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The mechanism by which nicotinamide adenine dinucleotide (NAD)

stimulates the activity of adenylate cyclase (AC) in canine plasma

membrane has been studied. Using [3 2P]-NAD, the activation by NAD was

correlated with the radiolabeling of the stimulatory guanosine triphosphate

(GTP) binding protein Gsa. Further characterization demonstrated that

the modification occurred only in the presence of G-protein activators and

that arginine residue(s) were modified by ADP-ribose by the action of a

mono-ADP-ribosyltransferase. Inhibitors of the transferase blocked both

the modification of Gsa and the activation of AC. Collectively, these studies

suggest that ADP-ribosylation of Gsa by an endogenous mono-ADP-ribosyl-

transferase may regulate cardiac AC.
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INTRODUCTION

Nicotinamide adenine dinucleotide (NAD) is composed of adenosine

and nicotinamide riboside linked through a pyrophosphate linkage

between the 5'-hydroxyl groups of the two ribosyl moieties (1). NAD is

involved in three different types of reactions that occur in biological

chemistry. In the first type of reaction, NAD serves as a cosubstrate by

acting as an electron carrier in oxidation-reduction reactions by accepting

or donating hydride ions via its pyridine ring. NAD is not consumed in

this type of reaction. Instead, it is cycled between the oxidized (NAD+) and

reduced (NADH) forms (2). In another type of hydride ion transfer

reaction, NAD acts as a true coenzyme. UDP-glucose 4-epimerase

catalyzes the interconversion of UDP-glucose and UDP-galactose. The

mechanism by which the hydroxyl group at position 4 is changed in

stereochemical orientation involves the transient reduction of NAD+ to

NADH followed by the transfer of the same hydride ion to the other side of

C-4 to form the other epimer (2).

The second type of reaction is a transfer reaction that consumes the

NAD molecule. In this reaction, bacterial DNA ligases utilize NAD as an

AMP donor which is necessary in the linking of two polynucleotides in

DNA replication and repair (2).

The third type of reaction is the major focus of this thesis. In this

transfer reaction, NAD acts as an ADP-ribose donor by enzymatic cleavage

1
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2

of the glycosylic bond between nicotinamide and ADP-ribose. The ADP-

ribose moiety is then transferred to a nucleophilic acceptor (3).

Classes of ADP-Ribose Transfer Reactions and Enzymes

There are two classes of ADP-ribose transfer reactions: polymeric and

monomeric. Polymeric ADP-ribose transfer reactions are catalyzed by

poly(ADP-ribose)polymerase. Monomeric ADP-ribose transfer reactions

result in the modification of a nucleophilic acceptor by a single ADP-ribose

moiety. The enzymes which catalyze this type of transfer include protein

mono-ADP-ribosyltransferases and NAD glycohydrolases (NADases).

Poly(ADP-ribose)polymerase is responsible for the initiation and

elongation of ADP-ribose polymers. The carboxylic group of glutamate

usually serves as the acceptor for initiation. The polymers are mainly

made up of ADP-ribose units linked linearly by a(1" -- 2')ribosyl-ribosyl

glycosidic bonds and partly by branching via linkage by a(1"' -+ 2")ribosyl-

ribosyl glycosidic bonds (4). As expected, since there are enzymes

responsible for the production of these polymers, there are also enzymes

responsible for their degradation. The main enzyme responsible for the

degradation of ADP-ribose polymers is poly(ADP-ribose)glycohydrolase (5).

This enzyme catalyzes the formation of free ADP-ribose from poly(ADP-

ribose) by cleaving the ribosyl-ribose linkages (6, 7). An ADP-ribosyllyase is

responsible for the removal of the ADP-ribose moiety from the protein

acceptor (8).

NADases catalyze the cleavage of NAD to free ADP-ribose using water

I
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as the nucleophilic acceptor (9). According to recent findings by Kim et al.

(10), NADase catalyzes two reactions, the conversion of NAD to cyclic ADP-

ribose and the hydrolysis of cyclic ADP-ribose to free ADP-ribose.

The protein mono-ADP-ribosyltransferases, which are the subject of the

research described in this thesis, catalyze ADP-ribose transfer reactions to

specific amino acid acceptors in proteins.

Bacterial Toxins as Protein Mono-ADP-Ribosvltransferases

The best known and most studied protein mono-ADP-ribosyl-

transferases are the bacterial toxins. Diphtheria toxin and Pseudomonas

exotoxin A both ADP-ribosylate a modified histidine residue (diphthamide)

of elongation factor 2 (EF-2) of protein synthesis (11, 12). Cholera toxin and

the E. coli heat labile enterotoxin are known to specifically ADP-ribosylate

Gsa and transducin at an arginine residue (13). Pertussis toxin is capable

of ADP-ribosylating Gia, Goa, and transducin at a cysteine residue (14, 15,

16). Botulinum C2 toxin is known to specifically ADP-ribosylate an

arginine residue of non-muscle actin (17, 18, 19, 20, 21). Botulinum C3

toxin ADP-ribosylates 20-25 kDa guanylnucleotide binding proteins at an

asparagine residue (22).

Prokaryotic Mono-ADP-Ribosyltransferases which

Regulate Endogenous Cellular Activities

A few cases are known in which prokaryotic protein mono-ADP-

ribosyltransferases utilize ADP-ribose to regulate endogenous cellular
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activities. The Escherichia coli bacteriophage T4 encodes two ADP-

ribosyltransferases, the mod and alt gene products, both of which ADP-

ribosylate the a subunits of E. coli RNA polymerase at an arginine residue

(23, 24, 25). Another E. coli phage, N4, encodes an ADP-ribosyltransferase

that modifies a number of unidentified host proteins (26).

The most widely studied example of ADP-ribosylation in prokaryotes is

that of the reversible modification of the dinitrogenase reductase protein of

the nitrogenase complex in the photosynthetic bacterium Rhodospirillum

rubrum (27). The enzyme complex, which consists of two proteins,

dinitrogenase reductase and dinitrogenase, carries out the reduction of N2

to ammonia. Dinitrogenase reductase is inactivated by ADP-ribosylation at

arginine 101 in the primary sequence of the protein by dinitrogenase

reductase ADP-ribosyltransferase (DRAT) in a Mg-ADP-dependent

reaction (28, 29, 30, 31). Dinitrogenase reductase-activating glycohydrolase

(DRAG) removes the ADP-ribose moiety from dinitrogenase reductase in a

Mg-ATP-dependent manner resulting in an active enzyme (32, 33).

The observation that DRAT and DRAG were present in R. rubrum

under all growth conditions led to the suggestion that these enzymes may

have additional targets for ADP-ribosylation in the cell. Examination of

extracts of R. rubrum treated with [32 P]-NAD revealed at least four

proteins other than dinitrogenase reductase that become labeled (34). One

of these proteins has been identified as glutamine synthetase (35). The

ADP-ribosylation of glutamine synthetase does not appear to be the result

of DRAT activity since its modification is not stimulated by DRAT and
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fractions that stimulate modification of glutamine synthetase and the

other three proteins have very low DRAT activity (34).

Eukaryotic Protein Mono-ADP-Ribosyltransferases

Eukaryotic endogenous protein mono-ADP-ribosyltransferases have

been purified from a variety of sources including turkey erythrocytes (36,

37, 38), hen liver nuclei (43), Xenopus laevis (44), rabbit muscle

microsomes (45, 46), and human erythrocytes (48). Table I summarizes

eukaryotic protein mono-ADP-ribosyltransferases that have been purified

as well as some of their characteristics.

There have been four arginine-specific mono-ADP-ribosyltransferases

isolated from turkey erythrocytes. The first, transferase A, was isolated

from the cytosolic fraction of erythrocytes (36). The transferase was found

to catalyze the release of [1 4 C-carbonyl]-nicotinamide from [1 4 C-carbonyl]-

NAD only in the presence of ADP-ribose acceptors such as L-arginine

methyl ester, D-arginine, L-arginine and guanidine. No [1 4 C-carbonyl]-

nicotinamide was released in the presence of citrulline and basic amino

acids lacking a guanidino moiety. The presence of histones, lysozyme and

polyarginine increased [1 4 C-carbonyl]-nicotinamide release by transferase

A in the presence of arginine methyl ester. In other experiments using

[1 4 C-adenine]-NAD in the incubations followed by TCA precipitation to

pellet proteins, the amount of [14 C]-label incorporated into the TCA pellet

decreased in the presence of arginine methyl ester but not other amino

acids such as lysine (36). The enzyme was found to be specific for B-NAD
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and to catalyze the transfer of ADP-ribose to a variety of proteins and

simple guanidino compounds (39) via an a-glycosylic linkage (40). The

transferase loses approximately 90% of its enzyme activity in the absence of

salt as a result of oligomer formation (41). For example, an increase in

NaCl concentration from 0 to 200 mM results in a tenfold increase in the

transferase activity due to the inhibition of the formation of oligomers (41).

Further increases in the concentration of salt do not affect the transfer of

ADP-ribose to the acceptor. The presence of histones also stimulates the

transferase activity due to the inhibition of oligomer formation (42).

The second arginine-specific transferase, transferase B, was also

isolated from the cytosolic fraction of turkey erythrocytes (37). The enzyme

was found to modify arginine methyl ester and polyarginine more

efficiently than lysozyme or histones. Transferase B is distinguishable

from transferase A in that transferase B is inhibited by NaCl and does not

form oligomers (37).

Transferase A' was isolated from turkey erythrocyte nuclei (38). This

transferase is stimulated by the presence of histones and is also stimulated

20-fold in the presence of 300 mM NaCl.

Transferase C was isolated from the membrane fraction of turkey

erythrocytes (38) The activity of this enzyme is stimulated two-fold by the

addition of 200 mM NaCl but is not affected by the presence of histones.

An arginine-specific protein mono-ADP-ribosyltransferase has also

been purified from hen liver nuclei (43). The Km for NAD is in the same

concentration range as found for the turkey erythrocyte transferases (Table

I). This transferase is also stimulated by NaCl like transferases A and A'

above, but it does not undergo oligomer formation.
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An arginine-specific protein mono-ADP-ribosyltransferase, isolated

from Xenopus laevis, is not affected by the presence of NaCl or histones

and uses agmatine, histones, arginine and arginine methyl ester as ADP-

ribose acceptors (44).

Another arginine-specific protein mono-ADP-ribosyltransferase was

isolated from rabbit skeletal muscle microsomes (45). Two forms of the

enzyme were purified having Mrs of 38.5 and 39 kDa according to SDS-

PAGE. The 39 kDa form is converted to the 38.5 kDa form upon treatment

with a turkey erythrocyte mono-ADP-ribosylhydrolase. As a result, it

appears that the difference in the two forms is the presence of an ADP-

ribose moiety. The 39 kDa form has a specific activity of 1.9 gmol/min/mg

while the 38.5 kDa form has a specific activity of 6.1 gmol/min/mg. Thus,

it appears that the ADP-ribosylation of the enzyme reduces the activity by

three-fold. The Km of this transferase for NAD is 560 4M, which is

considerably higher than the Kmvalues of the other transferases discussed

so far. Reducing agents, such as DTT, were found to inhibit the enzymatic

activity. In addition, the presence of salts did not affect the enzyme activity

(45).

