phosphory-
lation of muscle phosphorylase and Ëransferase by separate
enzymes. Biochemistry , 4, 226L-2264.

Huijing, F., Vi1lar-Palasi, C. and Larner, J" (1965): On the non-
identiËy of phosphorylase b kinase and UDPG: o-1r4-glucosyl
Èransferase. Biochern. Biophys. Res. Commun . , 20, 380-382.

Belocopito\^/, E., Fernandez, M.D.C.G., Birnbaumer, L. and Torres, H.N.
(L967): Factors affecting muscle glycogen synthetase activity.
IV. Comparative study of the differenË dependent forurs of
glycogen synÈhetase. J. Biol. Chem., 242, I227-I23L.

Schlender, K.K., '[^lei, S.H. and Villar-Palasi, C. (1969): UDP-glucose:
glycogen cr-4-glucosyltransferase. I. Kinase activity of
purified muscle protein kinase. Cyclic nucleotide specifi-
city. Biochim. Biophys. Acta, 79]-, 272-278.

Larner, J.., Villar-Palasi, C. and Bror,¡n, N.E. (1969): Uridine
diphosphate glucose: o-4-glucan d,-4-glucosyltransferase in
heart. Two forms of enz¡rme, interconversion reactions
and properties" Siochim. Biophys. Acra, l7B, 470-479.

60.



62

6r"

63.

64.

65.

67.

68.

69.

70.

-181-

Huijing, F., Nuttall, I.Q., Villar-Palasi, C. and Larner, J. (1969):
IIDP glucose: ct,-1 ,4-glucan ct-4-glucosyltransferase in hearÈ
regulatÍon of the activity of the transferase in vivo and
in vitro in raË. A dissociation in the action-of-insulin
on Èransport and on transferase conversion. Biochim. ¡fgltrye.
Acta, L77, 204-2L2.

Yang, S.T. and Dea1, l{.C. (1969): Metabolic control and strucËure
of glycolytic enzymes. VI. ConpeËiÈive inhibition of yeast
glyceraldehyde-3-phosphaËe dehydrogenase by cyclic adenosine
monophosphate, adenosine tríphosphate and other adenine
containing cornpounds . BiochemistÐ¡, B , 2806 -2873 .

Betz, A. and Chance, B. (1965): Phase relaËíonship of glycolyÈic
intermediates in yeast cells r¡iËh oscillatory metabolic
control. Arch. Biochem. Biophys., 109, 585-594.

Sanwal, B.D. (1970): A11osËeric
i-n bacteria. Sacteriol.

Mansour, T.E. (1963): Studies
cation, inhibition and
2285-2292.

controls of anphibolic pathways
, 20-39.Rev., 34

on hearË phosphofrucËokinase: Purifi-
activation. J. 3io1. Chem., 238,

66 Passonneau, J.V. and Lowry, 0.H. (L962): PhosphofrucËokinase and
the PasËeur effect. Biochem. Biophys. Res. Corrnun.r T,
10-15.

Kemp, R.G. (f971): Rabbit liver phosphofructokinase. Comparison
of some properËies ivith those of muscle phosphofrucËolcinase.
J. Biol. Chem., 246, 245-252.

Hoskins, D.D. and Stephens, D.T. (1969): Regulatory properties of
primate sperm phosphofructokinase. Biochiu. Bíophys. Acta,
191, 292-302.

Stone, D.B. and Mansour, T.E. (7967): PhosphofrucËokinase frou the
liver fluke Fasciola hepalica. I. Activation by adenosine
3t,5t-phosphate and by seroÈonín. Mo1ec. Pharmacol.r 3,
r6L-r76.

the enzyrne. Ilolec. Pharmacol.

7r. Mansour, T.E. (1962): Effect of seroËonin on glycolysis
nates from the liver fluke Fasciola hepatica. J.
ExpÈl. Therap., 135, 94-101.

Mansour, T.E. (1959): Action of serotonin and epinephrine
and broken ce11 preparations from the liver f1uke,
hepatica. Pharmacol. Rev., 11, 465-466.

SËone, D.B. and Mansour, T.E. (1967):
liver fluke Fasciola hepatica.

PhosphofrucËokinase from the
II. Kinetic properËies of
, 3, r77-787.

in homoge-
Pharmacol

on intact
Fasciola

72



-TB2_

74

73.

75.

76"

80.

81.

82.

83.

Ilansour , T. E. , Sut.herland, E.W. , Ral1 , T.I{. and Bueding, E. (1960) :

The effect of serotonin (5-hydroxytryptamine) on the
formaËion of adenosine 3t,5r-phosphate by tissue particles
from the liver fluke,
235, 466-470.

Fasciola hepatica. J. Biol. Chqm.,

8e11, J., Brooker, G. and Harding, B.W. (1970): ACTH activaLion of
glycolysis in the rat adrenal g1and. Biochem. Biophys. Res.
Co¡¡rnun. , 4L, 938-943.

Kemp, R.G. (1969): Allosteric properÉies of muscle phosphofructo-
kinase. I. Binding of magnesium adenosine Ëríphosphate to
the binding site. Biochemistry, B, 3162-3168.

Vinuela, E., Salas, M.L. and So1s, A.
of yeast phosphofructokinase by

(1963) : End-producË inhibiËion
ATP. Biochem. Biophys. Res.

Cormun. , 12, 140-1.45 .

77.

78. AËkinson, D.E.
enzymes
Chem.,

79.

Ramiah, A. , tsatharvay, J .À. and
a roetabolic regulaËor.

Atkinson, D.E. (1964): AdenylaËe as
Effect of yeast phosphofructokinase

phosphofructokinase

kineËics. J. Biol. Chern. , 239, 3679-3622,

and I{alton, G.M. (1965): Kinetics of regulatory
. Escherichia co}i phosphofructokÍnase. J. Biol"
240,757-763.

Mansour, T.E. (1965): SËudies on heart
and inactive forms of the enz)rme
2r65-2L72.

. J. Bio1. Chem.,
. Active
240,

Mansour, T.E. and Ahlfors, C.E. (1968):
frucÈokinase. Some kinetic and
the crysËalline enz)¡me. J. Biol

Studies
physical

on heart phospho-
properties of
243, 2-523-2533.. Chem.,

Vinuela, E., Salas, Il.L., Sa1as, M. and SoJ-s, A. (L964): Two
inËerconverËible forms of yeast phosphofructokinase r¿íth
different sensítiviËy Ëo end product inhibition. BÍochem"
Biophys . Res . Co¡rmun. , 15 , 243-249 .

Afting, E.G., Ruppert, D., Hagmaier, V. and Holzer, H. (1971_):
YeasË phosphofructokinase: Effector-conÈrolled conversion
of an ATP-sensitive to an ATP-desensiËized form. Arch.
åroSl9g_Èfgplrye_-, L43, 587 -592.

,A.tzpodien, trü., Gancedo, J.M., Hagmaier, V. and Holzer, H. (f970):
Desensitization of yeast phosphofructokinase to ATp inhi-
bition by a protein fraction from yeasË. Eur. J. Biochem.
L2, 6-10.

