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Abstract.

Mono-ADP-ribosylation is a post translational modification of cellular proteins, which 

has been implicated in the regulation of signal transduction, muscle cell differentiation, 

protein trafficking and secretion. However, the physiological role of the ADP-ribosylation 

reaction in intact cells remain to be clarified.

We demonstrated that the ¡3 subunit of the heterotrimeric G proteins is endogenously 

mono-ADP-ribosylated in intact cells. This modification occurs when the py dimer is in its 

active dimeric conformation (the addition of increasing concentrations of GDP-ai3 in the 

ADP-ribosylation assay mixture results in the inhibition of the (3 subunit labelling), while 

the enzyme catalyzing this reaction is a membrane-associated ADP-ribosyltransferase that 

modifies arginine 129. Interestingly, this amino acid is located in the N-terminal region, 

which is involved in the interaction with the a  subunit and with (3y effector enzymes. The 

experiments described in this thesis demonstrate that the (3y dimer, once modified, loses its 

ability to inhibit the calmodulin-stimulated type 1 adenylyl cyclase (Lupi et al., J. Biol. 

Chem., 2000) and to stimulate phospholipase C(32 in in vitro assays. ADP-ribosylated (3 

subunit is deribosylated by a cytosolic hydrolase completing an ADP- 

ribosylation/deribosylation cycle that might thus modulate the interaction of (3y with 

specific effectors.

Heterotrimeric G proteins play a key role in cell regulation, with a growing body of 

evidence demonstrating that the Py complex participates in a wide range of G protein 

function. Our finding of an ADP-ribosylation/deribosylation cycle acting on the py 

subunits delineates a novel molecular mechanism that could provide crucial control of G 

protein-mediated signalling pathways.
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Chapter 1: Introduction.

1.1. Heterotrimeric G proteins.

1.1.1. Signal transduction pathways.

The ability to sense and appropriately respond to extracellular signalling molecules is one 

of the most important properties of an individual cell within a multicellular organism. As 

many signalling molecules are hydrophilic and unable to penetrate the cell membranes, cells 

require efficient mechanisms to recognise mediators at the outer surface of the cell and to 

transduce the signal into the cell. Some systems are relatively self-contained in structure, like 

ligand-operated ion channels and receptors with an intrinsic tyrosine kinase or other 

enzymatic activities. Other systems are built from multiple protein components. The vast 

majority of the multi-component systems are those regulated by heterotrimeric guanine 

nucleotide binding proteins (G proteins). The G protein-regulated signal transduction 

machinery is generally composed of three distinct molecular entities:

1) receptor: a seven-fold plasma membrane-spanning protein that creates the recognition 

site for specific ligands and the interaction site with G proteins at its extracellular and 

intracellular domains, respectively.

2) Transducer: at least one subtype of heterotrimeric G proteins capable of translating 

receptor activation into regulation of specific effectors.

3) Effector: a moiety that is involved in generating the intracellular signal, e.g., altered 

second messenger concentrations or ion fluxes (Fig. 1.1).

The signal carried by second messengers is then amplified and propagated within the cell 

where it is received by specific target proteins, thus modulating their activity and a variety of 

physiological responses, such as contraction, relaxation, cell division, cell differentiation, 

secretion and so forth.

Due to the central role of signalling in the regulation of cell functions, its aberration results 

in many diseases such as cancer. These findings refocused the research of the medical 

community in designing drugs which essentially intercept cell signalling (Levitzki, A., et al., 

1994).

1 9



The essential function of G protein-coupled receptors (GPCRs) is, on the one hand, to 

recognise the message and, on the other hand, to catalyse GDP/GTP exchange at the level of 

G proteins (thus working, from a functional point of view, as nucleotide exchange factors).

GPCRs constitute a family of proteins made up of probably more than one thousand 

members (0.1 % of the genome). They recognise a wide array of molecules ranging from 

neurotransmitters, hormones, and chemokines, to light and odorants (Bockaert, J., 1991;

Buck, E„ et al., 1991; Dohlman, H.G., et al., 1991; Kolesnikov, S.S., et al., 1995). Despite the 

remarkable structural diversity of their activating ligands, all GPCRs, share a common 

molecular architecture with seven transmembrane helices (TM I-VII) joined by three 

intracellular (ij, ¡2, ¡3) and three extracellular loops (ei, e2, 03). Although no high resolution 

structure of GPCRs has been determined, a low resolution (9 A) electron diffraction structure 

of rhodopsin has revealed the orientation of the transmembrane a  helices (Unger, V.M., et al., 

1997; fig. 1.1). The extracellular receptor surface (including the extracellular NH2-terminal 

domain, different extracellular loops, and/or the interfacial portions of various transmembrane 

domains) has been shown to be critical for ligand binding, while the intracellular receptor 

surface is known to be involved in G protein recognition and activation (Strader, C.D., et al., 

1994; Schwartz, J.A., et al., 1994). Receptor activation result in a 30° clockwise rotation of 

TM VI (viewed from the cytoplasmic face) which move apart from TM III, inducing changes 

in conformation of the “core domain” that affects the conformation of the ¡2 and ¡3 

intracellular loops (which are directly linked to TM El and TM VI, respectively; Bockaert, J„ 

et al., 1999). These loops constitute key sites for G protein recognition and activation (Wong, 

L., et al., 1994).

1.1.2. G protein-coupled receptors.
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Figure 1.1. General characteristics of GPCRs. Left part: a view from the top of GPCRs

showing the seven transmembrane domains (TM). Right part: a lateral view of the

membrane showing: 1) a GPCR, 2) a trimeric G protein composed of an a  subunit and a

(3y dimer, 3) effectors which can be enzymes such as adenylyl cyclase and

phosphodiesterase or ion channels (Taken from Bockaert, J., 1997).



Biological signals that activate cell surface receptors, are switched to intracellular language 

via heterotrimeric G proteins. G proteins are made up of three polypeptides: an a  subunit 

that binds and hydrolyses GTP, a (3 and a y subunit. The (3 and y subunits form a dimer that 

only dissociates when it is denatured and is, therefore, a functional monomer.

Mammals have different G proteins, each of the three subunits being coded by separate 

genes. To date, 20 distinct a  subunits (Mr 39,000 - 52,000) are known, five (3 subunits (Mr 

35,000 - 44,000), and 12 y subunits (Mr 7,000 - 10,000) (Ray, K., et al., 1995; Sondek, J., et 

al., 1996). Structural and functional classification of G protein oligomers has been defined by 

the a  subunits. Four families of these proteins, termed a s, a q, a;, a t, have been proposed 

according to their amino acid sequence comparison (Table 1.1). Their primary sequence 

ranges from 56-95% identity. Each of the G proteins regulates a distinctive set of 

downstream signalling pathways: the a s group stimulates the isoforms of adenyl cyclase 

(AC). The oq/o/t-group can be divided into oq/0/z and a g/t subunits. The oq/0/z subunits 

inhibit some isoforms of AC; they can also inhibit and stimulate neuronal Ca2+ and K+ 

channels, respectively (an effect that is due to the release of free py dimers). The a g/t 

subunits are gustducin and transducins, which stimulate a related gustatory effector and the 

retinal cGMP-phosphodiesterases respectively. The a q-group activates the P isoenzymes of 

phospholipase C (PLC) and non-receptor tyrosine kinases of the btk-family, while the 

a s/ 12/ 13-gr°up regulates low-molecular-weight G proteins of the rho family (which affect the 

cytoskeleton) and the Na+-H+-exchanger (however, a direct interaction has not been proven 

in a cell free assay).

1.1.3. Heterotrimeric GTP binding proteins.
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Table 1.1: Mammalian G protein a  subunits*.