During the same time that Peterson et al. (45) were purifying the

arginine-specific transferase from rabbit skeletal muscle, Taniguchi et al.

(46) also partially purified an arginine-specific ADP-ribosyltransferase

from rabbit skeletal muscle. The enzyme was solubilized by treatment of

the microsomal membranes with trypsin. The apparent molecular weight

was 43 kDa and the Km for NAD was approximately 100 gM. The optimum

pH for maximal enzymatic activity was 8.5. The arginine-specific ADP-

ribosyltransferase was found to by inhibited by the presence of DTT.
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The arginine-specific ADP-ribosyltransferase originally purified from

rabbit skeletal muscle by Peterson et al. (45) was subsequently purified,

sequenced, cloned, and expressed in E. coli by Zolkiewska et al. (47). The

full-length transferase and the full-length transferase fusion protein with

glutathione S-transferase expressed in E coli were inactive. A truncated

form of the arginine-specific ADP-ribosyltransferase expressed as a

nonfusion protein exhibited some transferase activity. RNA from various

rabbit tissues was screened for sequences which encoded the transferase

using probes specific for the arginine-specific transferase. The probes

bound to a 4.0 kb region of mRNA in heart and skeletal muscle only.

A protein mono-ADP-ribosyltransferase has been purified from human

erythrocytes that is specific for cysteine residues (48). It will not utilize

cystine, histidine, arginine, glutamic acid, or agmatine as an ADP-ribose

acceptor (49). The enzyme has a molecular weight and a Km value for

NAD which are similar to the values found for most of the arginine-

specific ADP-ribose transferases previously discussed (48, 49).

A diphthamide-specific protein mono-ADP-ribosyltransferase which

modifies elongation factor 2 (EF-2) at position 715 has been isolated from

polyoma virus-transformed baby hamster kidney cells (pyBHK) (50, 51).

The endogenous transferase appears to be an intrinsic activity of EF-2

which uses NAD as a substrate in the attachment of an ADP-ribose moiety

to the diphthamide residue via the imidazole nitrogen by a glycosylic

linkage (50). Subsequently, several similar enzyme activities have been

isolated from sources including beef liver (52), rabbit reticulocytes (53), and

rat liver (54). According to tryptic digestion maps of EF-2 modified by
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diphtheria toxin and endogenous enzyme, both activities modify the same

residue of EF-2 (51), however, the toxin's activity possesses a Vmax that is

16 times greater than the endogenous transferase (55). This may be

critical due to the fact that a high endogenous activity would be lethal to the

cell since that result of mono-ADP-ribosylation of EF-2 at the diphthamide

residue by the toxin as well as the endogenous enzyme is inhibition of

protein synthesis (56).

Protein Mono-ADP-Ribose Removing Enzymes

If cells are able to reversibly regulate certain functions by mono-ADP-

ribosylation, there would be a requirement for an enzyme which catalyzes

ADP-ribose removal. Dinitrogenase reductase-activating glycohydrolase

(DRAG), which removes the ADP-ribose moiety from dinitrogenase

reductase, has been found and well characterized in the photosynthetic

bacterium Rhodospirillum rubrum (27) as described earlier. There is also

evidence for arginine-specific ADP-ribosylhydrolase activity in eukaryotic

systems, including cultured mouse cells, rat skeletal muscle and turkey

erythrocytes (57, 58, 59, 60, 61). An arginine-specific mono-ADP-

ribosylhydrolase has been isolated from turkey erythrocytes (60). ADP-

ribose was found to be a potent inhibitor of the hydrolase. ADP, AMP, and

adenosine also inhibited the hydrolase activity, but to a lessor extent than

ADP-ribose. Arginine, guanidine, agmatine, phosphoribosyl-arginine and

ribosylarginine failed to inhibit the hydrolase activity. According to these

observations, the ADP-ribosyl moiety appears to be necessary for substrate

recognition (59). The hydrolase reaction was also found to be stereospecific



11

for the a-anomer of mono-ADP-ribosylarginine, which has been the

stereochemistry of all of the products of mono-ADP-ribosyltransferases

studied so far (59). The hydrolase activity was enhanced by the addition of

DTT and Mg2 + and was inhibited by 5 mM NaF and 200 mM NaCl. The

presence of histones had no effect on hydrolase activity. The purified

hydrolase was inactivated by incubation with the turkey erythrocyte mono-

ADP-ribosyltransferase, presumably by mono-ADP-ribosylation (60).

Moss et al. also purified an ADP-ribosylarginine hydrolase from rat

brain and cloned it (62). The purified rat brain hydrolase was

synergistically stimulated by the presence of DTT and Mg+2 . The cDNA

clone of the ADP-ribosylarginine hydrolase was expressed in E. coli as a

glutathione S-transferase fusion protein. The fusion protein exhibited

Mg+2 - and DTT-dependent enzyme activity just as the purified hydrolase

and was recognized by antibodies raised against the rat brain ADP-

ribosylarginine hydrolase. However, the specific activity of the cloned

hydrolase was found to be lower than that exhibited by the purified rat

brain hydrolase.

Takada et al. also cloned a human brain ADP-ribosylarginine

hydrolase using the amino acid sequence derived from the rat brain

hydrolase (63). The human hydrolase was found to exhibit an enzyme

activity which was DTT-independent. The reason for the difference

between the rat and human hydrolases is believed to be due to the absence

in the human hydrolase of one of five cysteine residues which are found in

the rat hydrolase. The human cDNA encoded a 39.5 kDa protein.

Antibodies which were raised against the rat hydrolase failed to recognize

the human hydrolase.
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An enzyme activity which cleaves the thioglycosidic linkage between the

cysteine residue of Gia and ADP-ribose, resulting from the action of a

cysteine-specific mono-ADP-ribosyltransferase, has also been discovered in

human erythrocytes (64, 65). This hydrolase activity was found to be

enhanced by the presence of Ca2 + and inhibited by the addition of ADP-

ribose.

Guanylnucleotide Binding Proteins (G-Proteins) and

Adenylate Cvclase Regulation

Cell communication is achieved by a variety of messengers including

neurotransmitters, hormones and growth factors. Each messenger has a

receptor. In many cases, these receptors are on the cell surface. As a

result, the signal must be transmitted, or transduced, from the outside to

the inside of the cell. In many cases, the signal transduction is mediated

through GTP-binding proteins. The superfamily of GTP-binding proteins

(G-proteins) consists of several families including (a) translational factors,

(b) heterotrimeric G-proteins involved in transmembrane signalling

processes, (c) protooncogenic ras proteins, (d) other low-molecular-weight

G-proteins and (e) tubulins (66). Since this thesis concerns the topic of

transmembrane signal transduction, the focus here will be on the

heterotrimeric G-proteins.

Heterotrimeric G-proteins are composed of one GTP-binding (and

hydrolyzing) a subunit, one 13 subunit, and one y subunit (67). Due to

heterogeneity among different heterotrimeric G-proteins, the a subunit
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appears to be the major determinant of individuality (68). Receptors which

communicate through G-proteins include rhodopsin, muscarinic

acetylcholine receptors, a and 13 adrenergic receptors and opiate receptors

(Table II). These receptors ultimately regulate a variety of proteins

including potassium channels, phospholipase A2 , phospholipase C and

adenylate cyclase (69, 70, 71). In the regulation of adenylate cyclase, two G-

proteins affect the action of the enzyme, G. (stimulatory) and Gi

(inhibitory). Gs is composed of a 13 subunit of 35 kDa, a y subunit of 10 kDa,

and, depending on the cell type and species being studied, an a subunit

having a molecular weight of 45, 48, or 52 kDa (68, 79, 80). Canine cardiac

sarcolemma has a Gsa subunit of 45 kDa and a Gia subunit of 41 kDa (81).

G-proteins function by transducing the signal from a receptor-agonist

complex on the surface of the cell to an effector protein located on the

cytoplasmic side of the plasma membrane. Several different models have

been proposed concerning the mechanism of transduction. The agonist-

receptor complex activates the G-protein by stimulating the heterotrimer to

exchange GDP, which is bound to the a-subunit, for GTP. In one model,

the GxBy-protein-GTP complex then dissociates to form an activated Ga-

GTP subunit and a By subunit complex (79, 82, 83). In cases where Gs is

involved, the activated Gsa-GTP complex then activates adenylate cyclase

(AC) to stimulate the production of cyclic AMP (84, 85). In a second model,

termed the "collision coupling" hypothesis (86), Gs and AC remain coupled

and the agonist-receptor complex collides with the Gs-AC complex to

stimulate AC activity. There are also several models concerning the

mechanism of inhibition of AC by Gi. The first suggestion is that the
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activated Gia-GTP complex directly interacts with AC to cause inhibition

(87, 88). Another suggestion is that the By-subunits interact with Gsa-GTP

and form an inactive Gsa -GTP complex (89, 90). The a6y reassociation is

proposed to result in a decrease in the binding affinity for GTP and

increase the binding affinity for GDP, thus inactivating the stimulatory

signal and, subsequently, inhibiting AC activity (91). Others have

postulated that the stimulation or inhibition is terminated by the hydrolysis

of GTP to GDP and inorganic phosphate as a result of GTP hydrolase

activity (92, 93). The resulting Ga-GDP complex then reassociates with the

By subunits to form the inactive heterotrimeric G-protein (94).

Mechanisms of Bacterial Toxins on G-Proteins and Adenylate Cvclase

Pertussis toxin interferes with endogenous cellular regulation by the

mono-ADP-ribosylation of Gi (14), transducin (95), and Go (96). Several

other proteins are modified as well, but their identity remain unknown

(14). The site of ADP-ribosylation in Gia, transducin and Goa is a cysteine

residue located four amino acid residues from the carboxy terminus (97).