Kemp, R.G. and Krebs, E.G.
phosphofrucËokinase

(1967): Binding of metabolites by
Biochemistgy , 6, 423-434.

B4



-183-

B9

85.

86"

87"

BB"

90"

92.

93"

94"

Lowry, 0.H. and Passonneau, J.V. (1966): KineËic evidence for
multiple binding sites on phosphofructokinase. J. Bio1.
Chem., 247, 2268-2279

Mendicino, J., Beaudreau, C. and Bhattacharyya, R.N. (1966):
Reversíb1e inactivation of D-fructose 1r6 diphosphatase
by adenosine ËriphosphaÈe and cyclic 3rr5t-adenosine
monophosphaËe. Arch. Biochem. Biophys., 116, 436-445,

sÈancel, G.M. and Deal, w.c. (1969): Reversible dissociaËion of
yeast glyceraldehyde-3-p dehydrogenase by adenosine
triphosphate. Bíochemistry, 8, 4005-401j..

Yang, s"T. and Deal, w.c. (1969): MeËabolic control and structure
of glycolyËic enzymes. VII. DesÈabiLization and ínactivaËion
of yeasÈ glyceraldehyde-3-phosphate dehydrogenase by
adenosine phosphates and chymoËrypsin. BiochemisËry, B,
2BL4-2820 "

lulilman, L. S . and Yurot¡iËzki,
and 3',5'-cyclic .AIIP
kinase in developing
301-304.

Y.c. (1967): FrucËose 1,6 di-phosphare
as positive effectors of pyruvate
embryos. Biochim. Biophys. AcËa, 146,

Okabayashi, T., Ide, M. and yoshimoËo, A. (1963): Excretion of
adenosine 3t,5t-phosphate in the culture broth of
Brevíbacterium liquefaciqns. Arch. Bio"hg*,_ Jlg.gþE-., 100,
isB-15t.

Okabayashi, T., YoshimoËo, A. and Ïde, M. (1963): Occurrence of
nucleotides in culture fluids of micro-organisms. V. ExreÈion
of adenosine 3t r5t-phosphate by Brevibacterium liquefaciens
sp N" J. Bacteriol., 86, 930-936. 

-

Okabayashi, T., Ide, M. and yoshimoto, A. (L964): Occurrence of
nucleotides in cu1Ëure fluids of micro-organisms.
vr. culture conditíon of Brevibacteríum liquefaciens sp.
V. for excreÈion of ade.rosineìyãlic aT,5ï:pho"phaË..
Amino acid Nucleic acid (Japan), 10, l-L7-I23.

97

r1and, E.W. (1965): Adenosíne 3t,51-phosphate
coli.. J. Bio1. Chern. , 240, 1309-1314.

Epps' H.M.R. and Gale, E.F. (1942): The infruence of the presence
of glucose duríng grov¿th on the enzymíc activities of
Escherichia co1í. comparison of Ëhe effect with that
pJãã"ced bt lã-rrnenrariàn acids. Biochem. J. , 36, 6Lg-623.

Makman, R.S. and SuLhe
in Escherichia

McFa11, E. and Mandelstam,
of the three induced
J", tg_, 391-398.

J. (1963): Specific meLabolic
enz¡¡mes in Escherichia coli.

repression
Bíochem.

95"



_184_

Magasanik, B. (1961): Carabolite repression
Symp. Quant. Biol., 26, 249-256,

96"

97.

98.

Perlman, R. and Pastan, I. (1968): Cyclíc 3t15r-AMp:
of ß-galactosidase and tryptophanase induction
Biochem. Biophys. Res. Commun., 30, 656-664.

DelCanpo, F.F., Ramirez, J.M. and Canovas, J.L.
repression by AMp in EscherichÍa co1i.
Res. Commun . , 40, 77-U:-

Cold Spring Harbor

Stimulation
in E. coli

(1970): TransienË

oo Aboud, M. and Burger, M. (1971): Àdenosine triphosphate and
caÈabolite repression of ß-galactosidase i-n Bscherichia coli.Biochen. Biophys. Res. Coumun., 45, l-g}_Ig7

100. Ullmann, A. and Monod, J. (1968) : Cycl-ic AMP as an
Escherichia colÍ.

antagonist of
FEBS Lettefs,

ro2.

Goldenbaum, P.E. and Dobrogosz, T^I.J. (1968): The effect ofcyclic 3t r5t-a}p on catabolite repression of $-garacto-sidase synÈhesis in Eschericbia co1i. nroShem:_Ëigp¡Iq.
Res. Cournun., 33, B2B-833. --

Goldenbauü, P.E. , Broman, R.L. and Dobrogosz, lI.J. (1970) : cycric
3' r5'-adenosíne monophosphate and N-aáeËyl glucosaminá-6-phos-
phaÈe as regulatory signals in catabol-ite repression of the
1ac operon Ín Escherichia coli. J. Bacteriol., r03, 663-670.

Broman, R.L., Goldenbaum, p.E. and Dobrogosz, w.J. (1970): The effectof amino acids on Ëhe ability of cyclic Ar"Ip Ëo ïeverse
caËabolíËe repression in Escherichia co1i. Biochem. Biophvs.
Res. Cormrun., 39, 401-406. 

.--

103.

catabolÍËe repression ín
2,57-60.

101.

L04.

105.

106.

ro7

Gilbert, Inl. and Muller-Hill, B. (1966): Isolarion ofrepressor. Proc. NaË. Acad. Sci. U.S.A.. 56-

GilberE, Irr. and Mu11er-Hi1l, B. (1967): The lac operaror is DNA.
Proc. Nat. Acad. Sci u.s.A., 58,24L5:2427.

=:_,
Riggs, A.D. and Bourgeois,

characterizatíon of
34, 36r-364.

S. (1968): on the
the lac repressor.

the lac
1891-1æ8.

assay, isolation and
J. Mo1ec. Biol..

Perlman, R.L. and Pastan, r. (1968): Regulation of B-galactosidasesynthesis in Escherichia. coli by cycJ-ic adenosine 3tr5'-Bono-phosphare. -l_@:, sizo-s+zl

Pastan, r. and perlman, R.L. (1968): The role of the lac promotoï
locus in the regulation of p-galactosida". 

"yrrlEã"ìs bycyclic 3t,5'-adenosine monophosphate. proc. Nat. Acad. sci.

108.

u. s .A. , 61, 1336-1342.



109.

110.

111.

7r2"

113 
"

L74.

115.

1L6.

TL7 "

Perlman, R.L., DeCrombrugghe, B. and pastan, I. (1969):
regulates caËabolite and transient repression inNature, 223, 810-812.

charabers, D.A. and Zubay, G. (1969): The stimulatory effect ofcyclic adenosine 3t,5t-monophosphate on DNA-directed
synthesis of B-galactosidase in a cell free system.Proc. NaË. Acad. Sci. U.S.A., 63, JJ-B_I22.