Family Subtype

ocs ** a sS (2 forms) 

a sS (2 forms)

a olf_****CXi «gust
Ott-r
Ot-c

an
ai2
«¡3

aoi*
«02*
«Z

Oq «q
a n
«14
a i 5(mouse)
ai6(human)

« s i  2 a s l2
a s l3

Expression Effectors

Ubiquitous
Ubiquitous

Adenylate cyclase (+) 
(all types), Ca++channel 
(+) (L-type)

Olfact, Epithelium
Adenylate cyclase (+) 
(type V),

Taste buds, gut 

retianl rods, taste buds 

Retinal cones

cGMP
phosphodiesterase (+)

widely 

Ubiquitous 
Nearly ubiquitous

adenylyl cyclase (-) 
(types I, III, V, VI), K+ 
channel

neuronal and 
neuroendocrine 

neuronal, platelets

Ca++channels (-) (L- and 
N-type)
adenylyl cyclase (-)

Ubiquitous 

Ubiquitous 

Kidney, lung, spleen 

Hematopoietic cells

phospholipase C p (+) 
(P 4 ,p l,p 3 , p2)

Ubiquitous 

Ubiquitous

* see Neer, E.J., 1995, ** modifying toxin: cholera, *** splice variants, **** modifying
toxin: pertussis
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The activity of G proteins is regulated by an activation/deactivation cycle that allows 

transmission of signals from receptor to effector (Gilman, A.G., 1987; Clapham, D.E., et al., 

1993; Neer, E.J., et al., 1994): when GDP is bound, the a  subunit associates with the Py 

dimer to form an inactive heterotrimer that binds to the receptor. When a chemical or a 

physical signal stimulates the receptor, it becomes activated and changes its conformation 

(paragraph 1.1.2). The GDP-bound a  subunit responds with a conformational change that 

decreases GDP affinity, so that GDP comes off the active site. Because the concentration of 

GTP in cells is much higher than that of GDP, the leaving GDP is replaced with GTP. Once 

GTP is bound, the a  subunit assumes its activated conformation and dissociates both from 

the receptor and from py. The activated state lasts until the GTP is hydrolysed to GDP by the 

intrinsic GTPase activity of the a  subunit. Once GTP is cleaved to GDP, the a  can 

recombine with Py, reforming the heterotrimer, which can then reassociate with its receptor 

and undergoes a new cycle of signal transduction (Fig. 1.2).

It is important to notice that the rate of GTP hydrolysis is a timing mechanism that 

controls the duration of both a  and py subunit activation. Reassociation turns off both 

subunits and primes the system to respond again. Thus, although the Py subunit does not 

bind GTP, its active lifetime depends on the rate of GTP hydrolysis by an a  subunit.

1.1.4. The heterotrimeric G protein cycle.



GDP

Adenylyl cyclase I 
cGMP-phosphodiesterase 
Na7K+ exchanger

Adenylyl cyclase II (3 ARK 
PLC (3
Adenylyl cyclase I 
PI 3-kinase

Figure 1.2. Activation of heterotrimeric G proteins by GPCRs. See text for a 

description of the cycle.
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1.1.5. Signal transduction by G protein subunits.

The free a  and (3y subunits each activate target effectors: both the a  and (3y subunits of G 

proteins couple members of the heptahelical class of cell surface receptors to a diverse range 

of signal-generating effectors including retinal cGMP-phosphodiesterase, ion channels, AC, 

phosphoinositide 3-kinase (PI 3-kinase) and members of the P-class of inositol lipid specific

PLC.

Most of the effectors can be modulated both by the a  subunit and the (3y dimer in a 

manner that can be either mutually independent, synergistic, or antagonistic (Table 2). 

Therefore, depending on the effector, the G protein subunits can activate, inhibit or antagonise 

each other: one subtype of AC is activated by a  and unaffected by (3y, a second type is 

activated by a  and synergistically activated further by (3y, and a third type is activated by a a  

but inhibited by (3y subunits. Also PLC has a different pattern of regulation. PLC y is not 

activated by G protein subunits, while PLC (3 can be independently activated either by a  or (3y 

subunits (Smrcka, A.V., etal., 1993, and references therein). The variety of regulatory 

patterns, the isoforms of effectors and G proteins allows to predict the outcome of receptor 

activation in different cell types.

The bipartite signal of released active G a and G(3y also enable the control of two effectors 

simultaneously, and complex feedback control of effector regulation (Fig. 1.3B, C). The 

heterotrimeric nature of G proteins leads to amplification in the number of endpoints, control 

mechanisms, or turned on effector molecules.
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Table 1.2. Ga  and ßy effector targets.

Effector GßY Ga References

Ion channels: + - Logothestis, D.E., et a i ,  1987

IKG Huang, C.L., et a i ,  1995

GIRK 1 + Krapivinsky, G., étal., 1995

GIRK 4 (CIR) + Navarro, B., et a i ,  1996

GIRK 2

ICa (N, P/Q) - Ikeda, S.R., et a i ,  1996

ICa N type native - Herlitze, S., et a i ,  1996

a lA , ß 1 b, a2d

Y east pherom one response - Hasson, M.S., et a i ,  1994

PLC ß Sternweis, P., et a i ,  1994

ßl + +

ß2 + +

ß3 + +
ß4 no effect

A denylyl cyclase

Type I - Tang, W., et a i ,  1991

Type II + + Gilman, A,J., et a i ,  1991

Type III

Type IV + + Tang, W., et a i ,  1991

Type VII

ßARK + Pitcher, J.A., et a i ,  1992

PI 3-K inase + Stephens, L., étal., 1994

M AP kinase cascade

She phosphorylation + Inglese, J., et a i ,  1995

Raf-1 + Pumiglia, K.M., étal., 1995

Ras exchage factor + Mattingly, R.R., et a i ,  1996

Bruton tyrosine kinase + Tsukada, S., et a i ,  1994

Tsk tyrosine kinase + Langhans-Rajasekaran, S.A., et a i ,

1995

S ecre tio n

ARF/endosome fusion + Colombo, M.I., étal., 1992

Plasm a mem brane Ca2+ pump + Lotersztajn, S., étal., 1992
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1.1.6. Control points for transmembrane signals.

It is well known that multiple receptors can converge on a single G protein, and in many 

cases a single receptor can activate more than one G protein and thereby modulate multiple 

intracellular signals. In other cases, it seems that interaction of a single receptor with a given 

G protein is regulated by a high degree of selectivity imparted by specific heterotrimers (Fig.

I. 3C).

The complexity of signal transduction events in cells that are receiving and processing 

multiple signals, is the subject of intense research in many laboratories. One of the aspects 

that is mainly under investigation is related to the determinants of the signalling specificity. 

The specificity with which G protein subunits interact with receptor and effectors defines the 

range of responses a cell is able to make to an external signal. Thus, G proteins act as a 

critical control point that determines whether a signal spreads through several pathways or is 

focused to a single one (Wess, J., 1997; Wess, J., et al., 1997; Bourne, H.R., 1997; Raymond,

J. R., 1995; Gudermann, T., etal., 1997; Hildebrandt, J., 1997).

Data obtained using antisense oligonucleotides demonstrated that there is an high degree of 

selectivity in receptor/G protein coupling. Kleuss and co-workers (Kleuss, C., et al., 1993) 

showed that inhibition of calcium channels by somatostatin receptors in the GH3 cell is 

mediated by G a 02Pl73> whereas inhibition by M4 muscarinic receptors is mediated by 

Gaol(3ly4. The elimination of G a0 by antisense technique abolishes somatostatin, M4 

muscarinic, or D2 dopamine receptor-mediated inhibition of calcium entry in rat pituitary 

GH4C1 cells (Liu, Y.F., 1994). By contrast, depletion of Gi2 selectively impairs receptor-

mediated inhibition of cAMP accumulation in the same system. Another antisense study 

indicates that the Ml muscarinic receptor utilises a specific G protein complex composed of 

Gttq/1 lP 1/474 to activate PLC (Dipple, E., et al., 1996). A recent study showed coupling of

angiotensin II ATI A receptors to regulation of Ca2+ channels, calcium-induced calcium 

release channels, and Na+/H+ exchange is via a \  3(3173 (Macrez-Lepretre, N., et al., 1997). A

contribution to the observed degree of coupling selectivity for G proteins depends also on 

other factors including G protein levels of expression, receptor density, and perhaps restricted 

localization of specific G protein heterotrimers and receptors in the plasma membrane 

(Gudermann, T., et al., 1996).
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The pattern of cellular responses reflect also a specificity at the G protein/effector 

interface. Effectors discriminate among G protein a  subunits, probably better than receptors 

do: only as  activates AC and only 0Cq/ai l activate PLCp (see Table 1.1). More controversial, 

up to now, is the specificity of different (3y subunits in the activation of their effectors. This 

aspect will be extensively discussed in the next paragraph.
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Figure 1.3. A, B, C: Signalling mechanisms based upon effect of both activated a  and 

free Py dimers. mechanism of G protein activation. A: Suppression of Py effects by 

excess a  subunit liberated by the activation of other G proteins. B: Dual signalling 

pathways activated by a single G protein. C: Signalling mechanisms based upon 

receptor/G protein interactions.
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1.1.7. Heterotrimeric G proteins in diseases.

Since the heterotrimeric G proteins play such an important role in signal transduction, 

abnormal G protein signalling, resulting from post-translational modifications by bacterial 

toxins, altered gene expression, or gene mutations, may lead to diverse biological 

consequences.

Mutations within G protein a  subunit genes that lead to either constitutive activation or 

loss of function have been identified. Such G protein mutations play a role in the 

pathogenesis of several human diseases, including endocrine tumours, McCune-Albright 

syndrome, and Albright hereditary osteodystrophy (Weinstein, L.S., et al., 1993). Indeed, 

some human pituitary tumours are characterised both by an elevated AC activity and by point 

mutations in Arg 201 and Glu 227 of the G as. Point mutations Gas have been detected both

in thyroid and adrenocortical tumours and, more generally, in abnormal endocrine tissues. 