The consensus sequence of this site is Glu-Asn-Leu-Lys-Asp-Cys-Gly-Leu-

Phe (98). Pertussis toxin does not ADP-ribosylate Gsa due to an amino acid

substitution of a tyrosine in the place of the modified cysteine (97). In

addition, ADP-ribosylation of Gia occurs only when the G-protein is in its

heterotrimeric form (99). Mono-ADP-ribosylation by pertussis toxin

appears to interrupt the signal transfer between the agonist-receptor

complex and the G-protein. The inhibitory effects on AC caused by
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norepinephrine-a-adrenergic receptor, carbachol-muscarinic receptor, or

morphine-opioid receptor complexes are completely blocked by

preincubating the membranes with pertussis toxin (100). Pertussis toxin-

catalyzed mono-ADP-ribosylation of Gia does not appear to affect the

binding affinity for GTP or the exchange of GDP for GTP (101, 102). The

ADP-ribosylation of Gia also does not appear to affect the hydrolysis of GTP

to GDP or the dissociation of the heterotrimer into the a and By subunits

(101, 102). It also does not affect the ability of Gia to inhibit AC or compete

with Gsa in its interaction with AC (103, 104). Mono-ADP-ribosylation of

Gia does, however, prevent the stimulation of GTPase activity (105, 106,

107) as well as the exchange of GDP for GTP on the Gia subunit (105, 106)

by the agonist-receptor complex. In a study done by Kurose et al. (100),

using untreated NG 108-15 cells, the addition of non-hydrolyzable forms of

GTP resulted in a reduction in the binding capacity for agonist to its

receptor (100). Cells which were pretreated with pertussis toxin showed a

decreased affinity for agonist binding to its receptor regardless of whether

nonhydrolyzable GTP analogs were absent or present (100). These findings

suggest that pertussis toxin causes the loss of inhibition of AC activity by

causing the uncoupling the G-protein from its receptor.

Cholera toxin ADP-ribosylates many cellular proteins; however, Gsa

appears to be the primary target (13, 70, 108, 109). The modification is

specific for an arginine residue which is believed to occur in the consensus

sequence Ser-Arg-Val-Lys near the amino terminus of the protein (110).

Mono-ADP-ribosylation of Gsa and the activation of AC was found to be

dependent on the presence of GTP (111). Cholera toxin-catalyzed mono-

ADP-ribosylation of Gsa was found to require a cofactor. This cofactor,
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known as ADP-ribosylation factor (ARF), is a 21.5 kDa protein (112). It was

suggested that the actual cholera toxin substrate is a Gsa-GTP-ARF

complex (113). It was also found that Gsa did not need to be complexed

with the By subunits to act as a cholera toxin substrate (113). It is believed

that cholera toxin results in an increase in AC activity because the ADP-

ribosylation of Gsa inhibits the GTP-GDP exchange and the GTPase

activity. As a result, the Gsa-GTP complex remains in its activated state

for a longer period of time (114, 115). Mono-ADP-ribosylated Gsa also has a

decreased affinity for GDP, which in turn accelerates the release of GDP

and the binding of GTP (116, 117). Therefore, it appears that the cholera

toxin-catalyzed activation of AC is due to the prolongation of the lifetime of

the active Gsa-GTP complex.

Studies Which Suggest an Involvement of Endogenous Protein Mono-ADP-

Ribosyltransferases in Adenvlate Cyclase Regulation

A number of studies suggest an involvement of endogenous protein

mono-ADP-ribosyltransferases in the regulation of adenylate cyclase. The

first evidence that animal cells might employ a mechanism to control AC

similar to that of bacterial toxins was suggested by Moss and Vaughan

(118). Transferase A was found to activate AC in rat brain in an NAD-

dependent manner in an analogous fashion to the action of cholera toxin.

The transferase was also found to exhibit substrate specificity in that

activity required the presence of a guanidino moiety such as that found in

arginine and guanidine (36).



18

After it was discovered that cholera toxin ADP-ribosylates Gsa (119, 120,

121, 122), Reilly et al. (123) provided the first report of a hormone possibly

affecting endogenous NAD-dependent ADP-ribosylation. The addition of

isoproterenol, a -adrenergic receptor agonist, stimulated the ADP-

ribosylation of a 55 kDa protein. However, this protein was not identified

(124). They also found that the addition of isoproterenol resulted in an

increase in AC activity, however, the stoichiometry for the two effects of

isoproterenol did not agree. The EC5 0 for AC activation occurred at 1 nM

isoproterenol, while the EC50 for ADP-ribosylation occurred at 1 kM

isoproterenol. The addition of propranolol, a 13-adrenergic receptor

antagonist, prior to the addition of isoproterenol in the incubations, blocked

the ADP-ribosyltransferase activity.

Jacquemin and coworkers (125) noticed a loss in cholera toxin labeling

of incubated rat adipocyte plasma membrane proteins when membranes

had been previously incubated for up to 3 hours in the absence in AC

stimulators and phosphodiesterase inhibitors. Addition of 25 mM

nicotinamide, an ADP-ribosylation inhibitor, to the incubation prevented

the decrease in Gsa radiolabeling, providing indirect evidence of

endogenous ADP-ribosylation (58, 118).

Feldman et al. (126) found that AC activity in rabbit cardiac

membranes was increased by the addition of NAD in the presence or

absence of GTP. Addition of NAD to incubations containing G activators

also resulted in an increase in AC activity. NAD was also found to

enhance isoproterenol-stimulated AC activity. The increase in AC activity

was specific for NAD. Only high concentrations of arginine were found to
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decrease the stimulatory effects of NAD on AC. These results suggested

that NAD increases AC activity in crude membranes by modifying an

arginine residue of a protein component of the AC complex; however, no

direct link to ADP-ribosylation was established.

Tanuma et al. isolated a cysteine-specific mono-ADP-ribosyl-

transferase, Transferase C, from human erythrocytes (48) which catalyzes

the mono-ADP-ribosylation of a cysteine residue of Gia (49). Addition of

epinephrine, an a 2 -adrenergic receptor agonist, to human platelet

membranes inhibited the forskolin-stimulated AC activity. Addition of

nicotinamide, an inhibitor of ADP-ribosylation, to membranes containing

forskolin, epinephrine and NAD, resulted in an additional decrease in AC

activity stimulated by epinephrine, NAD, and transferase C. Incubation of

platelet membranes with [3 2P]-NAD and transferase C resulted in the

radiolabeling of a protein migrating on an SDS gel at 41 kDa. The identity

of the protein was not determined.

In other studies , desensitization by iloprost (a prostacyclin analog) in

platelet membranes, or by prostaglandin E in liver membranes (127, 128),

was associated with a decrease in ADP-ribosylation of Gsa by cholera toxin.

These observations led researchers to suggest that the decrease in ADP-

ribosylation of Gsa was due to a loss of Gsa from the plasma membranes of

platelets (127) or a qualitative change in the Gsa in liver (128). Molina y

Vedia et al. (129) studied the fate of Gsa in platelets which were treated

with iloprost. Platelet membranes possess a 42 kDa protein which is ADP-

ribosylated by cholera toxin and which is recognized by two different Gsa

antibodies. Iloprost pretreatment decreased cholera toxin-induced ADP-

ribosylation of Gsa. However, western blots using the Gsa antibodies
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indicated that there was no decrease in Gsa content in the membranes.

These observations suggested that the iloprost-induced decrease in Gsa

labeling by cholera toxin is the result of endogenous ADP-ribosylation of

Gsa or some other modification that altered its ability to be a substrate for

cholera toxin.

Abramowitz and Jena (130) incubated rabbit luteal membranes with

varying NAD concentrations in the presence of GTP and then assayed AC

activity. Addition of NAD was found to increase AC activity in a GTP-

dependent manner. Substitution of NADP or NADH for NAD failed to

increase AC activity indicating that the effect was specific for NAD.

Cholate extracts of membranes which had been treated with NAD and

GTP or NAD, GTP and cholera toxin were able to restore AC activity upon

reconstitution in S49 cyc- membranes in the presence of GTP. These

results indicated that a membrane component could be isolated and

reconstituted in membranes containing no Gsa and activate AC activity.

In their study of an endogenous arginine-specific ADP-ribose

transferase activity in chicken spleen membranes, which was occurring

independently and simultaneously to the studies discussed in this thesis,

Obara et al. (131) observed a GTP-dependent modification of a 45 kDa

protein. Experiments using unlabeled and labeled NAD indicated that

there was some competition for modification sites between the endogenous

enzyme and cholera toxin.
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Importance of Studying Endogenous Protein Mono-ADP-

Ribosyltransferases

It is important to search for and study endogenous protein mono-ADP-

ribosyltransferases. First, NAD turnover in cells in the absence of DNA

damage is due primarily to monomeric ADP-ribose transfer (Jacobson,

unpublished data). Second, many protein mono-ADP-ribosyltransferases

have been found and their functions are not well understood. The focus of

this thesis is the study of the effect of NAD on adenylate cyclase. Specific

attention is given to the possibility that ADP-ribosylation may play a role in

the regulation of AC.



MATERIALS

Chemicals

The following were purchased from Sigma Chemical Co.: alamethicin,

4-(2-hydroxylethyl)- 1-piperazineethanesulfonic acid (HEPES), magnesium

chloride (MgCl2 ), creatine phosphokinase, dithioerythritol (DTE), creatine

phosphate, sodium chloride (NaCl), potassium chloride (KCl), adenosine

3':5' cyclic monophosphate (cyclic AMP), nicotinamide adenine

dinucleotide (NAD), adenosine diphosphate ribose (ADP-ribose), 3-

aminobenzamide, isonicotinic acid hydrazide (INH), thymidine, urea,

Trizma base, adenosine 5'-triphosphate (ATP), guanosine 5'-triphosphate

(GTP), guanosine 5'-O-(3-thiotriphosphate) (GTPyS), aluminum chloride

(AlCl3 ), trichloroacetic acid (TCA), B-mercaptoethanol, 3-(N-

morpholino)propane sulfonic acid (MOPS), Triton X-100, acrylamide and

sodium fluoride (NaF). Glycerol, potassium hydroxide (KOH), hydrochloric

acid (HCl), ammonium bicarbonate, sodium acetate, disodium

ethylenediaminetetraacetate (EDTA), hydroxylamine, anhydrous ethyl

ether, and HPLC grade methanol were obtained from Fisher Scientific.

Anhydrous methanol and glacial acetic acid were from Mallinckrodt.

N,N,N',N'-tetramethylethylenediamine (TEMED) and dithiothreitol (DTT)

were purchased from Boehringer Mannheim. Ammonium persulfate and

bromophenol blue were obtained from BioRad. Ampholines and brilliant

blue G-250 were purchased from Serva. Perchloric acid, mercuric acetate,

22
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and acetone were from Aldrich. Ammonium acetate and ammonium

hydroxide (NH4OH) were purchased from J. T. Baker. Potassium

phosphate (KH2 PO4 ) and sodium dodecyl sulfate (SDS) were obtained from

EM Science. Coomassie brilliant blue R-250 was from Kodak.

Radioisotopes

[3 2P]-NAD (30 Ci/mmol) was purchased from New England Nuclear.

[3H]-NAD was synthesized using [3H]-ATP and NMN+ adenyl transferase

as described by Alvarez-Gonzalez et al. (132).

General Supplies

RM/1 (G a/G.) antibody was purchased from New England Nuclear.

Pertussis toxin and cholera toxin were obtained from Calbiochem. Protein

A-Sepharose was from Zymed. Preimmune rabbit sera was a generous

gift from Dr. Michael Payne, Auburn University, AL. Nylon Acrodisc®

(0.45 m, 13 mm diameter) was obtained from Gelman Sciences.