Varmus, H.E., Perlman, R.L. and pasËan, I. (1970): Regulation oflac messenger ribonucleic acid synthesis by cyclic adeno-

*2,_1r¿1':monophospt'ate 
and glu-cose. !L_ ¡rof: ¡þCg ., 245,

ç.JJ LLWI .

DeCrombrugghe, B. , Varmus, H.E. , perlman, R.L. and pastan, ï.H.(1970): srimularion of lac rnRM synËhesis by cycriÁ Alp incell-free extracrs of rsrher.ichia coli. Biôchlm. Biophys.Res. Commun., 38, 894-901.----

Emmere M., DeCrombrugghe, 8., pastan,
Cyclic Alfp recepÈor protein of
synthesis of inducibJ_e enz¡rmes
66, 480_487 .

*185-

of in vitro

DNA-binding properties
Zubay,
of Ëhe

Proc. l{at . Acad. Sci . u. s.A. ,

and Per'lman, R.
coli: IËs role

I.
E.

Cyclic AMP

E. coli.

(1e70) :

in the
" 3lqc. NaË. Acad. Sci. U.S.A"

Anderson, W.8., Schneíder, A.8., Emmer, M., perlman, R.L. andPasËan, r. (1971): purification of anc properties of thecyclic adenosÍne 3t,5 t-monophosphate r"t"pto, pïoËein rvhíchmediates cyclic adenosine 3t r5t-monophosphate åependentgene transcription in Escherichia coli. J. Biol. chem,,246,
5929-5937

zubay, G., schwartz, D. and Beckwith, J. (rgzo): The mechanism ofcataboliÈe sensitive genes. cold spring Harbor s*mp. Quant.Bio1. , 35, 433-435.

Eron, L., Arditti, R. , Zubay, G.l Connoway, S. and Beckr,¡ith, J.R.(1971): An adenosine 3',5r-cyclic mánophosphare bindingprotein Èhat acts on the transcription pïocess. proc. NaÈ.Acad. ScÍ. U.S.A., 68, 2L5_ZLB

Eron, L. and Block, R. (1971): Mechanisn of Ínitiation and repressíon
9t fa v1Ëro transcription of the lac operon of Escherichia co1i.Proc. Nat. Acad. Sci. U.S.A., 69,-1828_fSSZ

118" Riggs, 4.D., Reiness, G. and c. (1971): Purificarion and
catabolite gene activator protein"
68, ].222-:..225.

varmus, H.E., perlman, R.L. and pastan, r. (1970): Regulation of lactranscription in Escherichia coli by cyclÍc adãnosine
3t r5'-monophospr,ate st"aies witn a"á*yíibor.ucleic acid-ribonucleic acid hybridization and hyúridizaËion competirion.J. Biol. Chem., 245, 6366_6372

119.



-186-

I20. Zubay, G., Schwartz, D. and Beckwith, J. (1970): Mechanism of
actívation of catabolite sensitive genes. A posítive control
system. Proc. NaË. Acad. Sci. U.S.A., 66, 104-110.

L27. Perl-man, R.L. and Pastan, I. (L969): Pleiotropic deficíency of
carbohydrate utilization in an adenyl cyclase deficient
muÈant of Escherichia coli. Biocher. Biophys. Res. .,
37, 151-157.

I22. Kundig, W., Ghosh, S. and Roseman, S. (1964): PhosphaËe bound to
histidine in a protein as an intermedíate in a novel
phosphotransferase sysËen. Proc. NaË. Acad. ScÍ. U.S.A.,
52, l-067-1074.

L23. Tanaka, S. and Lin, E.C.C. (1967): T\qo classes of pleÍotropic muÈants
of AerobacËer aerogenes lacking componenËs of a phosphoenol-
pyruvate-dependent phosphoÈransferase sysËem. Proc. Nat.
Acad. Sci. U.S.A., 57, 9l-3-919

L24" Kundig, W., Kundig, F.D., Anderson, B. and Roseman, S. (1966):
RestoratÍon of active Ëransport of glycosides in Escherichia
coli by a couponent of a phosphotransferase syster. J. Biol.
Chem., 24L, 3243-3246.

L25. Pastan, I. and Perluran, R.L. (1969): Repression of $-ga1-actosidase
synthesis by glucose in phosphotransferase muËanEs of
Escherichia co1í. Repression in the absence of glucose
tÏæth"ïylaËi"". J. Biol" Chem. , 244, 5836-5842,

L26. DeCrombrugghe, 8., Chen, 8., Gottesman, M., Pastan, I., Varmus, H.E.,
Eurner, l.f . and Perlman, R.L. (1971): Regulation of 1ac mRNA

synthesis in a soluble ceLl free system. Nature New Biology,
230,37-40.

1-27. DeCrombrugghe, 8., Chen, 8., Anderson, W., Nissl-ey, P., GoËtesman,
If., PasËan, I. and Perlman, R. (f971-): Lac DNA, RNA polymerase
and cyclic AMP receptor proÈein, cyclic AllP, lac repressor
and inducer are the essential elements for conËrolled 1ac
Ëranscription. Nature New Biology, 23l-, J3g-142

I2B. Chen, 8., DeCrombrugghe, 8., Anderson, W.8., Gottesman, M.E.,
PasÈan, I. and Perlman, R.L. (197L): On the mechanism of
acÈion of 1ac repressor. Nature New Biol-ogy, 233, 67-70.

I29. Moses, V. and Sharp, P.B. (1970): Adenosine 3r15'-cyclic monophos-
phate and catabolite repression in Escherichia coli.
BiochslB. J. , 118, 4Bf -489 .

130. Yudkin, M.D. and Moses, V. (1969): Catabolite repression of the 1ac
operon. Repressiorr of Èranslation. Biochem. J., l-13,
423-!+28.



131 "

L32.

133.

134 "

135.

L36.

L37 .

138 "

139 "

140 "

Àboud, M. and Burger, M. (1970): The effect of caËaboliÈe repressio¡
and cyclic 3'r5r-adenosine monophosphate on the Ëranslatlon
of the lactose messenger RNA in Escherichia co1i. Biochem.
Biophys . Res. Connnun. , 38, 1023-1032 .

Ililler,2." Varmus, H.E., Parks, J.S., Perlman, R.L. and PasËan, I.
(1971): RegulaËion of gal messenger ribonucleic acid synthesis
ín Escherichia coli by 3t r5t-cyclic adenosíne monophosphate.
J. Bio1. Chem. , 246, 2898_2903.

Tao, M. and Schweiger, M. (1970): SËimulation of galacËokinase
synthesis in Escherichia coli by adenosine 3tr5t-cyclic
uonophosprr"..@, ro2, 138-141.

DeCrombrugghe, 8., Perlman, R.L., Varmus, H.E. and PasÈan, I.
(1969): Regulation of inducible enz)¡me synthesis in
Escherichia co1í by cyclic adenosine 3t,5t-monophosphate.
¡. niof . C,her.;++, 5828-5835.

ButÈin, G. (1963): I'fêíchanísmes régulaËeurs dans l-a biosynthése des
enzymes du métabolisme du galactose chez Escherichia coli K12.
II. Le deÈerminísme genetique de la regulffi.
Bio1" , 7, \83-205.