Adrenocortical ovary tumours are associated with mutation in G ai2 (arg 179) (Shenker, A., 

et al., 1993). A missense mutation in G as, that leads to a substitution in Arg 201, and 

consequent inhibition of the GTPase activity and stimulation of the AC activity, has been 

associated with the McCune-Albright syndrome. Again a mutation in Gs is responsible for 

the Albright hereditary osteodystrophy (Spiegel, A.M., et al., 1993). Therefore, there is 

convincing evidence that mutations in G protein a  subunits are the basis of some human 

diseases.

Not yet completely clarified is the correlation of mutations in the G protein (3 or y subunits 

with a disease. The first indication for an indirect association between (3y and a disease 

process arises in the case of early onset of familial Alzheimer's disease (FAD). In a series of 

experiments, Nishimoto and colleagues have shown, first, that mutant forms of amyloid 

precursor protein that were associated with FAD constitutively activated Go, leading to 

apoptosis (Okamoto, T., et al., 1996); second, that the fly complex mediated this effect; and 

third, that a particular combination, P2y2, was selectively active in inducing cell death, which

was sensitive to the apoptosis inhibitor Bcl-2. In this case, apoptosis has been shown in a 

neuronal cell line (Giambarella, U., et al., 1997). The connection between py-induced 

apoptosis, neuronal loss and FAD, has to be further established, and could imply the 

existence of potentially novel py effectors (Gautam, N., 1998). Better defined is the role of py 

in obesity and in an increased risk of essential hypertension: the 825T allele accumulates in



individuals with a strong family history of hypertension, which, at the same time, predisposes 

them to obesity. The C825T polymorphism occurs on the gene that encodes the Gp3 and

leads to G protein activation (Siffert, W. et a i, 2000).

1.1.8. Conclusion.

Receptors, G proteins, and effectors are the elements that allow and define cellular 

responses. Understanding the mechanisms that regulate signal transduction is an essential 

first step towards being able to correct the inappropriate responses to external signals that 

contribute to abnormal cell function.

Many current lines of research focus on how G proteins transmit and integrate the many 

signals coming into cells through this system: mechanisms by which G proteins integrate 

cellular responses, the dual signalling by a  subunits and py dimers, the role of subunit 

heterogeneity in these mechanisms and evidence for and against their physiological 

significance.

Data accumulated in the last few years describe the role of the py dimer in a broad range 

of cellular regulatory activities, some of which were originally attributed to the activated a  

subunit. The role of Py dimers in signal transduction pathways is the topic of the next 

paragraph.



1.2. G protein (3y dimer.

1.2.1. Physiological relevance of the (3y dimer in signal transduction.

For a long time, the prevalent hypothesis for the mechanism of G protein-mediated signal 

transduction was that Og t p  activates effectors, while the (3y subunit is only a negative 

regulator. Release of free (3y from an abundant G protein, such as Gi, was thought to 

deactivate other a  subunits by forming inactive heterotrimers. Indeed, the (3y subunits can 

block activation of AC by this mechanism (Gilman, A.G., et al., 1987). Alternatively, the G (3y 

dimer was thought to decrease "noise" by blunting side reactions. The unexpected finding 

that the (3y complex could regulate the function of a heart K+-ion-conducting channel pointed 

to a major function for these subunits as modulators of effector activity (Logothestis, D.E., et 

al., 1987). In the decade following these initial results, the (3y complex began to be treated as 

an equal to the a  subunit and as a separate arm in the G protein signalling pathways. Now we 

know that |3y dimers regulate Ca2+ homeostasis through modulation of ACs and PLC (3s, 

while, through PI 3-kinase and ras, they can activate mitogen-activated protein (MAP) kinase 

pathways, and are therefore involved in the regulation of cell growth and differentiation. 

Moreover, recent X-ray crystallography of Ga, G(3y and Ga(3y subunits gives new insight 

into the investigation of their structure-function relationships.

1.2.2. G protein |3y structure.

The (3y dimer is made up of two polypeptides, G(3 and Gy, that form a functional 

monomer.

While the y subunit is predicted to be largely helical, the (3 subunit is made up of two 

structurally distinct regions, an amino terminal segment, which is an a  helix of approximately 

20 amino acids, and the remainder of the molecule, which is made up of seven so called WD- 

motifs separated by sequences of variable length (Fong, H.K., et al., 1986; Fig. 1.4 A). The 

WD-motifs are typically about 30 amino acids long, commencing with a GH pair and 

terminating with a WD pair, hence the name. WD repeats are not unique to the [3 subunit and 

they have been proposed to act as building modules for multimeric complexes (Neer, E.J., et 

al., 1994).

In the three dimensional structure, the N-terminal helix of the (3 subunit forms a coiled coil 

with the N-terminal helix of y. The WD-repeat portion is made up of seven four-twisted (3-



sheets that fold into a (3 propeller structure that radiates outward with sevenfold symmetry 

leaving a central channel with an average diameter of 12 A. Each WD domain begins between 

the third and the fourth strand of a (3 sheet and ends at the corresponding position in the 

following sheet (Sondek, J., et al., 1996). Conserved residues establish a hydrophilic 

environment between the (3-sheets, and stabilisation of the propeller structure is achieved by 

inter- and intra-blade hydrogen bond triads (Neer, E.J., et al., 1996), while the outer strand of 

the seventh (3-sheet is provided by the N-terminal strand of the first WD repeat, thus linking 

the beginning and the end of the (3 propeller (Fig. 1.4 B).

The interaction between (3 and y has long been known to be extremely tight: beside the 

coiled coil that is formed by the N-termini of (3 and y, the latter subunit makes other extensive 

contacts with G(3 by binding to its four propeller blades (Neer, E.J., et al., 1996).

Mutagenesis has confirmed that the interaction between the two subunits is maintained by the 

amphypathicity of the two helices (Garritsen, A., et al., 1993; Yan, Y., et al., 1997). The 

structure of (3y helps to explain the thermal stability of the dimer and the observation that 

trypsin can cleave only one site accessible in the native molecule and that the cleavage does 

not disrupt G(3y structure and function (Thomas, T.C., et al., 1993).

Gy subunits are normally modified at their carboxyl-terminus with either a famesyl or a 

geranyl moiety which, along with frequently occurring carboxymethylation, anchors (3y to the 

cell membrane.
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Figure 1.4. G protein py dimer. A: Model of the Py dimer. The cores of WD repeats are 

represented by circles connected by the variable regions. Each core is predicted to be a 

structure made up of a P strand-turn- P strand-turn- P strand. The putative a-helical region 

in the N-terminus is shown in the rectangle. The area of y that determines specificy of 

interaction with P is stippled. The C-terminal prenyl group is indicated by a zigzag line. B: 

Structure of the P,y, dimer. The GP subunit, in metallic pink, forms a seven-bladed 

propeller structure that contains a water-filled pore. The y subunit, in blue, is an a  helical 

structure that lies along the bottom of Gp. The N-termini of GP and Gy form a parallel 

coiled coil (A has been taken from Neer, E., et al. 1995; B has been taken from Hamm, 

H.E., 1998).
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1.2.3. Effects of Py on Ga function.

The initial activities of Py subunits to be defined were those in which the py dimer acts as 

a helper protein for a  subunits. G a  binds asymmetrically over the narrow end of the Py 

dimer, making contacts principally with residues in blades 1, 2, and 3, while, the switch-II 

region of G a, a region that changes conformation between the GDP- and GTP-bound forms 

is positioned over the central tunnel of Gp (Sondek, J., et al., 1996; Fig. 1.5). Interaction of 

GPy with G a  increases the GDP affinity of G a  both by increasing the rate of association 

and by decreasing the rate of dissociation, probably by stabilisation of both switch II and 

switch I. The overall effect is that Py facilitates the deactivation of stimulated a-subunits.

1.2.4. Effects of Py on receptor/G protein activation.

Apparently in contrast to this view of Py as a negative regulator, is the need for py to be 

present for efficient activation of a  subunits for receptors and agonists to take place. Indeed, 

the py dimer enhances binding of G a  to its appropriate receptor. While the interaction sites 

of Py dimers with the a  subunits have been identified, the absence of a high resolution 

structure of a receptor/G protein complex renders the identification of the functionally 

relevant receptor/G protein contact sites a dounting task. A direct interaction of GPy with the 

receptor has been shown in the case of purified P-adrenergic receptor (Phillips, W.J., et al., 

1992) and rhodopsin (Phillips, W.J., et al., 1992). Although G a t can bind to rhodopsin 

without Py, Py appears to increase the affinity of G a t for rhodopsin. This effect is 

independent of the ability of GPyto enhance binding of G a to phospholipid vesicles; hence it 

is probably independent of enhancement of G a binding to membrane.
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Figure 1.5. The Ga(3y heterotrimer. All the three subunits are shown as they are bound in 

the heterotrimer. The GP, and Gy2 are coloured in yellow and green, respectively, G a il is 

shown in gray, while the switch I, II and III regions are coloured red. A: The G 

heterotrimer; Trp 99 from GP, is visible. B: The seven P sheets of the p propeller of GP, 

are labelled 1-7 and the strands of each sheet are labelled A-D, progressing from the 

innermost to the outermost strand (A, B taken from Wall, M.A., et al., 1998).
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1.2.5. Regulation of effectors by Py.