.iBondapak C18 reversed-phase columns (3.9 mm x 300 mm, 10 gm particle

size) were from Waters. Ecolume scintillation cocktail was purchased

from ICN. X-OMAT AR film was from Kodak. Hyperfilm-MP was

obtained from Amersham. Low molecular weight protein standards (SDS-

7) were from Sigma. Dihydroboronyl-Bio-Rex 70 resin (DHB-Bio-Rex 70)

was synthesized as described by Wielckens et al. (133).



METHODS

Canine Cardiac Sarcolemma Preparations

Sarcolemmal vesicular membranes of relatively high purity were

prepared from canine cardiac ventricular tissue (134). Membranes were

suspended in 10 mM HEPES, pH 7.4, 2.0 mM MgCl2 and 0.5 mM

dithiothreitol, frozen with liquid nitrogen and stored at -80 C. Alamethicin

(0.64 g / pg of membrane protein) was added to the membranes

immediately prior to the assays to unmask latent enzyme activity in the

predominantly right-side-out vesicles (134, 135).

Bradford Protein Assay

Protein concentration in the sarcolemmal membranes was determined

according to the Bradford method (136) with the following modifications.

The Bradford reagent was made using Serva brilliant blue G-250. The

reaction took place in the wells of a 96-well flat bottom microtiter plate with

a final volume totaling 330 p1. After an incubation of 15 minutes at room

temperature, the absorbance was read at 600 nm in a plate reader which

was interfaced with a Macintosh computer. The concentration of the

samples was calculated by the computer as derived from a standard

protein concentration curve run on the same 96-well plate.

24
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NADase Assay

Sarcolemmal membranes (0.16 g protein/ gi of incubation) were

preincubated for 5 minutes at 30 C in 150 pl with 40 mM HEPES, pH 7.4, 80

mM NaCl, 0.24 mM KCl, 0.4 mM MgCl2 , 0.24 mM dithioerythritol, 4 mM

creatine phosphate, 2.0 U creatine phosphokinase and 0.016 mM cyclic

AMP and 20 mM isonicotinic acid hydrazide when included. Following

preincubation, 50 .M [32 P]-NAD (20-25,000 cpm / l of incubation) was

added to the sarcolemmal mixtures and incubated for 30 minutes at 30C.

Prior to and following the 30 minute incubation, 100 l of the incubation

mixture was taken and the reaction terminated by the addition of 0.5 mM

ice-cold perchloric acid followed by centrifugation. The supernatant was

collected and neutralized with 1.0 M KOH, 0.33 M KH2 PO4 . A 100 l

portion of the neutralized supernatant was brought to a final volume of 1

ml with 100 mM potassium phosphate buffer, pH 6.0 and filtered through a

nylon Acrodisc® syringe filter and subjected to reversed-phase HPLC on a

Bondapak C18 column and a running buffer of 100 mM potassium

phosphate buffer, pH 6.0, 3% methanol at a flow rate of 1 ml/min. One

minute fractions were collected and counted in 5 ml of Ecolume

scintillation cocktail.

Incubations with 12P1-NAD

Sarcolemma (25 pig) were incubated in a final volume of 150 l in 50 mM

HEPES, pH 7.4, 0.5 mM MgCl2 , 5 mM creatine phosphate, 2.5 U creatine

phosphokinase, 0.02 mM cyclic AMP, 0.3 mM dithioerythritol, 100 mM
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NaCl, 0.3 mM KCl and 50 M [3 2P]-NAD (25 .tCi). With the exception of the

labeled NAD, this same medium was used for the adenylate cyclase assays

done by Quist et al (137, also see Appendix). When used, isonicotinic acid

hydrazide was included at 20 mM to inhibit NAD glycohydrolase activity in

these membranes. In all experiments, sarcolemma were preincubated 5

minutes at 30 C with various additions before initiating labeling with [32P]-

NAD. Samples were incubated from 1 to 30 minutes at 30C and then

centrifuged at approximately 16,000 x g for 10 minutes. Labeling in the

presence of cholera and pertussis toxin involved slight modifications of a

previous method (137). Briefly, 25 g of sarcolemma were preincubated in

150 pl of 50 mM HEPES, pH 7.4, 5 mM MgCl2 , 10 mM thymidine, 5.0 gg

cholera or pertussis toxin (activated by incubation in 20 mM dithiothreitol

for 30 minutes at 37 C), 10 l desalted canine cardiac cytoplasm, 5 mM

creatine phosphate, 2.5 U creatine phosphokinase, 0.3 mM dithiothreitol,

100 mM NaCl, 0.3 mM KCl, 0.02 mM cyclic AMP, and 16 g alamethicin

for 5 minutes at 30 C. The reactions were started by the addition of 50 M

[32 P]-NAD (25 gCi), 1 mM ATP, and 100 gM GTP and were allowed to

proceed for 30 minutes at 30 C. Samples were then subjected to

centrifugation as described above.

Polyacrylamide Gel Electrophoresis

For one-dimensional gel electrophoresis, pellets obtained by

centrifugation or TCA precipitation were solubilized in 50 l of 20 mM

Tris-HCl, pH 8.0, 2 M urea, 5% SDS, 162 mM dithiothreitol and 0.05%

bromophenol blue and heated 10 minutes at 100 C. Proteins were
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separated on 12% SDS-PAGE gels according to Laemmli (138), stained in

1% Coomassie blue, 40% methanol, 10% acetic acid, and destained in 40%

methanol, 10% acetic acid, 5% glycerol. The gels were dried and

radiolabeled proteins were detected by autoradiography (usually overnight)

using X-OMAT AR or Hyperfilm-MP film.

For two-dimensional gel electrophoresis, pellets were solubilized in 30

1 of 9.5 M urea, 1.6% ampholines, pH 5-8, 0.8% ampholines, pH 3-10, 5%

13-mercaptoethanol, and 8% Triton X-100. The proteins were separated by

isoelectric focusing as described by Schnefel et al. (142). The pH gradient

established was linear from 5.2 to 7.8. Tube gels were then subjected to

SDS-PAGE as described above.

Identification of the Radiolabeled Moiety and Linkage

Sarcolemmal proteins were radiolabeled in the presence of [3 2 P]-NAD,

solubilized and then subjected to electrophoresis with Coomassie blue in

the electrode buffer for direct protein visualization (139). Proteins in the 40-

50 kDa region of the gel were electroeluted and dialyzed overnight against

0.02% SDS and 0.01 M ammonium bicarbonate (140). After concentration

to dryness under vacuum, samples were dissolved in 50 1 of 50 mM

sodium acetate buffer, pH 6.0, containing 50 g of low molecular weight

protein standards. Samples were incubated 1-3 hours at 37C with 50 1

additions of either water, 0.2 M HCl, 2.0 mM mercuric acetate or 100 mM

MOPS, pH 7.0, 2.0 M hydroxylamine and 20 mM EDTA. Proteins were

precipitated with 20% TCA and collected by centrifugation. Supernatants
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were collected and pellets were washed with 300 l of anhydrous ethyl

ether. Pellets were solubilized and subjected to electrophoresis as above.

Supernatants were brought to a final volume of 5 ml with 250 mM

ammonium acetate, 10 mM EDTA and adjusted to pH 9.0 with NH4OH.

The control and hydroxylamine-treated samples were applied to 0.5 ml

columns of DHB-Bio-Rex 70 (141) to remove the TCA and SDS and eluted

with water. One milliliter aliquots of the eluents were analyzed by

reversed phase HPLC chromatography on a .Bondapak C1 8 column eluted

with 100 mM potassium phosphate buffer, pH 6.0, 3% methanol at a flow

rate of 1.0 ml/min.

Competition Experiment

Sarcolemmal proteins were preincubated as described above in the

presence and absence of cholera toxin for 5 minutes at 30C. The first

portion of the competition experiment was started with the addition of 1

mM unlabeled NAD with incubation for 15 minutes at 30C. This was

followed by another addition of 1 mM NAD with further incubation for 15

minutes at 30 C. The membranes were then pelleted by centrifugation at

4*C for 20 minutes at 16,000 rpm in an eppendorf centrifuge, washed with

10 mM HEPES, pH 7.4, 2 mM MgCl2 , 0.1 mM EGTA and 0.5 mM DTE

(sarcolemma suspension buffer), and resuspended in sarcolemmal

suspension buffer. The suspension was then preincubated as described

above in the presence and absence of A1F4- (5 mM NaF plus 10 M AlCl3 )

for 5 minutes at 30 C. The second portion of the competition experiment
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was started by the addition of 50 tM [3 2P]-NAD to the sarcolemmal mixture

with incubation at 30 C for 10 minutes. The proteins were precipitated by

centrifugation in a Beckman airfuge for 10 minutes at 28 psi at room

temperature. The pellets were dissolved in tissue solubilizing buffer,

separated by gel electrophoresis and visualized by autoradiography as

described above.

Hypotonic/Hypertonic Washing Experiment

In some studies, sarcolemma were permeabilized with alamethicin

and suspended in 10 volumes of media containing either: a) 10 mM

HEPES, pH 7.4, 0.2 mM ATP and 1.0 mM EDTA or b) 10 mM HEPES, pH

7.4, 0.6 M KCl and 0.2 mM ATP to extract peripheral membrane proteins.

After 20 minutes at 5 C, 6 ml of sarcolemmal suspension buffer was added

and the tubes were centrifuged for 15 minutes at 70,000 x g. The pellets

were resuspended in 300 l of suspension medium for further use. The

treated membranes were then labeled with [32 P]-NAD in the presence and

absence of AF4 followed by separation of proteins by SDS-PAGE and

autoradiography as described above.

Immunoprecipitation with RM/1 Antibody

Gsa was immunoprecipitated from sarcolemma by a modification of the

procedure of Jones et al. (143). Proteins were radiolabeled in the presence

of A1F4 - (5 mM NaF plus 10 M AlCl3 ) or cholera toxin as described above.

The membranes were pelleted by centrifugation and suspended in 50 mM
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Tris-HCl, pH 7.4, 150 mM NaCl and 0.1% SDS and left for 1 hour at 4 C.

Following centrifugation at 16,000 x g for 10 minutes, Triton X-100 was

added to the supernatant to yield a final concentration of 1%. Two

microliters of either RM/1 antiserum or preimmune rabbit serum were

added to 110 l of the extracts and the mixtures were incubated with

shaking for 15 hours at 4 C. Protein A-Sepharose (50g1) was added, the

tubes were incubated at 4 C for an additional 2 hours and then centrifuged

at 16,000 x g for 20 minutes. The supernatants were collected and the

pellets were washed twice with 300 pl of 50 mM Tris-HCl, pH 8.3, 600 mM

NaCl, 0.1% SDS and 1% Triton X-100. The pellets were further washed

with 300 1 of 50 mM Tris-HCl, pH 7.4, 150 mM NaCl and 5 mM EDTA.

The pellets were solubilized and subjected to one-dimensional gel

electrophoresis and autoradiography as above. To estimate the efficiency of

the immunoprecipitation procedure, the proteins remaining in the

supernatants were acetone precipitated for further analysis by SDS-PAGE

and autoradiography.