?arks, J.S., GotËesman, M., Perlman, R.tr. and Pastan, I. (l-971):
Regulation of galaclokinase synthesis by cycllc adenosine
3t 15t-monophosphaËe in ce11-free exËTacts of Escherichia
coli. J. Biol. Chem. , 246, 24f9-2424.

Nissley, S.P., Anderson, trnl.B., GoËLesman, M.E., Perlman, R.L. and
Pastan, I. (1971): In vitro transcriptíon of Ëhe gal operon
requíres cyclic adenosine monophosphaËe and cyclic adenosine
monophosphate recept.or protein. J. Biol . Chern., 246,
467r-4678.

-187-

Pastan, I. and Perlman, R.L. (1969):
synthesis in Escherichia coLÍ
monophosphatel--I-¡iõ1 . Ch"*.

Conde, F., DelCampo
adenosíne 3 I

ribonucleic
156-ls8.

Stimulation of tryptophanase
by cyclic 3t r5t-adenosine
, 244, 2226-2232.

, F.F. and Ramirez, J.M. (1971): Cyclic
,5r-monophosphate and the inhibition of
acid synthesis by profJ-avine. FEBS Letters, 16,

Ramirez, J.l'f., Conde, F. and DelCampo, F.F. (1972): Transcriptional
control of tryptophanase synthesis by cyclic AMP in
Escherichia coli. Eur. J. Bioclrem. , 25, 47I-475

Shizuta, Y. and Hayaishi, O. (1970): RegulaËion of biodegradaËive
deaminase synthesis in Escherichia coli by cyclic adeno-

141 "

sine 3t,5t-monophosphate. J. Biol. Chem., 245, 54L6-5423



-188-

L42. Berman, M., Zwaig, N. and Lin, E.C.C. (f970): Suppression of a
pleiotropic mutant affecting glycerol dissiinilation.
Biochem. Biophys. Res. Commun., 38, 272-278.

143. Aboud, M. and Burger, M. (1971): Cyclic 3'r5'-adenosine rnonophos-
phate phosphodiesterase and the release of caEabolite
repression of B-galactosidase by exogenous cyclic 3tr5t-adeno-
sine monophosphate in EscherichÍa coli. Biochern. Biophys.
Res . Cormnun. , 43 , L7 4-LB2 .

I44. Benson, C.E., Brehmeyer, B.A. and Gots, J.S. (1971): Requirement
of cyclic AMP for induction of GMP reductase in Escherichia
coli. Biochem. Biophys. Res. Commun., 43, 1089-1094.

L45. Harwood, J. and Smith, D.H. (1971): CaÈabol-ite repression of
chloramphenicol acetyl transferase s¡rnthesis in E. coli K12.
Bíochem. Biophys. Res. Counun ., 42, 57-62

146. Bhattacharya, A.K. and Chakravorty, lul. (1971): Induction and
repression of L-arabinose isomerase in Sahnonella typhimurium.
J. Bacteriol., 106, 107-LI2.

747. HiraËa, M. and Hayaishi, 0. (1965): Pyruvate dependenË adenyl cyclase
of Brevibacterium- liquefaciens. Biochem. Biophys. Res. Commun.,
21 ,- 361-365 .

148. HiraËa, M. and Hayaishi, 0. (L967): Àdenyl cyclase of BrevibacËerium
liqusfaciens. Biochim. Biophys. AcËa, I49, 1-11.

I49. Hirata, M. and Hayaishi, O. (L966): Enzyraic formaËion of deoxy-
adenosine 3 t ,5 r-phosphaËe. Biochem. Siophys. Res. Commun. ,
u, 360-364.

150. Ide, M., Yoshímoto, A. and Okabayashi, T. (L967): Formation of
adenosine cyclic 3t r5t-phosphaËe by non-proliferaÈing cells
and celL free exÈracË of BrevibacËerium liq.uefaciens.
J. Bacteriol ., 94, 37742T 

-
151. Greengard, P., Hayaishi, O. and Colowick, S.P" (1969): Enzymatic

adenylation of pyrophosphaÈe by 3t,5t-cyclic AMP; reversal
of the adenyl cyclase reaction" Fed. Proc., 28, 467,

I52. Cheung, Lr.Y. and Chíang, M-H. (1971): Adenyl cyclase. The exLent of
reversibility of the reacÈion. Bio"her. Biophys. R .,
43, 86B-874.

153. Hayaishi,0., Greengard, P. and Colowick, S.P. (197f)Í On the equili-
brium of the adenylaËe cyclase reaction" J. Biol. Chem.,
246, 5840-5843.

L54. TakaÍ, K., Kurashina, Y., Suzuki, C., Okamoto, H., Ueki, A. and
Hayaishi, 0. (1971): The reversibility of the adenylaËe
cyclase reaction. J. 3io1. Chem., 246, 5843-5845.



155.

156.

157 "

158 "

159.

160.

161.

162 "

163.

164

165.

766.

-189-

Brana, H. (1969): Adenyl cyclase in cell-free extracts of
Escherichia co1i. Folia Ìlicrobiol", L4, 185-189.

Ide, M. (f969): Adenyl cyclase of Escherichia co1i. Biochem.
Biophys. Res. Commu¡. , 36, 42-16.

Tao, Ìf. and Lipmann, F. (1969): Isolation of adenyl cyc
Escherichia co1i" Proc. NaË. Àcad. Sci. U.S.A.,

lase from
63, 86-92.

Tao, M. and Huberraan, A. (1970): Some properLies of Escheríchia
coli adenyl cyclase. Arch. Biochem. Bíophys ., Ut, ZIO-Z+0.

Ide, M. (1971): Adenyl cyclase of l¡acteria. Arch. Biochem. Bio:Ï,y.1.,
44, 262-268.

Brana, H. and Chytil, F. (1966): SpliËËíng of
sine rnonophosphate in cell-free sysËen
Folia Hicrobiol., 11, 43-46.

the cyclic 3r r5t-adeno*
of Escherichia coli.

Monard, D., Janecek, J. and Rickenberg, H.V. (1969): The
degradatíon of 3tr5t-cyclic AIÍP ín sËrains of E.
sensiËive and resistant to catabolite repressiãn.
.nioche*. nirpt Vs ., 35, 584-591-.

enzymic
coli

Monard, D., Janecek, J. and'Rickenberg, H.V. (1970): Cyclic adenosine
monophosphaLe diesËerase activity and caÈabolite repression
in E. coliuín "Lrg!o"g Operontt (Uds. Becla¿ith, J.R., and
Zipser, D.) p. 393-400. Cold Spring Harbor, New York"

Okabal'¿sþi, T. and Ide, lnI. (1970): Effect of dipicolinic acid on
bacteríal cyclic 3t r5t-nucleotide phosphodiesterase.
Biochim. Biophys. Acta, 220, L24-L26.