Once Og t p  has dissociated from the heterotrimeric G protein, free Py is an activator of a 

dizzying array of proteins, and the list continues to increase (Clapham, D„ et al., 1997; table 

1.2).

I.2.5.I. (3y binding sites for effectors.

G(3y proteins have so far not been crystallised in complex with effector molecules. 

However, an approach using the yeast two-hybrid system, has determined that the 100 N- 

terminal (3 subunit residues interact with domains of three different effectors: AC II, 

potassium channel, and PLC p2 (Yan, K„ et al., 1996). Molecular modelling and (3 subunit 

peptides that inhibit Py action on ACs have implicated residues 85-143 of the P subunit in 

effector interaction (Weng, G„ et al., 1996; Chen, Y., et al., 1997), a region that overlaps the 

domain identified in two-hybrid assays (Yan, K., et al., 1997). Subsequently, mutational 

analysis of the N-terminal 100 residues of the (3 subunit, demonstrates that the N-terminal 

helix, within this 100 residues, takes part in binding y but not in interaction with effectors, 

whereas different domains downstream of the helix interact with AC or potassium 

channel/PLC P (Yan, K., et al., 1997). Those domains constitute the first and the second 

p sheets of the P subunit (Chen, Y., et al., 1997; Yan, K., et al., 1997). The a  subunit N- 

terminus lies close to this region of the P subunit, providing an explanation for the ability of 

the a  subunit to disrupt Py regulation of an effector by heterotrimerization.

Although the interacting domains are covered by the a  subunit in the heterotrimer, it 

seems that different domains of the Py dimer may be used for activation of different effectors 

as suggested by Ford and co-workers by testing P mutants located in the switch interfaces 

between the a  and p subunits on P adrenergic receptor kinase (PARK), PLC p, AC II and 

K+ and Ca2+ channels (Ford, C.E., et al., 1998). In line with this evidence, Panchenko and 

co-workers mutated multiple aminoacids in each of the seven blades of the P propeller and 

found that mutations in the amino acids of blades 2, 6, and 7 greatly inhibited the ability of Py 

to activate PLC P2 but did not alter the activity at type I or type II AC (Panchenko, M.P., et

al., 1998). Moreover, Buck and co-workers showed that a peptide derived from amino acids 

115-135 could block py dimer activation of PLC p2 (Buck, E., et al., 1999). This region is

on the outer surface of blade 2 of Gp and overlaps one of the domains identified as important
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for activation of PLC ¡32 by Panchenko. Another important region for the interaction with 

effectors is the C-terminal region of the (3: the region between Gly 306 and Gly 319 in the 

(3l sequence is involved in the activation of PLC (32 and AC II, a region that is localised at 

the top surface of the (3 propeller (Myung, C.-S., et al., 2000). Overall these results suggest 

that the amino acids in both the top surface and the edges of the (3 toms are important for 

activating PLC (3, but that activation of type II AC depends more on interaction with the top 

surface of G|3, indicating that multiple regions of G(3y are involved in the interaction with its 

targets, even though they are localised in the same region.

1.2.5.2. Phospholipase C(3.

One group of enzymes that is clearly regulated by (3y is the (3 subfamily of phosphatidyl 

inositol PLCs. Indeed, it has been demonstrated that through (3y, Gi coupled receptors release 

intracellular calcium from the endoplasmic reticulum (Clapham, D.E., 1995). Calcium rises 

from 100 nM to lpM levels within seconds to initiate numerous cytoplasmic signal 

transduction cascades leading to end points as diverse as secretion and cell division 

(Stemweis, P., 1994). In reconstitution assays it has been demonstrated that (3y-dependent 

activation of PLC (3s is due to direct interaction, while by expression of single PLC (3 

isoforms in cells or employing purified PLC (3s from several tissues, it has been shown that 

Py dimers stimulate PLC P3 most and PLC Pi least, while PLC P4 is not stimulated (Rhee, 

S.G., et al., 1992).

Cell pre-treatment with PT blocks some but not all receptor-mediated PLC activation, 

indeed also otq/i 1 participates in PLC activation. Activation of PLC p isoforms by 0Cq/i 1 and 

Py subunits is independent and not conditional on priming by either subunits (Smrcka, A.V., 

et al., 1993). The independent actions of the subunits reflect the different sites on the PLC P 

molecule to which they bind, with py binding to the N-terminal and a  binding to the C- 

terminal region (Wu, D., et al., 1993; Fig. 1.6).



I. 2.5.3. Adenylyl cyclase.

More complex is the regulation of ACs by Py subunits (Tang, W.J., et al., 1992). G(3ycan 

inhibit AC I (Tang, W„ et al., 1991) and activate AC II and AC IV synergistically with Gas 

(Tang, W., et al., 1991) by direct interaction. Gpy’s inhibition of AC I depends only on Py, 

while in cells expressing AC II or AC IV, any receptor that can release py should stimulate 

cAMP production, provided that G as is simultaneously activated through a Gas-coupled

receptor (e.g. the adrenergic receptor). In these circumstances, receptors that do not normally 

affect AC (for example, receptors coupled to 0Cq/i ] ) may in fact, increase cAMP production.

Therefore, AC II or AC IV can concomitantly be modulated by signals initiated by different 

receptors (Federman, A.D., et al., 1992; Lustig, K.D., et al., 1993). The overall result is that 

Pycan modulate, but not independently regulate, cAMP levels inside the cell (Fig. 1.6).

Moreover, the GPy-inhibited and some GPy-independent isoforms of adenylyl cyclase,

AC I, AC III, and AC VII, are stimulated by Ca2+/calmodulin (Tang, W., et al., 1991; Cali,

J. J., etal., 1994), while AC V and VI are inhibited by micromolar [Ca2+] in vitro (Yoshimura, 

M., et al., 1992; Cooper, D.M., et al., 1993; Cooper, D.M., et al., 1994). Ca2+ levels are 

regulated by the ubiquitous phosphoinositide pathway through PLC p, thus the GPy’s 

activation of PLC P regulating Ca2+ levels indirectly modulates adenylyl cyclase, serving as a 

cross-linking between the two pathways.

In addition, in vitro protein kinase C (PKC)-dependent phosphorylation of AC has been 

shown to stimulate cAMP production by AC II (Morimoto, B.H., et al., 1994), AC I, AC III, 

and AC VII (Iyengar, R., 1993). Since PLC simultaneously controls increases in Ca2+ 

concentration and activation of PKC, its activation should have complex effects on cAMP 

levels.
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Figure 1.6. Pathways for regulation of effector enzymes by (3y subunits. While the 

action of Py on AC is largely conditional on as  or other activators, regulation of PLC 

occurs independently with either a  or Py pathways; open arrows indicate demonstrated 

pathways; shaded arrows indicate hypothesized pathways; R:receptor (Adapted from 

Sternweis, P.C., et al., 1994).
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1.2.5.4. Ion channels.

The py dimer serves as the direct activator of certain G protein-responsive K+, Ca2+, and 

perhaps also Na+ channels (Clapham, D., et al, 1997; Schneider, T., et al, 1997; Jan, L., et 

al,  1997). IKG is the inwardly rectifying K+ channel responsible for slowing heart beat in 

response to the parasympathetic transmitter acetylcholine. It is a homo- or heteromultimer of 

GIRK monomers found in the heart and brain (Krapivinsky, G., et al,  1995). G(3y subunits 

bind the N- and C-terminal intracellular domains of GIRKs and directly activate them 

(Krapivinsky, G., eta l,  1995; Huang, C., e ta l,  1995; Kunkel, M„ e ta l,  1995). The Gpy 

subunit plays an important modulatory role in certain presynaptic Ca2+ channels (Ikeda, S ., et 

al, 1996; Herlitze, S., et al, 1997), especially a  1 A, a  IB, and to a lesser extent a  IE but not 

a  1C, a  ID, or a  IS isoforms (Schneider, T., et al,  1997). It has been shown that Py inhibits 

Ca2+ channel current by directly contacting two regions on Ca2+ channel 1 subunits: the 

intracellular I-II loop (Page, K.M., et al, 1997; De Waard, M., et al, 1997) and the C 

terminus ( Zhang, J., e ta l ,  1996). Thereby, Py regulate Ca2+ homeostasis both through PLC 

activation and through the modulation of the entry of external Ca2+.