RESULTS

An earlier report by Feldman et al. (126) showed an increase in

adenylate cyclase (AC) activity in the presence of NAD in crude rabbit

cardiac membranes, however, the mechanism responsible for the

stimulation was not clearly identified. Further experimentation done by

Quist et al. using highly purified canine cardiac plasma membranes

(sarcolemma) corroborated the basic observation of Feldman and

coworkers. The studies on AC activity were done in the laboratory of Dr.

Quist, but were directly related to the research presented in this thesis.

Thus, selected data on AC are shown in the Appendix. Appendix Figure 1

shows a time course of cyclic AMP generation in canine cardiac

sarcolemma in the presence and absence of NAD. The presence of NAD in

the incubation mixture resulted in increased AC activity. Appendix

Figure 2 shows AC activity as a function of NAD concentration. The

stimulation by NAD was concentration dependent with an EC 50 of

approximately 450 M as determined by an Eadie-Hofstee plot (inset).

GTPyS, a nonhydrolyzable form of GTP, and A1F4 (NaF, AlCl3 ) are

known to act as GS activators which in turn stimulate AC activity (72, 145).

Forskolin and MnCl 2 are known to stimulate AC directly (72, 146).

Appendix Table I shows the effect of NAD on AC activity in the presence of

GS activators and direct AC stimulators. Addition of the Gs-activating

agents resulted in an increase in AC activity. The presence of NAD in the

31
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incubations containing Gs-activating agents showed a further stimulation

of AC over that seen by the Gs-activators alone. The addition of forskolin

and MnCl2 also resulted in an increase in AC activity. However, the

presence of NAD in the incubations containing forskolin and MnCl2 did

not result in a further stimulation of AC activity. These data suggest that

the effect of NAD involves Gsa.

Appendix Figure 3 shows the change in AC activity as a function of

NAD in the presence and absence of AlF4 -. The increase in AC activity in

the presence of AF4 was also NAD concentration dependent. The

presence of A1F4 resulted in a shift in the EC5 0 from 450 kM to

approximately 70 M (inset).

The specificity of the stimulation by NAD is addressed in Appendix

Table II. To answer this question, NADH, NADP, ADP-ribose and

nicotinamide were substituted for NAD in the incubations. None of the

compounds were able to replace the stimulatory effect of NAD. This

indicates that either NAD directly or a metabolite of NAD is specifically

required for the stimulation of AC activity.

The studies described in this thesis were designed to elucidate the

mechanism of the stimulatory effect of NAD on cardiac AC. The first

possibility examined was that the stimulation was the result of NAD

glycohydrolase (NADase) activity. Plasma membranes are known to

contain active NADases which convert NAD to ADP-ribose (9). To search

for the presence of NADase in canine cardiac sarcolemma, [3H]-NAD was

added and samples were analyzed by HPLC. Figure 1 shows that canine

cardiac sarcolemma converted NAD completely and exclusively to ADP-

ribose within 30 minutes. Figure 2 shows a time course which indicates
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Figure 1. Reversed-phase HPLC analysis of [3 H]-labeled compounds

after incubation of [3 H]-NAD with canine cardiac sarcolemma. Arrows

indicate elution times of standards.
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Figure 2. Time course of NAD hydrolysis in the presence of 12 g (0) or

24 pg (5) of canine cardiac sarcolemmal protein.
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that the amount of NAD hydrolyzed was dependent upon the amount of

membrane preparation added. These results indicate that canine cardiac

sarcolemma contain an active NADase which could be responsible for the

NAD effect on AC. To determine if NADase was responsible for the

stimulation of AC, the action of an NADase inhibitor, isonicotinic acid

hydrazide (INH) (9), was studied. For these studies, [32 P]-NAD was added

to cardiac sarcolemma in the presence and absence of INH and samples

were analyzed by HPLC. Figure 3 shows that the addition of INH to the

incubation mixture strongly inhibited the conversion of NAD to ADP-

ribose. However, addition of INH to the AC assays did not affect the

increase of AC activity observed in the presence of NAD (data not shown).

Together, these data indicate that NADase is not responsible for the

stimulation of AC activity by NAD.

The next possibility examined was that the stimulation of AC activity by

NAD involved a protein mono-ADP-ribosyltransferase. For these

experiments, [3 2 P]-NAD was added to canine cardiac sarcolemma and,

following incubation, proteins were separated by SDS-PAGE. The

radiolabeled proteins were visualized by autoradiography and a typical

result is shown in Figure 4. Lane 1, shows that several proteins were

radiolabeled during the incubation. However, lanes 2 and 3, show that in

the presence of Gs activators, GTPyS and A1F4 , the labeling of a single

band at approximately 45 kDa was enhanced. Addition of cholera toxin,

which is known to result in the ADP-ribosylation of Gsa, is shown in lane

4. Lane 5, shows the addition of pertussis toxin, which is known to result

in the ADP-ribosylation of Gi and Go.
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Figure 3. Time course of NAD hydrolysis by 24 g canine cardiac

sarcolemmal protein in the absence (U) or presence (O) of 20 mM

isonicotinic acid hydrazide.
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Figure 4. Autoradiogram of SDS gel separating canine cardiac

sarcolemmal proteins incubated with [32 P]-NAD. Lane 1, no further

additions; lane 2, addition of 10 pM GTPyS; lane 3, addition of 5 mM NaF

and 10 pM AlCl 3 ; lane 4, addition of cholera toxin; and lane 5, addition of

pertussis toxin.
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The radiolabeling of the 45 kDa protein could be the result of

modification by an endogenous mono-ADP-ribosyltransferase or the result

of protein glycation by [32 P]-ADP-ribose generated by NADase activity. To

determine the actual substrate, cardiac sarcolemma were labeled with

[32 P]-NAD in the presence of unlabeled NAD and unlabeled ADP-ribose

followed by gel electrophoresis and autoradiography. Figure 5 shows an

autoradiogram which demonstrates that the labeling of the 45 kDa band

was reduced by the addition of unlabeled NAD (lane 2), but was unaffected

by the addition of unlabeled ADP-ribose (lane 3). This indicates that the

substrate for the radiolabeling is NAD.

In the next series of experiments, the nature of the radiolabeled moiety

and the linkage to protein were studied. Neutral hydroxylamine selectively

releases ADP-ribose from arginine residues (147, 148). ADP-ribosyl

cysteine linkages can be cleaved in the presence of mercuric ion (149).

Acidic conditions cause the selective release of ADP-ribose from serine and

threonine residues (154). Incubation of the [32P]-labeled 45 kDa band in the

presence of acid, mercuric ion, and neutral hydroxylamine resulted in the

release of the radiolabeled moiety only in the presence of neutral

hydroxylamine (Figure 6). This indicates that ADP-ribose is linked to a

protein via an arginine residue.

Analysis of the released product by reverse-phase HPLC revealed that

the product co-eluted with ADP-ribose (Figure 7). These results point to the

presence of an arginine-specific mono-ADP-ribosyltransferase in canine

cardiac sarcolemma.

A number of studies designed to further characterize the transferase

and the acceptor protein were done. A1F4 is a complex formed in the
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Figure 5. Autoradiogram of SDS gel separating endogenously [3 2 P]-

NAD labeled canine cardiac sarcolemmal proteins incubated in the

presence of no further additions (lane 1), 1 mM unlabeled NAD (lane 2), or

1 mM unlabeled ADPR (lane 3).
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Figure 6. Identification of the amino acid residue labeled in the

presence of A1F4 . The [3 2P]-labeled 45 kDa protein was separated by SDS-

PAGE, electroeluted from the gel, and then treated with water (lane 1), 0.1

M HCl (lane 2), 1.0 M mercuric acetate (lane 3), or 1.0 M hydroxylamine, 50

mM MOPS, 10 mM EDTA, pH 7.0 (lane 4) prior to precipitation and

analysis by SDS-PAGE and autoradiography described in "Methods".
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Figure 7. Reversed-phase HPLC analysis of released [32P]-labeled

material from the 45 kDa protein in the control (U) and neutral

hydroxylamine (0) incubations. Arrows indicate the elution times of

various standards.
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presence of NaF and AlCl3 . This complex is believed to result in the

stimulation of GS in combination with GDP, which is already bound in the

guanylnucleotide binding site of the inactive Gs, creating a complex which

mimics GTP (145, 150). Also, an ADP-ribosylhydrolase, which removes the

ADP-ribose moiety from proteins, has been found to be inhibited by 5 mM

NaF (59). To determine that the labeling of the 45 kDa protein was the

result of the enzymatic activity of an arginine-specific ADP-

ribosyltransferase rather than the inhibited activity of an ADP-

ribosylhydrolase, cardiac sarcolemma were incubated with [32 P]-NAD in

the presence and absence of AlCl3 , NaF, and AF4 - (AlCl3 plus NaF).

Figure 8 shows that the 45 kDa band was radiolabeled in the presence of

both NaF and AlCl3 but not in the presence of NaF or AlCl3 alone. This

result indicates that AlF4- was the factor that resulted in the labeling of the

45 kDa protein. Figure 9 shows an autoradiogram of the [32 P]-NAD

labeling of sarcolemma in the presence of AlCl3 and varying

concentrations of NaF. The optimum NaF concentration for the labeling of

the 45 kDa protein was 5 mM in the presence of 10 gM AlCl3 . These results

indicate that the labeling of the 45 kDa protein was due to the action of

mono-ADP-ribosyltransferase rather than the inhibition of an ADP-

ribosylhydrolase.

It is known that many peripheral membrane proteins can be removed

from the membrane by washing with hypotonic or hypertonic solutions

(151). Neither hypotonic nor hypertonic washing of the membranes prior

to labeling in the presence of [3 2 P]-NAD and AlF1 resulted in loss of

labeling of the 45 kDa substrate (Figure 10). The intensity of the labeling of
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Figure 8. Autoradiogram of SDS gel separating canine cardiac

sarcolemmal proteins incubated with [32P]-NAD in the presence of no

further additions (lane 1), 5 mM NaF (lane 2), 10 M AlCl3 (lane 3), or 5

mM NaF and 10 M AlCl3 (lane 4).
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Figure 9. Autoradiogram of SDS gel separating canine cardiac

sarcolemmal proteins labeled with [32 P]-NAD and 10 M AlCl 3 in the

presence of no further additions (lane 1), 1 mM NaF (lane 2), 5 mM NaF

(lane 3), or 10 mM NaF (lane 4).
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Figure 10. Autoradiogram of SDS gel separating canine cardiac

sarcolemmal proteins labeled with [32P]-NAD in the absence (lanes 1, 3, 5)

or presence (lanes 2, 4, 6) of A1F4 . Membranes used in lanes 1 and 2 were

not washed prior to labeling. Membranes used in lanes 3 and 4 were

hypotonically washed with 10 mM HEPES, pH 7.4, 0.2 mM ATP, and 1 mM

EDTA, prior to radiolabeling. The membranes used in lanes 5 and 6 were

hypertonically washed in 10 mM HEPES, pH 7.4, 600 mM KCl and 0.2 mM

ATP.
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the region of migration of the 45 kDa band in the AF4 -containing

incubations was quantitatively compared to incubations that did not

contain AlF4- by scanning densitometry and reported in Table III. Neither

hypotonic nor hypertonic washing significantly affected the A1F4 --

stimulated [ 3 2P]-labeling of the 45 kDa region of the gel. Washing also did

not significantly affect the increase in AC activity caused by NAD in the

presence of A1F4 - (Table III). These results indicate that both the enzyme

and the substrate are integral membrane proteins.