Okabayashi, T. and lde, M. (1970): Cyclic 3t,5'-nucleotide
phosphodiesterase of SerraËia marcescens_. Biochirn. Biophys.
Acta, 220, LL6-L23

Speziali, c.A.c. and Llijk, R.V. (1971): Cyclic 3',5'-AMP phospho-
diesterase of Saccharomyces carlsbergensis. Inhibition by
adenosine 5t-triphosphate, inorganic pyrophosphaÈe and
inorganic polyphosphate. Biochim. Bioplys. Àcta, 235,
466-472.

Ríedel, V. and Gerisch, G. (1971): RegulaËion of exÈracellular
cyclic Al"fP phosphodiesterase activiËy during development
of !:S¡yggs]¿!r discoideum. Biochern. Biophys. Res. Conunun.,
42, rr9-L24"

Chang, Y.Y. (1968): Cyclic 3'r5'-adenosine monophosphaÈe phospho-
diesterase produced by the slime mold Dictyostelium

167

discodium. Science, 161, 57-59.



-190-

168 " Murray, A.I\T. , Spíszman, ìf . and Atkinson, D. E. (1970) : Adenosine
3t r5t-monophosphate phosphodiesterase in the growth medium
of Physarum polycephalum. Science, 777, 496-498.

169. Kuo, J.F. and Greengard, P" (1969): An adenosine 3'15'-monophos-
phate dependenÈ protein kinase from Escherichia co1i.
J. Bicl. Chem. " 244, 34L7-341-9.

I70. Kuehn, G.D. (1971): An adenosine 3',5'-monophosphate inhibited
protein kinase from Physarum polycephalum. J. Biol. Chem.,

. 246, 6366-6369 "

171. Hamilton, I.R. (1968): SynËhesis and degradation of intracellular
polyglucose in Streptococcus salivarius. Can. J. ìficrobío1.,
14, 65-77 "

L72" Krishna, G., I,ieiss, B. and Brodie, B.B. (1968): A simple sensitive
method for the assay of adenyl cyclase. J. Pharmacoi-.
Exp. Ther., 163, 379-385.

L73. TaunËon, 0.D., Roth, J. and Pastan, I. (1967): ACTH stimulation
of adenyl cyclase in adrenal homogenates. Biochern. Biophys.
Res" Cormun. , 29, L-7 "

174" Bray, G.A. (1960): A siruple efficient lÍquid scinËi11aÈor for
counting agueous soluËions in a J-iquíd scintillatíon counter.
Ana1. Bioghem., l, 279-285.

I75. Drummond, G.I. and Duncan, L. (1970): Adenyl cyclase in cardíac
tissue . _J.:_qiof.__q¡g!q. , 245 , 97 6-983 .

176. Schultz, G., Bohme, E. and Munskê, K. (1969): Guanyl cyclase.
DetermÍnation of enz)¡me actívity. Life Sci., B, Part II,
L323-r332.

177 " I{hiËe, A.A. and Aurbach, G.D" (1969): Detection of guanyl cyelase
in maurnalian tíssues. Biochin. Biophys. Acta, 191,
686-697 "

I7B. Hardman, J.G. and Sutherland, E.I{. (1969): Guanyl cyclase, an enz)¡me
catalyzing the formaËion of guanosíne 3t r5t-monophosphaÈe
from guanosine triphosphate. J. Biol. Chem., 244,
6363-6370 "

I79" Rosen, O.M. (1970): Preparatj-on and properties of a cyclic
3t,5t-nucleotide phosphodiesterase isolated from frog
erythrocytes. Arch. Biochern. Biophys. , 737, 435-44I.

180. Chen, P.S", Toribara, T.Y. and trVarner, H. (1956): I'licro-determination
of phosphorous. Ana1. Chem. , 28, L756-7758.



Taussky, H.H.
for the
J. Biol

-191-

(1953) : A microcolorimetric method
of inorganic phosphorous.

67 8-685 "

181.

IB2.

J-OJ.

184.

185.

186 "

L87

lBB

189.

190.

191.

L92 "

193 "

and Shorr, E.
determination

. Chem. , 202,

?irch, G. (1971): Assay of phosphodiesterase with radioactively
labelled cyclic 3' r5 

t-AlfP as substraËe. Naunyn-schmiede-
bergs Àrch. Pharrnak., 268, 272-299.

Rosen, O.M. and Rosen, S.M. (1969): Properties of an adenyl
cyclase parËia1ly purified from frog eryËhrocytes.
Arch. Biochem. Biophys., 131, 449-456.

Chen, G.S. and Sege1, I.H. (1968): Escherichia coli polyglucose
phosphorylases. Àrch. Biochem. Biophys., I27, L64-I74.

Kanapka, J.4., Khandelwal-, R.L. ¿¡d ll¡mílton, I.R. (1971): Fluoride
inhibition of glucose-6-P formaËion in St:=plsregsgs
salivaríus: RelaËion Èo glycogen synËfres.is ana aegïadaÈion.
Arch. Biochein. Biophys., ]-44, 596-602.

Khandelwal, R.L., Spearman, T.N. and Harnilton, I.R. (L972): Isolation
and characterization of glycogen from SÈreptococcus
salivarius. Can. J. Bíochem., Ð, 440-442.

Maitra, P.K. and Estabrook, R.W" (l-964): A fluoromeËric meËhod for
Ëhe enzymíc determination of glycolytíc intermediates.
Ana1. Biochen., 7, 472-484.

Gachelin, G. (1969): A ner¿ assay of Èhe phosphotransferase system
in Escherichia coli. Biochem. Biophys. Res. Cornmun., Jl,
392-3ü.

Romano, 4.H., Eberhard, S.J., Dingle, S.L. and McDowell , T.D.
(19i0) : Distribution of the phosphoenolpyruvate:glucose
phosphotransferase sysÈem Ín bactería. J. Bacteriol.,
IO4, BOB-813

Lowry, 0.H., Rosebrough, N.J., Farr, A.L. and Randall , R.J.
(f951) : Protein neasurement r¿iËh the Folin phenol- reagenË.
J. Bio1. Chem., 193, 265-275"

Kingsley, G.R. and GeËche1l, G. (1960): Direct ultramicro
glucose oxidase raeÈhod for determination of glucose in
biologic fluids. Clin. Chem., 6, 466-475.

Morris, D.L. (1948): QuantiÈaÈive deÈerminaËion of carbohydrate
with Dreywoodrs anthrone reagent. Scíence, 107, 254-255"

Sandham, H.J. and Kleinberg, I. (1969): The effect of glucose
concentration on Èhe inËerrelation between glucose
utilization, pH and carbohydraËe storage in a salivary
system. Arch. Oral Biol ", 14, 603-618.



L94

L95.

196.

t97 .

19 B.

]-99.

200.

20L.

202.

203.

204.

20s "

206.

207.

-r92-

Brooker, G. and Appleman, M.M. (1968): The ÈheoreticaL basis for
the measuremenL of compounds by enzlrmatic radioisotopic
displacemenL. Biochemistry- 7, 4IB2-4L84.