1.2.5.5. The MAP Kinase cascade.

A first hint of GPy’s participation in the cell cycle was discovered through yeast genetics. 

In yeast, GPy has been demonstrated to be the activator of a pheromone-stimulated MAP 

kinase pathway (Whitewall, M., etal., 1995; Inouye, C , eta l,  1997). In eukaryotic cells, Py 

mediates the initiation of the Ras-dependent MAP kinase activation upon PT-sensitive 

Goco/Gai-Iinked receptor activation (Crespo, P., et al,  1995; Hawes, B.E., et al, 1995). How 

Gpy activates the MAP kinase cascade is not completely understood. One possibility is that 

GPy uses the same pathway to stimulate MAP kinases as several tyrosine kinase-dependent 

cell-surface receptors that lack intrinsic tyrosine kinase activity. These cell-surface receptors 

appear to recruit Src family kinases such as Lck, Fyn, and cSrc. Luttrel and co-workers 

(Luttrel, L.M., et al, 1996) showed that the ubiquitous non-receptor tyrosine kinase c-Src 

increased Shc/Grb complex formation and MAP kinase activation. It has been suggested that 

GPy initiates tyrosine phosphorylation of She, which in turn increases the functional 

association among She, Grb2, and Sos. Formation of the Shc/Grb2/Sos protein complex



initiates sequential activation of Ras, Raf, and MEK and disruption of this complex blocks 

Py-mediated MAP kinase activation (van Biesen, T., et al., 1996).

G(3y has also been reported to activate a number of kinases such as the Rafl protein 

kinase (Pumiglia, K.M., et al. 1995) and Bruton and Tsk tyrosine kinases (Langhans- 

Rajaserekaran, S.A., et al., 1995). More recently, it has been shown that, the py dimer can 

directly activate a unique G(3y-responsive PI 3-kinase, pi 10y, that does not have a p85 

subunit or the N-terminal p85-binding region on the catalytic subunit (Stephens, L.R., et al., 

1997). PI 3-kinase is a key signalling enzyme implicated in a variety of cellular events 

including mitogenesis, membrane ruffling, and the oxidative burst in neutrophils (Stephens, 

L., et al., 1994). GPy dependent MAP kinase activation is decreased by inhibitors of PI 3- 

kinase (Hawes, B.E., et al., 1996). Therefore, Py-dependent activation of PI 3-kinase may 

initiate a cascade that leads to phosphorylation of She and thus Shc/Grb2/Sos complex 

formation (Fig. 1.7).

Such studies indicate the involvement of a G protein-related mechanism in the positive 

regulation of cell growth, leading to the realisation that G protein and tyrosine kinase 

pathways are intertwined in the combined regulation of many phenomena.The mechanism of 

this effect is still not clear.

4 3



GPCR

MEK
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MAP kinase

Figure 1.7. Both GPCRs and receptor tyrosine kinases are linked to a common Ras 

pathway leading to MAP kinase activation and control of cell division. The GRB2 

protein forms a complex with Sos and phosphorylated She via its Src homology domains 

(SH2 and SH3). GPy initiates phosphorylation of She by an unknown pathway. One 

component in this pathway may be PI 3-kinase (Taken from Clapham, D.E., et al., 1997).

4 4



1.2.6. Others proteins.

The py dimer has been shown to directly interact not only with its effectors, but also with 

many regulatory proteins, including PARK, phosducin and small G proteins like ADP- 

ribosylating factor, ARF (Neer, E.J.,1995).

The Py dimer binds to PARK and phosducin through a region that contains sequences 

homologous to the platelet protein pleckstrin (Touhara, K., et al., 1994). Pleckstrin homology 

(PH) domains in other proteins, including the GTPase-activating protein for ras, spectrin, and 

PLCy, also bind Py, albeit much more weakly than PARK (Touhara, K., et al., 1994) and 

phosducin. Those proteins, as will be discussed in the next paragraph, seems to play a 

regulatory role in Py activities.

Yeast Py was also shown to activate Cdc24, the exchange factor for the Rho-type GTPase 

Cdc42 (Simon, M., et al., 1995). Pyhas also been reported to bind to other members of the 

Rho family of GTPases, Rho and Rac (Harhammer, R., et al., 1996), as well as to the small G 

protein ARF, which is involved in coat formation and vesicular trafficking (Franco, M„ et al., 

1995). From these data a role for the Py dimer in cellular traffic has been hypothesised.

1.2.7. Specificity of p and y  interactions.

At present there are 5 different P subunits and 12 different Y subunits (Simon, M.I., et al., 

1991; Watson, A.J., et al., 1994; and Table 1.3). The five mammalian P subunits are between 

53% and 90% identical to each other: p i - P4 are very similar; while P5 and a longer form of 

P5 shows much less homology to the other P subtypes. This divergence in primary structure 

is reflected at the level of expression: p5 is expressed only in the central nervous system, and 

P5 L is expressed only in the retina. The y  subunits are more diverse and can be grouped into 

subfamilies. Subunits in one subfamily (yi, Yc and yi l) possess a sequence at the C terminus 

that characterises proteins that are famesylated. Other y  subunits are thus geranylgeranylated. 

The y2, Y3 ar>d Y4 subunits are more related to each other than to other subtypes and are 

expressed abundantly in the nervous system. The other y  subtypes also can be grouped 

loosely into subfamilies.



Subtype

Table 1.3. Mammalian G protein (3 and y  subunits.

Expression

Pi
P2
P3
P4
P5S*
P5L*

Ubiquitous
Ubiquitous
Ubiquitous
Ubiquitous

Mainly brain,Retina

Y1
72
73
74
75
77
78 
710
711
712

Retinal rods 
Mainly brain 
Mainly brain 
Mainly brain 
Ubiquitous 
Widely 
Retinal cones 
Widely 
Widely 
Ubiquitous

* splice variants
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If all P and y pairs could form, the number of potential py subunit pairs would be very high. 

Actually, it appears that not all of the pairs can be formed (Yan, K., et al., 1996): for example, 

while the pi subunit can combine with both yi and 72, P2 can combine with 72 but not 71. 

Both in the p and in the 7 sequences, regions that determine the specificity of interaction have 

been identified. The region of 7 is located in a 14-amino acid segment close to the middle of 

the molecule (Spring, D.J., et al., 1994). In particular, 5 amino acids within the 14-amino acid 

stretch of 71 seem to be particularly important, those include the triplets Glu38-glu39-Phe40 

(Lee, C., et al., 1995) and Cys36-Cys37-Glu38 (Meister, M., et al., 1995). The residues in p 

that contact the region of 7 necessary to define specificity are highlighted. They are 

principally clustered on blade 5 and a small section of the N-terminal region (Lambright, 

D.G., et al., 1996). Thus, one of the specialised functions of blade 5 is to define the 

specificity of Py interaction.

One question arises from the consideration that precise combinations are possible: do 

different py s regulate different effectors? From in vitro studies it doesn’t seem to be the 

case. The only relevant difference is attributable to P iyi, which: is better than the others at 

interacting with rhodopsin and phosducin in photoreceptor cells and somewhat worse than all 

of the other Py pairs at interacting with other effectors. As with other aspects of signal 

transduction, specificity in the cell is greater than that seen in vitro (Neer, E.J., et al., 1996). 

Evidence of specificity using antisense oligonucleotides or other techniques is slowly 

emerging. For example, injection of antisense oligonucleotides into the nuclei of GH3 cells 

(Kleuss, C., et al., 1992) revealed that different Py pairs specifically combined with different 

alternatively spliced isoforms of Gao to couple muscarinic and somatostatin receptors to 

inhibition of Ca2+ channels. Gp5, a recently discovered P subunit found in the central 

nervous system (Watson, A., et al., 1996), differentially couples to two MAP kinase pathways 

(Zhang, S., et al., 1996), and a very high degree of selectivity of Py pairs at interacting with 

receptors and effectors has been shown.

1.2.8. Conclusion.

A central role for Py in signal transduction has been clearly established. Along with 

traditional roles as facilitators for stimulation or deactivation of a  subunits, the Py dimers can



act as direct regulators of downstream events and modulators of a-mediated activities. It is 

not only implicated in the direct binding and regulation of potassium channels, PLC, and AC, 

but also it inhibits calcium channels and stimulates receptor desensitisation by translocation 

of receptor kinases to the membrane (discussed later). The central role of the (3y dimer in cell 

signalling suggest numerous mechanisms for controlling and integrating its functions. This 

aspect will be extensively discussed in the next paragraph.
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1.3. Regulation of (3y dimer activities.