The next area of study was concerned with the location of the

transferase and 45 kDa substrate protein within the plasma membrane.

The procedure used for isolating the canine cardiac sarcolemma used in

these experiments is known to result in vesicles which are mostly right-

side-out (134). Alamethicin is known to permeabilize plasma membranes

(135). Addition of alamethicin to the incubations resulted in an increase in

the [3 2 P]-labeling of some bands including the 45 kDa protein while the

radiolabeling of others, such as the bands at 20 kDa and bands greater

than 70 kDa, was not increased (Figure 11). This indicates that either the

protein substrate or mono-ADP-ribosyltransferase or both are located on

the cytoplasmic face of the plasma membranes.

The next set of experiments focused on the determination of the identity

of the acceptor protein. Previous studies described in the introduction and

the well established role of Gsa in the activation of AC suggested that the

acceptor protein may be Gsa. However, the radiolabeled bands at 45 kDa

due to the presence of endogenous transferase (Figure 4, lanes 2 and 3) and

due to the presence of cholera toxin (Figure 4, lane 4) showed slightly

different migration. Several experiments were done to determine whether
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Figure 11. Autoradiogram of SDS gel separating canine cardiac

sarcolemmal proteins labeled with [32 P]-NAD in the absence (lane 1) or

presence (lane 2) of alamethicin.
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the acceptor protein for the endogenous arginine-specific mono-ADP-

ribosyltransferase is Gsa-

The first experiment involved two-dimensional gel electrophoresis

followed by autoradiography. Sarcolemmal proteins were labeled with

[ 32 P]-NAD with no further additions as well as in the presence of either

AlF4 - or cholera toxin. Figure 12 shows the results of two-dimensional

electrophoresis followed by autoradiography. Panel A is the

autoradiogram of sarcolemmal proteins radiolabeled in the presence of

[ 32 P]-NAD with no further additions. Panel B is the autoradiogram of

sarcolemmal proteins radiolabeled in the presence of [32 P]-NAD and A1F4 -.

Panel C is the autoradiogram of sarcolemmal membranes radiolabeled in

the presence of [32 P]-NAD and cholera toxin. The endogenously labeled

protein(s) (Panel B) and the cholera toxin labeled protein(s) (Panel C)

resulted in a similar pattern of five spots in the 45 kDa region at isoelectric

pH values ranging between 6.0 and 6.3.

In the second set of experiments, sarcolemmal membranes were

incubated with unlabeled 1 mM NAD in the absence (Figure 13, lanes 1

and 2) and presence (Figure 13, lanes 3 and 4) of cholera toxin. A second

incubation included [32 P]-NAD in the absence (Figure 13, lanes 1 and 3)

and presence (Figure 13, lanes 2 and 4) of A1F4-. The result was a decrease

in the A1F4--stimulated labeling by prior incubation with cholera toxin.

Densitometry scans (Figure 14) indicated that the decrease in labeling by

preincubation with cholera toxin in the presence of unlabeled NAD was

33%. This result is consistent with the possibility that the acceptor protein

for cholera toxin ADP-ribosylation and the endogenous arginine-specific

ADP-ribosyltransferase are the same protein.
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Figure 12. Autoradiograms of two-dimensional gels separating canine

cardiac sarcolemmal proteins labeled with [32 P]-NAD in the presence of no

further additions (panel A), 5 mM NaF and 10 M AlCl3 (panel B), or

cholera toxin (panel C). Ri, R2, and R3 refer to proteins used as reference

points in each gel. The arrow in each panel indicates the 45 kDa region.
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Figure 13. Autoradiogram of SDS gel separating canine cardiac

sarcolemmal proteins. Sarcolemma were incubated prior to radiolabeling

with unlabeled NAD in the absence (lanes 1 and 2) or presence (lanes 3 and

4) of cholera toxin. Radiolabeling the proteins involved incubation with

[3 2P]-NAD in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of 5

mM NaF and 10 M AlCl3 .
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Figure 14. Densitometry scans of autoradiogram of the competition

experiment shown in Figure 13. Panel 1 is a scan of the lane with no

additions. Panel 2 is a scan of the lane with AlF4 -. Panel 3 is a scan of the

lane in the presence of cholera toxin. Panel 4 is a scan of the lane

containing cholera toxin and A1F 4-.
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The final experiments which definitively identified the acceptor protein

of the endogenous mono-ADP-ribosyltransferase involved the immuno-

precipitation of the [32 P]-ADP-ribosylated protein using Gsa antibody.

Canine cardiac sarcolemmal proteins were labeled with [ 32 P]-NAD with no

further additions as well as in the presence of either AF4 or cholera toxin.

The proteins were then incubated with Gsa antibody (IgG). Protein A-

Sepharose was then added, allowed to bind to the IgG antibody and

followed by centrifugation to pellet the antibody-protein complexes. The

proteins were separated by gel electrophoresis and any radiolabeled

proteins immunoprecipitated were visualized by autoradiography. Figure

15 shows that only the 45 kDa protein labeled by the AlF-stimulated

endogenous enzyme and the cholera toxin substrate(s) were

immunoprecipitated. The acetone precipitation of the supernatants

remaining after immunoprecipitation revealed that most of the 45 kDa

label was immunoprecipitated (Figure 16).

In summary, these three series of experiments (two-dimensional gel

electrophoresis, competition experiments, and immunoprecipitation)

identify the protein being ADP-ribosylated as Gsa.

The question of whether or not AF4 -stimulated endogenous ADP-

ribosylation of Gsa occurs in cardiac membranes of other species was

studied by performing similar experiments using feline, bovine, and

murine sarcolemma. Figure 17 shows the [32 P]-labeling of feline

sarcolemma. The presence of A1F4 resulted in the specific enhancement

of a 45 kDa band (Figure 17, lane 3).
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Figure 15. Autoradiogram of SDS gel separating canine cardiac

sarcolemmal proteins which were immunoprecipitated by Gsa antibody.

Lanes 1 and 2 were labeled with [3 2P]-NAD with no further additions.

Lanes 3 and 4 were labeled with [ 32P]-NAD in the presence of 5 mM NaF

and 10 M AlCl3 . Lanes 5 and 6 were labeled with [3 2P]-NAD in the

presence of cholera toxin. Following radiolabeling of sarcolemmal

proteins, lanes 1, 3, and 5 were incubated with preimmune rabbit serum,

while lanes 2, 4, and 6 were treated with Gsa antibody.
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Figure 16. Autoradiogram of SDS gel separating canine cardiac

sarcolemmal proteins which were not immunoprecipitated by Gsa

antibody. Lanes 1 and 2 were labeled with [3 2P]-NAD with no further

additions. Lanes 3 and 4 were labeled with [3 2 P]-NAD in the presence of 5

mM NaF and 10 M AlCl3 . Lanes 5 and 6 were labeled with [ 32 P]-NAD in

the presence of cholera toxin. Following radiolabeling of sarcolemmal

proteins, lanes 1, 3, and 5 were incubated with preimmune rabbit serum,

while lanes 2, 4, and 6 were treated with Gsa antibody.
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Figure 17. Autoradiogram of SDS gel separating feline cardiac

sarcolemmal proteins incubated with [32 P]-NAD in the presence of no

further additions (lane 1), 10 M GTPyS (lane 2), or 5 mM NaF and 10 M

AlCl3 (lane 3).
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Figure 18 shows the endogenous [ 3 2P]-labeling of a 45 kDa protein in

bovine sarcolemma in the presence of Gs-activators, GTPyS (Figure 18,

lane 2) and AlF4y (Figure 18, lane 3). An immunoprecipitation experiment

similar to that described in Figure 15 identified the endogenously labeled 45

kDa protein as Gsa (Figure 19).

The molecular weight of Gsa in murine cardiac membranes is 52 kDa

(142). In murine membranes, radiolabeling in the 52-kDa region was

observed (Figure 20); however, it occurred in the presence and absence of

Gs activators, cholera toxin and pertussis toxin. Immunoprecipitation

using Gsa antibody also failed to precipitate the radiolabeled protein

indicating that the radiolabeled protein is not Gsa (Figure 20).

A comparison of the results of the effect of NAD on AC with the [3 2P]-

labeling experiments presented here allowed the establishment of a close

correlation between the AlF 4 -stimulated labeling of Gsa and the increase

in the A1F 4 -stimulated AC activity. The next focus of this project was to

determine if a cause and effect relationship existed between the

endogenous arginine-specific protein mono-ADP-ribosyltransferase and

the NAD-stimulation of AC. One approach to this question involved the

use of inhibitors of arginine-specific protein mono-ADP-ribosyl-

transferases, vitamin K1, novobiocin, and 3-aminobenzamide (153).

The addition of 1 mM novobiocin to cardiac sarcolemma inhibited the

AlF4-stimulated labeling of Gsa (Figure 21). Figure 22 shows that the

effect of novobiocin was concentration dependent. Densitometer scans of

the autoradiogram (Figure 23) revealed a 98% decrease in labeling in the

presence of 1 mM novobiocin. The IC5 0 for novobiocin for this particular

enzyme was 250 .tM. Studies using 100 .tM vitamin K1 and 15 mM 3-
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Figure 18. Autoradiogram of SDS gel separating bovine cardiac

sarcolemmal proteins incubated with [ 32 P]-NAD in the presence of no

further additions (lane 1), 10 M GTPyS (lane 2), 5 mM NaF and 10 pM

AlCl3 (lane 3), cholera toxin (lane 4), or pertussis toxin (lane 5).



76

1 2 3 4 5

S- -45

-36

-29
I - -24

-20



77

Figure 19. Autoradiogram of SDS gel separating [3 2 P]-labeled bovine

sarcolemmal proteins which were immunoprecipitated by Gsa antibody.

Lanes 1 and 2 were labeled with [32 P]-NAD with no further additions.