Brooker, G.4., Thomas, L.J. and App1eman, M.M. (1968): The assay
of adenosine 3r,5t-cyclic monophosphaËe and guanosine
3t r5t-cyclic monophosphate in biologlcal rnaterials by
enz¡rmaËic dísplacemenL. Biochemistry , 7 , 4L77 -4181.

Gilman, A.G. (1970): A
monophosphate.

EsËabrook, R.W. and Maitra,
for the guantitative
nucleotides. Ana1.

protein bindingassay for
Proc. Nat. Acad. Scí. U.S .Ã.r 67,

P.K'. (L962): A fluorometric method
mícroanalysis of adenine and pyridine

adenosine 3t ,5t-cyclic
305-312.

and

applica-

_Bfo"h=r. , 3, 369-382.

Ornstein, L. (1964): DÍsc electrophoresis

Davis, B.J. (1964):
tíon Ëo human
r21, 404-427.

Disc elecËrophoresis.
serum proteins. Ann.

. I. Background
12L, 32L-349.

II. Method and
New York Acad.

Ëheory. Ann. Nerv Yorlc Acad. Sci.,

Sci. ,

Kapitany, R.A. and Zebrowslci, E.J., Personal couununícation.

Líner¿eaver, H. and Burk, D. (1934): The
dissociatíon constants. J. Amer.

Dixon, M. (1953):
Biochem. J

Atkinson, D.E., Hathaway, J.A. and Smith,
regulatory enzymes " Kinetic order
phopyridine nucleoËide isocitraËe
and a model for the reacËion. J.

determination
Chem. Soc.,

of enzl-rne
56, 658-666 "

The determination of enzl'rne inhíbiLor constants
., 55, 170-171"

E.C. (1965): KíneËics of
of ühe yeast diphos-

dehydrogenase reaction
Biol. Chem., 240,

2682-2690.

Cleland, W.I,I. (f 970) : SËeady state kinetícs" io "Th._X-=)¡r=""
(Boyer, P.D. ed.), Vo1 . 2, P.1., Academic Press, Ne\^/ York.

Webb, J.L. (1963): 'rEnzyme and metabolic inhíbítors". Vol. 1
Academic Press, Nerv York.

Bar, H-P. and HechLer
ce11 ghosts.

enyl cyclase âssay in fat
29, 476-489.

, o.
Ana1.

(1969): Ad
Biochern.,

BÍtensky, M.I{., Russell, V. and Robertson, tr{. (1968): Evidence
for separaËe epinephrine and glucagon responsíve adenyl
cyclase systens in rat liver. Biochem. Biophys. Res.
Commun., 31, 706-7L2.



208 "

209

2]-0 
"

zLT.

212

2]-3 
"

2l.4

2L5.

2L6 
"

2r7.

2TB.

-193-

Levey, G.S. and Epstein, S.E. (1969): Myocardíal adenyl cyclase:
Activation by thyroid hormones and evidence for Ërvo adenyl
cyclase systems. J. C1in. Invest., 48, L663-L669.

tr/eiss, B. and Costa, E. (1968): Regional and subcellular dÍsËri-
bution of adenyl cyclase and 3t,5t-cyclíc nucleotide
phosphodiesterasè in brain and pineal gland. Biochem"
Pharmacol., \7, 2I07-2LI6.

DeRobertis, 8., Arnaiz, G.R.D.L., Alberici, M., Butcher, R.I{.
and Sutherland, E.I{. (1967): Subcellular disËribution of
adenyl cyclase and cyclic phosphodiesterase in rat brain
cortex. J. Bio1. Chem., 242, 3487-3493.

I{echter, 0., Bar, H-P., }fatsuba, M. and Soifer, D. (l-969): ACTH
sensitÍve adenyl cyclase in bovíne adrenal cortex membrane
fractíons. Life Sci. , B, 935-942 "

Davoren, P.R. and Sutherland, E.W. (1963): The cellular locatÍon
of adenyl cyclase in the pigeon erythrocytes. J. Bío1.
Chem., 238, 3016-3023.

Rodbe11, M. (1967): Metabolism of isolaËed fat cells. V. Prepar-
ation of ghosts and their properties: Adenyl cyclase and
other enz)¡mes. J. Biol. Chern., 242, 5744-5750.

Pohl, S.L., Birnbaumer, L. and Rodbe11, M. (f969): Glucagon-sensi-
tive adenyl cyclase in plasma membrane of hepaËic parenchlrmal
ce11s " Science, 164, 566-567 "

Castanêda, M. and Ty1er, A. (1968): Adenyl cyclase ín plasma
membrane preparations of sea urchin eggs and its increase
in actívity after fertilization. Biochem. Biophys. Res.
Conraun., 33, 782-787 "

Pulsíne11i, W.À. and Eik-Nes, K.B. (1970): Adenyl cyclase activity
in subcellular fractions of dog Ëestis. led. Proc.r 29,
918.

McKeel, D.l^1. and JaretË, L. (1970): Preparation and characteriza-
tion of a plasma meuibrane fraction from isolated fat cells "

J. Ce1l Biol. , 44, 4L7-432.

MarineËti, G.V,, Ray, T.K. and Tomasi, V. (1969): Glucagon and
epinephrine stimulation of adenyl cyclase in isolated
raË liver plasma membranes. Biochem. Siophys. R"s. Co*"".
36,185-193.

Øyu, I" and Sutherland, E.W. (1966): The effect of epinephríne
and other agents on adenyl cyclase in the cel1 membrane
of avian erythrocytes. Biochem. Biophys. Acta, L27,
347 ^354 .

2r9.



-194-

Wolfe, S.M. and Shulman, N.R. (1969): Àdenyl cyclase activity in
human platelets. Bioche@., ä,
265-272 "

220 "

22r

222.

aa.J/-LJ.

224.

22s

226.

227.

228 "

229 "

230 "

Zíeve, P.D. and Greenough, W.B. III. (1969): Adenyl
human plaËelets: Àctivity and responsiveness
Bíophys . Res . Cormnun. , ä, 462-466 "

cyclase in
. Biochem.

Chase, L.R., Fedak, S.A. and Aurbach, G.D. (1969): Activat
skeleÈal adenyl cyclase by parathyroid hormone "in
Endocrinology, 84, 76L-768.

ion of
vitrott.

Klainer, L.M., Chi, Y.M., Friedberg, S.L., Rall, T.\^1. and
Sutherland, E.I^I. (7962): Adenyl cyclase. IV. The effects
of neurohormones on the formation of adenosine 3tr5'-phos-
phate by preparations from brain and other tissues.
J. Biol. Chem., 237, L239-L249.

Murad, F., Chi, Y.M., RalI, T.W. and Sutherland, E.W. (1962) z

Adenyl cyclase. III. The effect of catecholamines and
choline esters on Èhe formation of adenosine 3t,5t-phosphate
by preparations from cardiac muscle and liver. J. Biol.
Chem. , 237, L233-I238.

Rabinoi.¡it z , M., Desalles , L. , MeisJ-er, J . and Lorand, L. (1965) :

Distribution of adenyl cyclase acËÍviËy in rabbit skeletal
muscle fractions. Biochim. Biophys. Acte , 97 , 29-36.