The broad spectrum of actions and the ability of free Py dimers to potently activate 

effectors suggest that they need to be tightly controlled. By our present knowledge, free Py 

activities are mainly regulated by the same mechanisms that regulate the a  subunits: activation 

of Py depends on G protein-mediated receptor activation, as well as, its deactivation depends 

on a  subunit GTPase activity. Both G a  and Gpy remain active as long as GTP is bound to 

Got, and when GTP is hydrolysed to GDP, G a is not only inactivated itself, but also 

inactivates GPy. In addition, activation of GPy can be blocked by interruption of normal G a 

function. For example, PT ADP-ribosylates the Gai subunit leaving the G a  subunit unable 

to interact with a receptor or to exchange GDP for GTP, locking both GPy and G a  in their 

inactive states. Nevertheless, free Py could be controlled by interaction with proteins other 

than a  subunits. Molecules like phosducin may fit this role. So, it is possible that the 

regulation of this subunit is much more complex than what we can suppose by our present 

knowledge.

In the following section, an overview of the main mechanisms for G protein regulation are 

described, with particular attention to what is known about the regulation of the Py dimer in 

an a  subunit independent manner.

1.3.1. Proteins which directly regulate the activity of heterotrimeric G proteins.

Besides GPCRs and the intrinsic GTPase activity of the a  subunit, the activity of both a  

and py subunits can be regulated also by other proteins that bind only one of the subunits, 

such as calmodulin and phosducin, which act on Gpy, or the RGS (regulator of G protein 

signalling) proteins, which act on the a  subunits.

RGSs constitute a family of proteins that was originally identified through its ability to 

decrease signalling through interleukin 8 and platelet activating factor receptors (De Vries, L., 

et al., 1995; Druey, K.M., et al., 1996). Subsequently it has been demonstrated that they act 

through stimulating the a  subunit GTPase activity: on the basis of single-turnover kinetic 

studies, either RGS4 or GAIP produce a 40-fold increase in the rate of GTP hydrolysis by 

G a subtypes. A possible speculation is that RGS proteins may accelerate GTP hydrolysis by 

stabilising the G protein a  subunits active conformation (Hepler, J.R., et al., 1997). Later on,



the determination of the crystal structure of an RGS2/Gai l complex revealed that the core 

domain of RGS2 does in fact bind to the various switch regions of the G protein a  subunit. 

Unlike GAPs for small GTPases, however, RGS2 does not contribute catalytic residues that 

interact directly with the substrate. The RGS2 G an  structure reveals also that the binding site 

for RGS4 on G ai would be expected to preclude interactions of the G protein with its 

effectors (Tesmer, J.J., etal., 1997).

Not only the RGS proteins can modulate the a  subunit GTPase activity, for example, it 

has been demonstrated that PLC (3 increases the GTPase activity of the G a  subunit to which 

it binds, indicating that an effector can exert negative feedback on a G protein signalling 

subunit (Berstein, G., et al., 1992). Another effector that increases the GTPase of its 

activating G a subunit is the retinal cGMP phosphodiesterase (Arshavsky, V.Y., etal., 1992). 

These activities are similar to those of GTPase activating proteins (GAPs), which enhance 

GTP hydrolysis by a family of small G proteins that include p21ras (Hall, A., 1992).

Also for the (3y dimers there are indications that cytosolic proteins, which have been 

shown to directly interact with it, can play important regulatory roles. Phosducin and 

phosducin-like proteins (Miles, M.F., etal., 1993) contain a structural motif called a PH 

domain through which the N-terminus of phosducin binds Py dimers very tightly in vitro and 

thus inhibits interaction of free Py dimers with a  subunits as well as effectors (Bauer, P.H., et 

al., 1992; Hawes, B.E., et a l, 1994). For these reasons they are postulated to regulate G 

protein signalling pathways by blocking Py association with G a  subunits, effector enzymes 

or membranes. Elucidation of the crystal structure of the phosducin-Py complex showed that 

indeed there is a shared surface on the top of Py for interaction with a  and phosducin but that 

a second site of interaction occurs between phosducin's C terminus and P-propeller blades 1 

and 7 at the side of P (Gaudet, R., et al., 1996).

In addition, calmodulin, a widely expressed Ca2+-binding protein that modulates 

numerous Ca2+-dependent processes, has been shown to tightly interact with Py dimers in the 

presence of Ca2+ (Asano, T., et al., 1986; Katada, T., et al., 1987). Similar to phosducin, 

Ca2+-calmodulin can prevent interaction of a  subunits with py by binding the dimer. 

Therefore, at least the above mentioned proteins should be capable of interacting with the Py 

dimer and thereby limit its availability in vivo.
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Another type of Py interacting protein is represented by (3ARK. In this case, (3y dimer can 

modulate receptor function by controlling the location of PARK that blunts receptor activity: 

upon recruitment to the membrane pARK phosphorylâtes activated P-adrenergic receptors 

(Pitcher, J.A., et a l, 1992). The phosphorylation of the receptor does not interfere with the G 

protein activation itself, instead it favours the binding of a second protein, arrestin or arrestin

like proteins, to the receptor. Binding of these proteins to the receptor apparently is at the 

interaction site with the G protein and thereby competitively inhibits G protein activation. The 

finding that Py dimers can regulate receptors by controlling their phosphorylation and 

subsequent desensitisation gives new insight into complex feedback mechanisms for fine 

tuning hormone responses (Inglese, J., et a l, 1993; Haga, K., et a l, 1992)

1.3.2. Post-translational modifications.

Besides the already mentioned proteins, it has been shown that also post-translational 

modifications can regulate the activation state of G protein.

Heterotrimeric G proteins undergo lipid post-translational modifications: the a  subunits 

can be myristoylated ( a 0, i, z) or palmitoylated at the N-terminal portion, while the G 

protein y subunits can be farnesylated or geranylgeranylated at its C-terminal portion. While 

myristoylation is necessary for membrane attachment and facilitates py binding (Casey, P.J., 

1994), palmitoylation seems to play a different role. Activation of the P-adrenergic receptor 

leads to rapid depalmitoylation of a s, and depalmitoylated as does not activate AC, 

suggesting this modification as a mechanism to turn off as  and so to desensitise the cell to P- 

adrenergic stimulation.

On the other hand, prénylation of y is not necessary for Py formation, but it is necessary 

for membrane attachment of the Py dimer and, in some cases, for association with the a  

subunit (Casey, P.J., 1994). It may also influence the specificity of Py-receptor interactions 

(Kisselev, O.G., et a l, 1994).

In addition to lipid modifications, G proteins can undergo two transphosphorylation 

reactions. The first can be attributed to membranous isoforms of nucleoside diphosphate 

kinase (NDPK) (Piacentini, L., et a l, 1996), an enzyme capable of forming complexes with G 

proteins and, to catalyse the formation of GTP from ATP and GDP near the G protein. In



comparison to exogenous GTP, the GTP formed by NDPK has been reported to have an 

advantage in G protein activation (Wieland, T., et a l, 1992). The second transphosphorylation 

reaction involves a transient phosphorylation of the G protein P subunits. The high energy 

phosphate can then be transferred to G a o p p , thereby leading to formation of GTP and a

subunit activation (Wieland, T., et a i, 1991; Wieland, T., et ai, 1992; Wieland, T., et ai, 

1993). It has been suggested that this reaction is involved in signal amplification and 

diversification (Kaldenberg-Stasch, S., et ai, 1994).

Moreover, both a  and Py subunits have been shown to be substrates of Ser/Thr-protein 

kinases, e.g., PKC, which results in altered functional properties. Recently, it has been shown 

that free a z and a.\2  subunit can be phosphorylated with PKC on a homologous N-terminal 

Ser residue (Fields, T.A., et ai, 1995; Kozasa, T., et al., 1996). After phosphorylation the 

interaction of the a  subunit with free Py was greatly reduced: it is likely that this 

phosphorylation is involved in either a sensitisation or desensitisation process in living cells. 

Indeed, phosphorylation of members of the a i subfamily can also be catalysed by cGMP- 

dependent protein kinase in vivo and in vitro. Moreover, it has been shown that the PKC- 

mediated phosphorylation of the Gaq subunit is sufficient to inhibit the PLC activation with 

regulation of the receptor-mediated response (Aragay, A.M., et al., 1999). Similar to the 

above mentioned a  subunits, Py dimers containing the newly identified y subunit y \2  are 

substrates for phosphorylation by PKC (Morishita, R., et al., 1995). In free Pyi2 dimers, but 

not in the heterotnmeric form, an N-terminal Ser residue was found to be the most likely 

phosphorylation site. Compared to unphosphorylated Pyi2, the phosphorylated protein was 

more resistant to digestion by calpain and seemed to interact with a  subunits more tightly.