Lanes 3 and 4 were labeled with [3 2P]-NAD in the presence of 5 mM NaF

and 10 M AlCl3 . Lanes 5 and 6 were labeled with [32 P]-NAD in the

presence of cholera toxin. Following radiolabeling of sarcolemmal

proteins, lanes 1, 3, and 5 were incubated with preimmune rabbit serum,

while lanes 2, 4, and 6 were treated with Gsa antibody.
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Figure 20. Autoradiogram of SDS gel separating murine cardiac

sarcolemmal proteins incubated with [32 P]-NAD in the presence of no

further additions (lane 1), 10 M GTPyS (lane 2), or 5 mM NaF and 10 M

AlCl3 (lane 3).
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Figure 21. Autoradiogram of SDS gel separating canine cardiac

sarcolemmal proteins labeled with [3 2 P]-NAD in the presence of no further

additions (lane 1), 1 mM novobiocin (lane 2), 5 mM NaF and 10 M AlCl3

(lane 3), or 5 mM NaF, 10 M AlCl3 , and 1 mM novobiocin (lane 4).
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Figure 22. Densitometry scans of autoradiogram of the experiment

shown in Figure 21. Panel 1 is a scan of the lane with no additions. Panel

2 is a scan of the lane with 1 mM novobiocin. Panel 3 is a scan of the lane

in the presence of A1F 4 . Panel 4 is a scan of the lane containing AlF 1 and

1 mM novobiocin.
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Figure 23. Autoradiogram of SDS gel separating canine cardiac

sarcolemmal proteins incubated with [3 2 P]-NAD and AlF41 in the presence

of varying concentrations of novobiocin. Lane 1, no additions; lane 2, 100

ptM novobiocin; lane 3, 250 mM novobiocin; lane 4, 500 M novobiocin; lane

5, 750 M novobiocin; and lane 6, 1 mM novobiocin.
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aminobenzamide also resulted in a 75% and 60% inhibition of AF4 --

stimulated labeling of Gsa, respectively. Each of these protein mono-ADP-

ribosyltransferase inhibitors also resulted in the inhibition of the AlF4 --

stimulated increase in AC activity (Table IV).

Another approach to determine if the A1F4-- stimulated labeling of Gsa

and the increase in the A1F4-- stimulated AC activity were related was to

investigate the possibility that both phenomena are related to beta-

adrenergic receptor stimulation. It is known that isoproterenol is an

agonist and propranolol is an antagonist of the 13-adrenergic receptor (154).

Isoproterenol in the presence of NAD and 2 nM GTPyS, a concentration

which alone has no effect on AC activity nor results in detectable

endogenous [3 2P]-ADP-ribosylation of Gsa, caused an increase in AC

activity. The addition of propranolol blocked the increase (137). The Eadie-

Hofstee plots (inset) shows that the EC5 0 for NAD activation was shifted

from 450 pM in the absence of isoproterenol/GTPyS to approximately 60 M

in the presence of isoproterenol/GTPyS, then back to 450 M in the

presence of isoproterenol/GTPyS with the addition of propranolol.

Radiolabeling of canine cardiac sarcolemma with [3 2 P]-NAD in the

presence of GTPyS/ isoproterenol and GTPyS/isoproterenol/ propranolol

resulted in the specific enhancement of the 45 kDa band, Gsa (Figure 24,

lane 1), and inhibition of the radiolabeling (Figure 24, lane 2), respectively.

These results further indicate that the A1F4-- stimulated labeling of Gsa

and the increase in the A1F4-- stimulated AC activity are related.

In conclusion, the data presented in this thesis indicate that canine

cardiac sarcolemma contain a tightly membrane-bound arginine-specific

protein mono-ADP-ribosyltransferase which modifies the activated form
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Figure 24. Autoradiogram of SDS gel separating canine cardiac

sarcolemmal proteins incubated with [3 2 P]-NAD in the presence of 2 nM

GTPyS and 1 pM isoproterenol (lane 1) or 2 nM GTPyS, 1 M isoproterenol,

and 5 M propranolol (lane 2).
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of Gs. The endogenous mono-ADP-ribosylation of Gsa is also related to the

receptor-mediated increase in the stimulation of AC activity.



DISCUSSION

The activation of AC due to the presence of NAD found by Quist et al.

(Appendix Figure 1) is similar to the findings of Feldman et al. (126). In

the absence of G-protein activators, the increase in AC was found to be

dependent on the concentration of NAD with an EC5 0 of approximately 450

M. Quist et al. also found that the stimulation by NAD persisted in the

presence of nonhydrolyzable GTP analogs and AlF4, which are known to

activate Gs. Again, the stimulation was NAD concentration dependent,

although the EC50 was lowered to the range of 50 to 100 M. The latter

values bring the effective concentration for the stimulation into the

physiological range of the concentration of NAD. Interestingly, no

stimulatory effect was observed in the presence of GTP.

The differences in Km values suggest that different mechanisms

involving NAD may be operating in the absence and presence of G-protein

activators. Additional data which support the possibility of two different

mechanisms included time course studies of AC activity where

sarcolemmal membranes were preincubated with or without NAD prior to

initiation of AC assay by the addition of ATP. In incubations when the

sarcolemma had been preincubated in the presence of NAD, the time

course was linear for 30 minutes. In the incubations in which the

membranes had been preincubated in the absence of NAD, the time course

was not linear. The accumulation of cyclic AMP occurred at the

stimulated rate for a few minutes but then tapered off. In the absence of GS

92
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activators, the increase in AC activity may be the result of a direct

stimulation, or "stabilization," of AC by NAD. This possibility was

indirectly supported by the radiolabeling studies reported in this thesis. No

detectable radiolabeling of Gsa was observed in the absence of irreversible

G-protein activators or in the presence of GTP. These results raise the

possibility that previous studies of NAD activation of AC may have involved

a stabilization effect of NAD.

The studies described in this thesis have focused on the mechanism of

AC activation by when Gs activators were present. Several possible

mechanisms involving ADP-ribose transfer reactions were considered for

the increased AC activity. These included direct covalent modification by

intact NAD, the action of NAD glycohydrolases (NADases), protein

glycation resulting from NADase activity, and protein mono-ADP-

ribosyltransferases.

The increase in AC activity due to NAD could have resulted from the

covalent modification of proteins by the entire NAD molecule. McDonald

and Moss (156) found that glyceraldehyde-3-phosphate dehydrogenase was

covalently modified by intact NAD rather than ADP-ribose in the presence

of sodium nitroprusside, an NO-releasing agent. In the studies described

in this thesis, canine cardiac sarcolemma were incubated with [3 2P]-NAD

in the presence of unlabeled NAD and unlabeled ADP-ribose. Only the

addition of unlabeled NAD reduced the [32 P]-labeling of the 45 kDa band, a

result consistent with modification by intact NAD. However, this type of

mechanism was proven not to be the case when the radiolabeled moiety of

the 45 kDa protein was released by treatment with neutral hydroxylamine

and identified as ADP-ribose by reversed-phase HPLC analysis.
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This study has shown that canine cardiac sarcolemmal membranes

contain an active NADase which converts NAD to ADP-ribose. Cyclic

ADP-ribose, a likely intermediate in the reaction, could also be responsible

for the increase in AC activity (10). However, addition of cyclic ADP-ribose

to AC assays did not result in an increase in AC activity (Quist,

unpublished data). This observation argued against the involvement of

NADases in the activation of AC.

Another possibility for the increase in AC activity due to NAD involved

the interaction of ADP-ribose molecules with proteins via protein glycation.

NADase activity results in the production of free ADP-ribose. Free ADP-

ribose molecules are able to interact with the amino groups of lysine

residues in proteins to form Schiff bases and, via an Amadori

rearrangement, form stable ADP-ribose-protein conjugates (155). In

addition, McDonald and Moss have observed that [ 3 2P]-ADP-ribose directly

modifies aldehyde dehydrogenase (157) by a thioglycosidic linkage to a

cysteine residue, indicating that glycation of cysteine residues can also

occur (158). When unlabeled NAD or unlabeled ADP-ribose were added to

the sarcolemmal incubation mixture containing A1F41 , only unlabeled

NAD was able to reduce the radiolabeling. However, free ADP-ribose

added to the incubation may have been unable to reach the modification

site in the membrane where ADP-ribose generated by the action of an

NADase in the membrane could result in glycation. Addition of INH, an

inhibitor of the NADase (and cyclic ADP-ribose production), to sarcolemma

effectively blocked the conversion of NAD to ADP-ribose but did not affect

the increase in A1F4 -stimulated AC activity due to the addition of NAD.



These observations indicated that the increase in AC activity by NAD was

not the result of NADase activity or glycation by free ADP-ribose. In

addition, studies of the linkage of the 45 kDa acceptor (discussed later)

further eliminated glycation as a possible mechanism of modification of

this protein.

With the exception of the action of mono-ADP-ribosyltransferases,

several other likely mechanisms for the increase in AC activity in the

presence of NAD and GS activators have been eliminated. When [3 2 P]-NAD

was added to the sarcolemmal membrane incubation, numerous bands

were radiolabeled as seen in Figure 4, lane 1. However, the presence of

known Gs activators (lanes 2 and 3) enhanced the labeling of a single band

at approximately 45 kDa. Neutral hydroxylamine specifically releases

ADP-ribose linked to arginine residues while glycation conjugates are

stable in neutral hydroxylamine (155). In selective release assays, the

radiolabeled moiety of the 45 kDa protein in canine cardiac sarcolemmal

membranes was released only in the presence of neutral hydroxylamine.

This result indicates that the radiolabeled moiety was bound to the protein

at an arginine residue as a result of a mono-ADP-ribosyltransferase

activity.

HPLC analysis of the radiolabeled product released by neutral

hydroxylamine-treatment revealed that the moiety modifying the arginine

residue was [32 P]-ADP-ribose. This is important in that the released

product was identified directly as opposed to the identification of AMP

following treatment of the modified protein by phosphodiesterase. The

demonstration of an arginine modification by a mono-ADP-

ribosyltransferase activity is consistent with the report by Feldman that 75



mM arginine, albeit a very high concentration, suppressed the NAD

stimulation of AC in rabbit cardiac sarcolemma (126). Together, these

findings suggest that an arginine-specific mono-ADP-ribosyltransferase

present in canine cardiac sarcolemmal membranes is responsible for the

radiolabeling of the 45 kDa protein in the presence of GS activators.

Characterizations of the enzyme indicate that it is an intrinsic

membrane protein. According to Steck and Yu (151), many peripheral

proteins may be removed from the plasma membranes by washing the

membranes with hypotonic or hypertonic solutions while integral or

intrinsic proteins remain attached to the membrane. Washing studies

showed that the enzyme was not removed by either hypotonic or hypertonic

washing.

Plasma membranes are also known to possess sidedness. The canine

cardiac sarcolemma which were used in these studies were found to be

mostly right-side-out according to muscarinic and beta adrenergic

receptor binding studies done by Quist et al. (134). Addition of alamethicin

to membrane vesicles is known to permeabilize them to nucleotides (135).

The addition of alamethicin to the sarcolemmal incubations containing

[3 2 P]-NAD and A1F4 resulted in an increased radiolabeling of Gsa. Gsa is

known to be localized on the cytoplasmic face of the plasma membrane.

This result suggests that the mono-ADP-ribosyltransferase is also on the

cytoplasmic face of the plasma membrane.