Entman, M.L., Levey, G.S. and EpsËein, S. (1969): DemonsËration
of adenyl cyclase activity in canine cardiac sarcoplasmic
reticulum. Bíochem. Biophys. Res. Co¡mnun., 35, 728-733"

Vaughan, M. and ìIurad, F. (1969): Adenyl eyclase activity ín
particles from fat cel1s. Biochemistry, B, 3092-3099.

Chase, L.R" and Aurbach, G.D"
Anatomically separate
vasopressin. Science,

Casillas, E.R. and
and cycl-ic 3

spermatozoa.

(1968) : Renal adenyl cyelase:
siËes for parathyroid hormone and
r59, 545-547.

Bar, H-P. and Hechter, O. (1969): Adenyl eyclase and hormone action.
I. Effects of adrenocorticotropic hormones, g1-ucagon, and
epinephrine on the plasma membrane of rat fat eells.
Proc. Nat . Acad. ¡ç¡._ Ilr_S .1\. , 63, 350-356 .

Mier, P.D" and Urselmann, E. (f970): The adenyl cyc
I. Measurement and properties. Br. J. Derm.

Hoskins, D"D. (197f): Adenyl cyclase activity
t,5t-A.IP content of ejaculaËed monkey

Arch. Biochern. Biophys ., I47, 148-155.

lase of skin "

, 83, 359-363.
23L"



-195-

Adachi, K" and Kano, M. (1970): Adenyl cyclase in human hair
follicles: Its inhibitíon by dihydrotestosterone.
Biochern. Biophys. Res. Co¡¡rnun., 4I, BB4-890.

232.

¿JJ "

234.

235.

236 "

237 "

238.

239.

240 "

24L.

242

Líao, S., Lin, A.H. and Tymoczho, J.L. (1971): Adenyl
ce1l nuclei isolated from rat ventral prostate
Biophys. Acta, 230, 535-538.

Dha11a, N.S., Sulakhe, P.V., I(rande1wal, R.L. and
(1970): Excitation conËraction coupling in
dies on the role of adenyl cyclase in the
by dog heart Sarcoplasuric reticulum. Life

cyclase of
. Biochim.

Soifer, D. and Hechter, O. (1971): Adenyl cyclase activity in
raË liver nuclei. åiggÞir. Bfrphy". 4"t", 230, 539-542.

Pol1ard, C.J. (1970):_Influence of gibberlic acid on Éhe incor-
poratíon of B-r4C adenine into ad.enosine 3t r5t-cyclic
phosphate in barley aleurone layers. Siochirn. Bíophys.
Acta , 201, 511-512 .

Duffus, C.M. and Duffus, J.H. (1969): A possible role of cyclic
AMP in gibberlic acid Ëriggered release of alpha-amylase
in barley endosperm slices. Experiantia, 25, 581.

VecheE, 8., Brana, H. and Kupkova, H. (1971): The adenosine Ëri-
phosphate pool and the adenylcyclase acÈiviËy in Escherichia
coli strains v¡ith different IfV sensítivíty. Folia
Microbiol. , L6, 31-34.

Hamilton, I.R.
hearË. II. Stu-

calcium tTansport
Sci. , z , Part I,

625-632.

Birnbaumer, L., Pohl, S.L. and Rodbel1, M. (1969): Adenyl cyclase
in fat cells. I. ProperËies and Ëhe effects of adreno-
corticotropin and fluoríde. J. Bio1. Chem., 244, 3468-3476"

Schraurm, M. and Naim, E. (1970): Adenyl cyclase of rât paroÈid
gland. AcËivation by fluoride and norepinephrine.
J. Biol. Chem. " 245, 3225-323L.

Perkins, J.P. and Moore,
cerebral cortex.
gents. J. Biol.

M.M. (1971): Adenyl cyclase of rat
Activation by sodir:m fluoride and deter-

Chem. , 246, 62-68.

t.he norepine-
cyclase sysËem.

Bírnbaumer, L., Pohl, S.L. and Rodbell, M. (1971): The glucagon
-sensiËive adenyl cyclase system in plasma membranes of
rat 1iver. II. Comparison bet¡¿een glucagon and fluoride
stiraulated activities. J. Bio1. Chero. , 246, 1857-1860.

Weiss, B. (f969): SimilariÈies and di-fferences in
phrine and sodiurn fluoride sensiËive adenyl
J. Pharmacol. Exp. Ther., L66,330-338.

243 
"



244

245.

246 "

247 .

248.

249.

250.

25r

252 "

253.

z)4

2s5.

-196-

Drummond, G.I., Severson, D.L. and Duncan, L. (1971): Adenyl
cyclase. Kinetíc properties and naLure of fluoride and
hormone sÈimulation. J. Biol. Chem., 246, 4I66-4L73,

Cryer, P.E., Jarett, L. and Kípnis, D.ì{. (1969): Nucleotide
inhibition of adenyl cyclase activity in fat ce1l membraries.
Biochirn. Biophys. Acta, L77, 586-590.

Burke, G. (1970): Substrate specificity of thyroid adenyl cyclase.
Life Sci., 9, Part I, 789-795,

Leloir, L.F. and CardÍni, C.E. (1957): BiosynËhesís of glycogen
from uridine diphosphate glucose. J. Amer. Chem. Soc.,
79, 6340-634L"

Greenberg, E. and Preiss, J. (1964): The occurrence of adenosine
diphosphate glucose: Glycogen transglucosylase in bacËeria.
J. Biol. Chem.,239, PC 4314-PC 4315.

phatase of Streptococcus salivarius. Unpublished results.

Schuegraf , 4., Ratner, S. and 'Warner, R.C. (1960): Free energy
changes of the argininosuccinate synthetase reacËion and
of the hydrolysis of Ëhe inner pyrophosphate bond of
adenosine Ëriphosphate. J. Biol. Chem., 2)2, 3597-3602.

I^iood, H.G., Davis, J.J. and Lochmuller, H. (1966): The equílibria
of reactíons catalyzed by carboxyËransphosphorylase,
carboxykinâse, and pyruvate carboxylase and the synthesis
of phosphoenolpyruvate. J. Biol. Chem., 24L, 5692-5704.

Cheung, W.Y. (1970): Cyclic nucleotide phosphodíesterase. Advan.
Biochem. Psychopharmacol., å, 51-65.

Drurnmond, G. f . and Perrott-Yee, S. (196L) :

of adenosine 3 t ,5 t-phosphoric acid .

IL26-7L29.

Enzymatic hydrol-ysÍs
J. Biol. Chern . , 236 ,

llilliams, R.H., Líttle, S.4., Beug, A.G. and Ensinck, J.W. (1971)
Cyclic nucleotide phosphodiesterase acËivity in man,
monkey, and rat. Metabolism, 20, 743-748,

Thompson, I\Ì. J. and Appleman, M.Il. (1971) : Characterízation of
cyclic nucl,eotide phosphodíesterase of rat tissues.
J. Biol. Chem. , 246, 3145*3150.

l"fenahan, L.4., Hepp, K.D. and l{ieland,
Ëide phosphodiesterase and its

o. (r969) :

activity in
Biochem.,

Líver 3t r5t-nucleo-
rat livers

B, 435-443.