In addition, G proteins can be regulated by the mono-ADP-ribosylation reaction. Bacterial 

toxins are known to irreversibly alter the action of specific heterotrimeric G proteins, as part 

of their mechanism of toxicity. In the next paragraph the possible role of endogenous ADP- 

ribosylation on the modulation of signal transduction pathways will be extensively discussed.

1.3.3. Conclusion.

Numerous mechanisms for regulation of G protein activities have been described. Only a 

few of them have been proposed to act directly on GPy dimers independent of a  subunits.



In the literature some indication of the ADP-ribosylation of the p subunit of heterotrimeric 

G proteins already exists. Moreover, a role for ADP-ribosylation as a modulator of protein 

activities is becoming clearer, as reported in the next paragraph.



1.4. Endogenous ADP-ribosylation.

1.4.1. ADP-ribosylation reactions.

Several cell proteins can be modified by covalent reactions that affect their function. 

Whereas the best described modification involves the phosphorylation of specific residues, 

evidence is also accumulating that endogenous ADP-ribosylation can play a similar role.

In principle, ADP-ribosylation, that consists of the binding of an ADP-ribose group to 

proteins, may occur in two ways. First, ADP-ribose, a major product of NAD+ 

glycohydrolase activity, may be attached non-enzymatically to reactive nucleophilic amino 

acid residues, primarily lysines and cysteines. This means of protein glycation has been 

demonstrated in vitro (Cervantes-Laurean, D., et al., 1993; Cervantes-Laurean, D., et al.,

1996); however, its significance for signalling pathways in living cells has not been proven. 

Second, the ADP-ribose moiety may be enzymatically transferred onto acceptor proteins. 

These reactions have been established as an important means of regulating the biological 

activity of several proteins.

ADP-ribosyltransferases, the enzymes that catalyse the enzymatic reactions, are capable of 

cleaving (3-NAD+, the substrate, at its (3-N-glycosidic bond and of covalently attaching either 

single or multiple ADP-ribose moieties to specific acceptor proteins. Since, ADP-ribosylation 

is a stereospecific SN2 reaction, only the a  anomeric form of the ADP-ribosyl modified 

amino acid is formed (Ueda, K., et al., 1985; Ueda, K., et al., 1982; Fig. 1.8).

Two kinds of enzymatic ADP-ribosylation reactions exist within cells, which are catalysed 

by two different classes of enzymes, poly-ADP-ribosylpolymerases (PARP) and mono- 

ADP-ribosyltransferases (mADPRT). These two classes of enzymes differ not solely in the 

length of the ADP-ribose chain but also in the chemical nature of the ADP-ribosyl protein 

bond (N-glycoside versus O-glycoside), and the site of reaction (cytoplasm and cell 

membrane versus nucleus) (Shall, S., 1995).
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Figure 1.8. Stereospecific ADP-ribosylation of an acceptor (R). ADPRTs utilize (5-

NAD+ as a substrate and, in the presence of an appropriate ADP-ribose acceptor, catalyze

the formation of the a-anomeric product. The reaction is SN2 like and proceedes with

inversion of configuration.



1.4.2. Poly-ADP-ribosylation reaction.

Poly-ADP-ribosylation is a modification which occurs widely in nature, and plays 

important roles in the regulation of various nuclear events. PARP, the enzyme that 

synthesises poly-ADP-ribose, has been found in almost all eukaryotic nucleated cells so far 

examined, with all of the enzymes exhibiting very similar properties, such as an almost 

absolute DNA dependency, activation by polycations (Mg2+, histones, polyamines) and an 

SH-reducing agent requirement. PARP has multiple functions which include initiation of 

ADP-ribose chains on proteins (carboxyl ester formation), elongation and branching of poly- 

ADP-ribose (glycosidic bond formation), automodification (acceptance of ADP-ribose), and 

NAD+ hydrolysis (Althaus, F.R., etal., 1987; Shieh, W.M., et al., 1998; Fig. 1.9).

PARP activity has been associated with three biological functions. Firstly, it is activated by 

DNA strand breaks, thus it plays a central role in DNA repair and an indirect role in cell 

differentiation and transformation. Poly-ADP-ribosylation participates particularly in the 

ligation step of DNA repair (Creissen, D., et al., 1982; Ohashi, Y., et al., 1983); 3- 

aminobenzamide, a specific PARP inhibitor, prevents the ligation of 10 kb DNA replication 

intermediates to high molecular weight DNA replication forks in the human melanoma cell 

line CRL1424 (Lonn, U., et al., 1985).

Secondly, PARP brings about changes in chromatin structure, as a consequence of 

automodification and histone ADP-ribosylation which result in chromatin condensation or 

relaxation (Niedergang, C.P., et al., 1985). This might allow access of the enzymes involved 

in DNA repair to regions normally only accessible in intranucleosomal DNA. ADP- 

ribosylation may diminish the ability of positively charged histones to maintain chromatin 

structure, since modified histones interact only weakly with DNA.

Finally, the transferase modulates in vitro the activities of DNA binding enzymes such as 

DNA ligase II, deoxynucletidyl terminal transferase, DNA polymerases a  and P (Yoshihara, 

K „etal., 1985).

The tripartite function of PARP in cellular metabolism causes depletion of cellular NAD+ 

and ATP pools within minutes in cases where the enzyme is fully activated, resulting, for 

example, from extensive DNA strand breakage. Any DNA repair, attempted under such 

circumstances, would probably be prone to errors. PARP may thus act as a link between

5 6



Figure 1.9. Biosynthesis of a poly-ADP-ribosylated protein (Adapted from Ueda, K., et

al, 1985).
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excessive DNA damage and cell mortality, thereby preventing the genetic fixation of 

aberrant DNA repair.

1.4.3. Mono-ADP-ribosylation reaction.

Mono-ADP-ribosylation was originally discovered as the mechanism by which diphtheria 

toxin (DT) inactivates protein synthesis in human cells (Honjo, T., et al., 1968). Since then, 

genes encoding mADPRTs have been cloned from many different bacteria (Passador, L. et 

al., 1994) and, by analogy, corresponding enzymes were postulated and subsequently 

demonstrated to exist in animal tissues. Today, mounting biochemical evidences indicate that 

such enzymes play important regulatory roles in signal transduction, muscle cell 

differentiation, protein trafficking, and secretion.

Subfamilies of mono-ADPRTs can be distinguished on the basis of their location, 

similarities in structure and amino acid/target protein specificities. ADPRTs have been well 

characterised in prokaryotic cell systems: they are toxins secreted by bacteria and act by 

catalysing the transfer of an ADP-ribose moiety from NAD+ to specific acceptor proteins in 

eukaryotic cells. Similarly, prokaryotic ADPRTs acting on prokaryotic proteins have been 

described. Another class of transferases is represented by the eukaryotic ones, acting on 

eukaryotic substrates. The mADPRTs can be also classified according to the specificity of 

the amino acid residues of the acceptor proteins to which the ADP-ribose is attached. Several 

well-studied bacterial toxins serve as model enzymes for this distinction, because they may 

specifically modify cysteine, diphthamide (modified histidine), asparagine or arginine 

residues of host cell proteins (Table 1.4).
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Table 1.4. Amino-acid specific mono-ADP-ribosylation by prokaryotic and 
eukaryotic ADP-ribosyltransferases.

Acceptor residue Prokaryotes Eukaryotes

Arginine Vibrio cholerae toxin Rabbit skeletal muscle

Asparagine Clostridium botulinum C3 toxin

Cysteine Bordetella pertussi toxin Rat liver

Diphthamide Corynebacterium diphtheriae 
toxin

Hamster kidney

Serine, threonine Rat liver

The ADP-ribose moiety of NAD+ is transferred to specific amino acid residues of the target 

proteins. For prokaryotes, selected toxins that serve as ADP-ribosyltransferases in the host 

cells are listed. Eukaryotic cells or tissues for which the ADP-ribosylation of the given amino 

acid has been reported are indicated.

I.4.3.I. Bacterial mono-ADP-ribosyltransferases.

There are a number of bacterial toxins that are in essence mono-ADPRTs (Moss, J., 

1990). They show quite remarkable amino acid specificity for substrate both for particular 

amino acids and for specific proteins. Among the known bacterial ADPRTs, cholera toxin 

(CT), heat labile enterotoxin (LT), pertussis toxin (PT) and DT are of considerable 

importance in human health.

DT exhibit ADPRT activity specific for a modified histidine residue (diphthamide) of 

elongation factor 2. The consequences are dramatic, because translation becomes virtually 

irreversibly inhibited, thereby shutting off host cell protein synthesis (Moss, J., etal., 1988; 

Collier, R.J., 1975).