Cholera toxin is known to ADP-ribosylate Gsa (159) and many reports

have demonstrated the involvement of Gsa in the regulation of AC activity

(48, 118-123, 125, 126, 129-131, 152). Thus, it seemed likely that the

radiolabeled protein at 45 kDa could be Gsa. Reilly et al. (123) observed
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that the stimulation of beta adrenergic receptors (BAR) increased ADP-

ribosylation of a 52 kDa protein which corresponded in Mr to the substrate

for cholera toxin in RL-PR-C hepatocytes. Molina y Vedia et al. (129)

reported that in platelets preincubated with iloprost, a protacyclin

analogue, subsequent cholera toxin labeling of Gsa was decreased, possibly

because of iloprost-stimulated endogenous ADP-ribosylation of Gsa-

Inageda et al. (152) suggested that endogenous ADP-ribosyltransferase A

may modify Gs in platelets to stimulate AC. In the studies described in

this thesis, sarcolemmal membranes incubated in the presence of [32P]-

NAD and cholera toxin resulted in the specific enhancement of

radiolabeling of a band at approximately 45 kDa. However, the bands

radiolabeled in the presence of GS activators and cholera toxin showed

slightly different migration. This could be due to different arginine

residues of the same protein being radiolabeled which lead to differences in

the charge or conformation of the protein. The alternative possibility is

that the proteins are two different proteins of similar size. It has been

proposed that cholera toxin catalyzes the ADP-ribosylation of a single

arginine residue on Gsa (160, 161). However, at this time, the identity or

number of arginines in Gsa labeled by the cholera toxin remains

unknown.

The most definitive evidence identifying the 45 kDa protein as Gsa was

immunoprecipitation using Gsa antibody. In incubations with [3 2 P]-NAD

in the presence of AlF4 - or cholera toxin, the Gsa antibody was able to

immunoprecipitate greater than 80% of the radiolabeled 45 kDa protein

while no radiolabeled proteins were immunoprecipitated in incubations

which contained [32 P]-NAD in the absence of AlF4 -, cholera toxin, or



antibody. The conclusion that the acceptor was Gsa was supported by two

dimensional gel electrophoresis of sarcolemmal proteins labeled with

[3 2 P]-NAD in the presence of A1F4 - or cholera toxin. This analysis revealed

a similar pattern of 5 spots, seen in Figure 12. This pattern is also seen by

Schnefel et al. (140) and Schleifer et al. (162) in their studies of G-

proteins.

A competition experiment for the modification of Gsa by cholera toxin

and the endogenous mono-ADP-ribosyltransferase was done to determine

if the sites labeled by each enzyme were the same. The radiolabeling of Gsa

by the endogenous enzyme was decreased in the membranes which had

been previously incubated with unlabeled NAD in the presence of cholera

toxin. These results are similar to those found by Jacquemin et al. in a

similar competition experiment (125). The data indicate that the

endogenous enzyme and cholera toxin share in part a common site for

mono-ADP-ribosylation. The possibility remains that cholera toxin as well

as the endogenous transferase may modify more than one arginine. The

differences in the modification sites could prove to be important in the

separation of pathological activity of cholera toxin from the endogenous

cellular regulatory activity. Identification of the sites of modification of the

Gsa would be a good follow up of this study.

These studies also indicate that the modification of Gsa may be a

general property of cardiac tissue membranes. In feline and bovine

sarcolemma, the radiolabeling of a band at 45 kDa was selectively

enhanced upon the addition of Gs activators to the incubation.

Immunoprecipitation studies in bovine sarcolemma using Gsa antibody

identified the 45 kDa protein as Gsa. However, in murine sarcolemma, a
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band at approximately 52 kDa, the molecular weight of Gsa in rat, was

heavily radiolabeled in a nonselective manner. Immunoprecipitation

studies with Gsa antibody failed to identify the radiolabeled 52 kDa protein

as Gsa. Similar results for murine sarcolemma have been reported by

Piron and McMahon (163). These observations do not eliminate the

possibility that Gsa is modified in the presence of Gs activators by a mono-

ADP-ribosyltransferase in murine cells. The Gsa may have been modified

but obscured by the extensive modification of another protein of the same

molecular weight.

There have been numerous reports which indicate that mono-ADP-

ribosyltransferases may play a role in the modulation of AC activity (48,

118-123, 125, 126, 129-131, 152). To determine if the AlF4 -- stimulated

radiolabeling of Gsa was causally related to the AlFj--stimulated increase

in AC activity seen by Quist et al., two lines of experimentation were

followed. The first series of experiments involved the effect of inhibitors of

arginine-specific mono-ADP-ribosyltransferases on the radiolabeling of

Gsa and the activation of AC activity by NAD. Vitamin K1, novobiocin and

3-aminobenzamide are three of several known arginine-specific mono-

ADP-ribose transferase inhibitors, having IC5 0 values of 1.9 M, 280 M

and 4500 M, respectively (153). Addition of each of these inhibitors to the

sarcolemmal incubations resulted in the inhibition of the radiolabeling of

Gsa as well as the increase in AC. As seen by the data in Table IV, the

percent inhibition of radiolabeling and AC activity of each compound were

very similar when the same concentrations were used in each assay.

Obara et al. (131) have reported that novobiocin inhibited GTP-stimulated

ADP-ribosylation of Gs and the NAD stimulated increase in AC activity in
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chick spleen cells in studies occurring simultaneously and independently

from the studies presented in this thesis. However, as discussed earlier,

GTP did not stimulate detectable ADP-ribosylation of Gsa or a NAD-

stimulated increase in AC activity in canine cardiac sarcolemma. The

inability to detect the radiolabeling of Gsa in the presence of GTP, a

reversible Gs activator, could be due to quantitative or qualitative factors. It

is possible that there was not enough Gs activated by the addition of GTP to

detect labeling. In contrast, the irreversible activation of Gsa may have

resulted in a higher amount of activated Gsa, which allowed detection of

radiolabeled protein. Another possibility is that in the presence of GTP, the

mono-ADP-ribosyltransferase must be activated by some unknown factor

in order to modify Gsa. In the presence of irreversible Gs activators, Gsa

may undergo a conformational change allowing it to be a substrate for the

enzyme without activation of the transferase.

The second line of experimentation suggesting a cause and effect

relationship between ADP-ribosylation of Gsa and AC activation involved

studies using an agonist and an antagonist of the beta adrenergic receptor.

Stimulation of the beta adrenergic receptor (BAR) is known to stimulate

AC activity through the activation of Gsa (154, 164). In their studies using

RL-PR-C hepatocytes, Reilly et al. (123) observed that stimulation of beta

adrenergic receptors by isoproterenol caused an increase in the

radiolabeling of a 52 kDa protein which corresponded in molecular weight

to the substrate for cholera toxin. When isoproterenol, a BAR agonist, is

added to canine cardiac sarcolemma in the presence of 2 nM GTPyS, a

concentration which alone has no effect on the radiolabeling of Gsa or AC
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activity, Gsa is radiolabeled (Figure 24) and there is an increase in AC

activity. The addition of propranolol to the incubations blocks both the

radiolabeling of Gsa as well as the increase in AC activity. These

observations further indicate that the ADP-ribosylation of Gsa and the

increase in AC activity are causally related.

Since these studies were done in vitro using isolated plasma

membranes, further studies are required to investigate the possibility that

endogenous ADP-ribosylation of Gsa occurs in intact cardiac cells. The

data reported in this thesis lead to the conclusions that canine cardiac

sarcolemma contain an arginine-specific protein mono-ADP-

ribosyltransferase that via modification of Gsa can activate AC. Further,

these studies indicate that it can modify the activated form of Gs but not the

inactive form. Figure 25 shows one possible mechanism that has been

proposed for activation of AC by G. and Figure 26 shows the possible

involvement of the mono-ADP-ribosyltransferase. Binding of epinephrine

to the BAR forms a ligand-receptor complex which is then able to interact

with Gsa-y. The binding of the ligand-receptor complex to GsaBy causes a

conformational change which leads to an increased affinity of the G-

protein for GTP, thereby displacing GDP in the guanylnucleotide binding

site. The binding of GTP to the heterotrimeric G-protein results in the

activation of the G-protein by causing the By subunits to dissociate from the

now activated Gsa subunit. The ligand-receptor complex also dissociates

from the activated G-protein and is able to interact and activate more Gs

molecules. Once the Gsa subunit is activated, it is a possible substrate for

mono-ADP-ribosylation by the arginine-specific mono-ADP-

ribosyltransferase (Figure 26). The factors that affect the activity of the
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transferase and thus determine whether modification occurs are as yet

unknown. The ADP-ribosylated Gsa is then able to interact with AC to

stimulate cyclic AMP production in a manner which is parallel to the

action of unmodified Gsa. The mechanism whereby ADP-ribosylation

activates AC remains unknown. ADP-ribosylated Gsa may associate with

AC at a more rapid rate than the unmodified Gsa. It may cause a

conformational change in Gsa which results in an increased AC activity.

Yet another possibility is that ADP-ribosylated Gsa may reduce GTPase

activity, thereby resulting in a prolonged stimulation of AC.

Most forms of regulation of cellular functions by post-translational

modifications of proteins are reversible Thus, it is likely that a protein

ADP-ribosylhydrolase removes the ADP-ribose from Gsa. If such, the

hydrolase would function with the transferase to constitute an ADP-

ribosylation cycle as depicted in Figure 27. There are several points at

which an ADP-ribosylhydrolase could act. It could remove the ADP-ribose

from the modified Gsa-GTP-AC complex, the Gsa-GDP-AC complex, or

after the ADP-ribosylated-Gsa-GDP has dissociated from AC. The search

for a hydrolase enzyme would be a good follow up of this study.
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Figure 25. Depiction of one current model for the activation of adenylate

cyclase by Gsa-
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Figure 26. Proposed mechanism of adenylate cyclase regulation by

mono-ADP-ribosylation of Gsa-
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Figure 27. Proposed involvement of a protein ADP-ribosylhydrolase in the

regulation of adenylate cyclase.
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Appendix Figure 1. Time course of cyclic AMP production in

membranes incubated at 30 C in the presence (@) and absence (U) of 1.0

mM NAD.
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Appendix Figure 2. The concentration dependence of NAD stimulation

of cardiac sarcolemmal adenylate cyclase activity. The activity changes

dependent on NAD were plotted according to Eadie-Hofstee in the inset.
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Appendix Figure 3. NAD dependent changes in adenylate cyclase

activity with no additions (E) and 5 mM NaF (U). The results represent

the means of triplicate determinations. The inset is an Eadie-Hofstee plot

for determination of EC50-
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Appendix Table II

Effects of NAD and Related Compounds on
AIF4 -Stimulated Adenylate Cyclase Activity

Agent (500 pM) % Change in AC Activity

NAD 48

NADH 2

NADP -5

ADP-ribose 0

Nicotinamide 0

LIT
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