256.

perfused with insulin. Eur. J.



-r97-

257. Dousa, T. and Rychlik, I. (1970): The metabolism of adenosine
3tr5t-cyclic phosphate. II. Some properties of adenosíne
3tr5t-cyclic phosphaËe phosphodiesterase from the rat
kidney. Biochirn. Biophys . Acta , 204 , 10-17 .

258. Nair, K.G. (1966): Purification and properties of 3'r5r-cyclic
nucleotide phosphodiesterase from dog heart. Biocliemistry,
5, 150-157.

259¿ Cheung, W.Y. (1966): Properties of cyclic 3t,5t-nucl-eotide phos-
phodiesterase from rat brain. Biochemislry, 6, L079-1087.

260. YamamoËo, ìf. and Massey, K.L. (1969): Cyclic 3'r5'-nucleotide
phosphodiesterase of fish (Sahno æi@l"rii.) brain.
Cornp . Biochem. Physiol. , 30, 94L-954 .

26L Huang, Y-C. and Kemp, R.G. (1971): Properties of a phosphodiesterase
wiËh hígh affiniËy for adenosine 3tr5'-cyclic phosphate.
Biocheuj.stry, 10, 2278-2283

262. Cheung, I^I.Y. (1971) : Cyclic 3t,5 t-nucleotide phosphodiesterase.
Effect of divalent ions. Bio"hir. Bíophy". À"tr, 242,
39s-409

263. Kakiuchi, S., Yamazaki, R. and Teshima, Y. (1971): Cyclic 3',S'-nucleo-
tide phosphodiesterase. IV. Two enz)¡mes vrith dífferent
properties from brain. Biochem. Biophys. Res. Commun., 42,
968-974.

264. Kakiuchi, S. and Yamazaki, R. (1970):CaLciuur dependent phospho-
diesterase activity and its activating facËor (PAF) from
brain. Biochem. Siqphys. Res. Commun., 4L, 1104-1110.

265. Cheung, l{.Y. (1966): Adenosine 3',5r-phosphate and oscillations
of DPNH in a ce1l free extract of Saccharomyges carlsbergensis.
Biochiro. Bíophys. Acta, 115, 235-239.

266, Beavo, J.À., Hardman, J.G. and SuËherland, E.l^1. (L971): Stimulatíon
of adenosine 3' r5t-monophosphaËe hydrolysis by guanosine
3r,5'-monophosphate. J. Biol-. C¡g*. , 246, 3841-3846.

267. Franks, D.J. and I'faclLanus, J.P. (1971): Cyclic GMP stimulaLion and
ínhibition of cyclic AMP phosphodiesterase from thymic
lymphocytes. Biochem. Biophys. Res. Co¡nrnun., 42, 844-849.

268. Gulyassy, P.F. and Oken, R.L. (1971): Assay of cyclic 3t,5t-nucleo-
tide phosphodiesEerase in tissue homogenaÈes. Proc. Soc.
Exp. Biol. Med. , 137, 361-365.

269, Therriault, D.G. and l{inters, V.G. (1970): Enz¡rmic hydrolysis of
adenosine 3t,5t-monophosphate by rat and beef heart super-
natant. Life Sci., 9, Part II, 1053-1060.



270.

27r"

272.

273 "

274.

275 "

276 "

277 
"

278 "

279.

280.

-198-

Cheung, I,].Y" (1969) : Cyclic 3' ,5'-nucleoËide phosphodiesterase"
Preparation of a partially inactive enz)¡me and j.ts
subsequenÈ stimulation by snake venom. Biochim. Biophys.
Acta, 191, 303-315"

Cheung, W.Y. (1970) : Cyclic 3',5'-nucleotide phosphodiesterase"
Demonstration of an actj.vator " Biochem. Siophys. Res.
Cournun., 38, 533-538.

Cheung, W.Y. (1971) : Cyclic 3' r5'-nucleotide phosphodiesËerase.
Evidence for and properties of a protein activator.
J. Biol. Cheu., 246, 2859-2869.

Kanapka, J.A. and HamilËon, I.R. (1971): Fluoride inhíbition of
enolase acËivity in vÍvo and iËs relationship Èo Ëhe inhi-
bitÍon of glucose-6-P formation in Streptococcus salivarius.
Arch. Biochem. Biophys., 746, I67-L74 "

Tel1ez-Inon, M.T. and Torres, H.N. (1970): TnLerconvertible forms
of glycogen phosphorylase in NeurosÞora crassa. Proc. NaÈ.
Aead. Sci. U.S.A. , 66, 459-463"

Shepherd, D" and
Neurospora

Segel, I.H. (1969): Glycogen phosphorylase of
crassa. Arch. Biochem. Biophys., 131e 609-620.

Sagardia, F., Gotay, I. and Rodriguez, M. (1971): ConËrol properËies
of yeast glycogen phosphorylase. Biochern. Biophys. Rgs.
Cormnun. , 42, 829-835.

Kahn, V. and Blum, J.J. (1971): The glycogen phosphorylase of
TeÈrah)'rnena pyriformis. I. Purifícation and characterization.
Arch. Biorþ=r._ iioplrJ" . , L43 , 80-91.

I{:andelr¿al, R.L., Spearman, T.N. and Harnilton, I.R. (L972): Puri-
ficaËion and properËies of glycogen phosphorylase from
StrepËococcus salivarigs. Arch. Biochem. Biophys.,
submiËËed for publication.

Simoni, R"D., Levinthal , M., Kundig, F.D., Kundig, W., Anderson, B.
Hartman, P.E. and Roseman, S. (1967): GeneÈic evidence for
the role of a bacterial phosphotransferase system in sugar
transport. Proc. Nat. Acad. Sci. U.S.A., 58, L963-L970.

Kaback, H.R. (1968): The role of the phosphoenolpyruvate phospho-
transferase system in the transport of sugars by isolated
membrane preparaÈions of Escherichia coli. J. Biol. Chen.,
243,3717-3724.

Peterkofsky, Ä. and Gazdar, C. (797
of adenosine 3t r5t-cyclic mo

Proc. Nat. Acad. Sci. U.S.A.

1): Glucose and
nophosphate in
, 68, 2794-2798

the metabolísm
Escherichia coli.

zBL.



-T99-

282. Atkinson, D.E. (1969): Regulatíon of enz)rme funcËion. Ann. Rev.
Microbiol.,23,47-68.

283. Chapman, 4.G., Fal1, L. and Àtkinson, D.E. (1971): Adenylate
energy charge in Escherichia coli during growth and sLarv-
ation" J. Bacteriol., 108, L072-1086.

284" Butcher, R.I^J., Robison, G.4., Hardman, J.G" and Sutherland, E.I4'r.
(1968): The role of cyclic AIIP ín hormone action. Advan.

ånzyme Regul., 6, 357-389.