PT is the ethiologic agent in pertussis or whooping cough. It is produced by strains of the 

bacterium Bordetella Pertussis, and catalyses the ADP-ribosylation of the a  subunits of Gi, 

and Go of the respiratory epithelial cells. This covalent modification occurs at a cysteine 

residue located near the carboxyl terminus of the protein and it functionally uncouples the G 

protein from receptors. This results in a reduction in the ability of inhibitory agonists to 

decrease AC activity and intracellular cAMP accumulation (Katada, T., et al., 1982; fig. 10).



CT, together with the heat labile enterotoxins (LTs) of Escherichia coli, are the ethiological 

agents of cholera and traveller’s diarrhoea, respectively. They catalyse ADP-ribosylation of 

the a  subunit of Gs (CT) and Gt (LT). The modified arginine (arg 201 in a s and arg 173 in 

the at) is localised close to the domain that is responsible for the interaction with the y 

phosphate of GTP causing the blockage of the G protein in the active conformation through 

reduction of its intrinsic GTPase activity. The prolonged activation and the consequent cAMP 

increase in the intestinal epithelium causes an efflux of Na+ and water from the intestinal 

lumen that are typical symptoms of cholera (Moss, J., et al., 1977; Fig. 10).

Because of their capability to irreversibly modify the a  subunits of heterotrimeric G 

proteins, these toxins have been used extensively as molecular probes for attaching 

radioactive labels to the stimulatory and inhibitory G proteins of the adenylate cyclase system, 

and in the targeting of the catalytically active subunits of the toxins to specific subpopulations 

of cells in order to eliminate, or hormonally manipulate them. Moreover, the identification of 

the G protein a  subunits as substrates of bacterial mono-ADP-ribosyltransferases, prompted 

various laboratories to investigate the endogenous enzymes as possible physiological 

regulators of intracellular signal transduction pathways.
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Figure 1.10. Effect of PT and CT on the GTP-driven cycle of G protein subunits.

Different conformational states of a are detected by symbols of different shape (circles, 

square, triangle). R and R* represent the inactive and active form of the receptor. E and E* 

represent the inactive and active form of the effector (eg. AC, cGMP-phosphodiesterase), 

which produces the intracellular second messenger (Y) from the precursor (X). Red 

rectangles indicates sites at which the cycle is interrupted by CT and PT. CT blocks Gs by 

reducing a  subunit GTPase activity, while PT blocks Gi by uncoupling the G protein from

receptor (see text for details).



I.4.3.2. Endogenous mono-ADP-ribosylation in the prokaryotic world.

Following the discovery of ADP-ribosylation of target proteins in eukaryotes by bacterial 

toxins, it was reasonable to suspect that bacteria might use ADP-ribosylation as a mechanism 

to control their own metabolism. Indeed various proteins are targets for endogenous ADP- 

ribosylation in prokaryotes, including the glutamine synthetase from Rhodospirillum Rubrum 

(Woehle, D.L., et al., 1990) and Rhizobium Meliloti (Shatters, R.G., etal., 1993) and 

unidentified proteins in Streptomyces Griseum (Penyinge, A., et al., 1990) and Pseudomonas 

Maltophila (Edmonds, C., et al., 1989).

The most thoroughly studied example is the reversible ADP-ribosylation of the 

dinitrogenase reductase from the photosynthetic bacterium Rhodospirillum Rubrum. 

Dinitrogenase reductase, which is part of a nitrogen-reducing enzyme complex, is inactivated 

by ADP-ribosylation of a critical arginine catalysed by dinitrogenase reductase ADP- 

ribosyltransferase (DRAT). DRAT is activated by environmental stimuli such as darkness or 

a source of fixed nitrogen. Dinitrogenase reductase ADP-ribose glycohydrolase (DRAG) 

removes the ADP-ribose moiety after exposure of the bacteria to light or depletion of the 

nitrogen source, regenerating free arginine and activating dinitrogenase reductase, completing 

the ADP-ribosylation cycle (Ludden, P.W., et al., 1994). It has been recently demonstrated 

that the redox state of Fe proteins that compose the nitrogenase enzyme itself, may also play a 

significant role in the regulation of the activities of DRAT and DRAG in vivo, which become 

differently sensitive to external stimuli (Flalbleib, C.M., etal., 2000; Fig. 1.11). Up to now, 

this represents the best characterised endogenous ADP-ribosylation cycle and demonstrates 

that ADP-ribosylation can be a physiological mechanism to regulate cellular proteins. Such a 

well characterised mechanism of regulation has not yet been described in eukaryotes. 

Endogenous ADP-ribosyltransferases as well as substrates of mono-ADP-ribosylation and 

hydrolases have been characterised, but their physiological relevance remain to be clarified.



Figure 1.11. Model of in vivo nitrogenase regulation in R. rubrum by reversible ADP- 

ribosylation of Fe protein. The redox-dependent conformational change of Fe protein is 

shown by a shift in Fe protein subunit position (Taken from Halbleib, C.M., et a i, 2000).
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I.4.3.3. Endogenous mono-ADP-ribosyltransferases in the eukaryotic world.

Through the use of exogenously added NAD+ or of specific inhibitors, the ADP- 

ribosylation reaction has been implicated in the modulation of cell-cell interactions, signal 

transduction, the architecture of the cellular cytoskeleton and vesicular traffic (McMahon,

K.K., e ta i, 1993; Zolkiewska, A., etal., 1993; Wang, J., etal., 1994; Hauschildt, S., etal., 

1994; Pellat-Deceunynck, C., etal., 1994; Schuman, E.M., etal., 1994; De Matteis, M.A., et 

al., 1994). However, the responsible enzymes eluded molecular cloning until the groups of J. 

Moss and M. Shimoyama succeded in purifying and sequencing proteins with enzyme 

activities akin to bacterial mADPRTs, from rabbit skeletal muscle (designated RABNAART) 

and chicken bone marrow cells (designated CHAT 1 and CHAT 2), respectively (Zolkiewska, 

A., etal., 1992; Tsuchiya, M., etal., 1994).

Subsequent homology searches revealed significant sequence similarity of RABNAART 

and the CHATs with the T-cell differentiation antigen RT6 (Thiele, H.G., et al., 1986; Koch, 

F., et al., 1986; Koch, F., et al., 1990). RT6, indeed, has been shown to possess the enzyme 

activities predicted by the structural homology (Takada, T., etal., 1994; Haag, F., etal., 1995; 

Maehama, T., et al., 1995; Koch-Nolte, F., et al., 1996). With oligonucleotides derived from 

known mADPRTs as well as from mADPRT-related expressed sequence tags, additional 

mono-ADP-ribosyltransferase gene family members have been cloned from chicken, mouse, 

human and other species (Davis, T., etal., 1995; Levy, I., 1996; Koch-Nolte, F., etal., 1996). 

Presently, six distinct mADPRT gene family members have been fully cloned from mouse 

and/or human, and three from chicken (Table 1.5).

Cloning of mADPRTs gave new impetuosity to the study of the ADP-ribosylation 

reaction, both because it represented the formal demonstration that indeed eukaryotic ADP- 

ribosylation exists and because mADPRTs represented a new tool for the characterisation of 

the physiological role of this modification.

The growing number of identified mADPRTs has prompted researchers in the field to 

introduce a systematic nomenclature for the corresponding genes and proteins (Haag, F., et 

al., 1997). The mammalian mADPRTs are designated as ARTs and numbered (ART 1-7).

In the following table the main features of the cloned mADPRTs are summarised.

6 4



Table 1.5. Cloned vertebrate members of the mono-ADP-ribosyl transferase gene 
family.

GENE NAME NUMB. OF  

G E N E S

Y E A R

C LO N ED

P R E F E R R E D  

SITE OF 

E X P R E S S IO N

C L O N E D

FR O M

AMINO ACID  

SPE C IFIC IT Y

ART1
RABNAART
MART
YAC1

one

(GPI-anchored)

'92 muscle human, 

rabbit, rat, 

mouse

arg

ART2
Pta
RT6.1
RT6.2

two

(GPI-anchored)

'90 lymphatic tissues human, 

rabbit, rat, 

mouse

arg

ART3
htMART
TART1

one

(GPI-anchored)

'96 testis human, 

rabbit, rat, 

mouse

nd

ART4
LART

one

(GPI-anchored)

'96 lymphatic tissues human, 

rabbit, rat, 

mouse

nd

ART5
TART2
YAC2

one '96 testis mouse arg

ART6
CHAT1
CHAT2

two •94 bone marrow chicken arg

ART7
CEAT

one '95 erythroblasts chicken arg

Nine distinct mADRT-encoding genes have been fully cloned from vertebrates. The gene 

symbol “ART” for ADP-ribosyltransferase has been assigned provisionally for members of 

this gene family by the nomenclature committee of the human genome project. Arginine- 

specific mono-ADP-ribosyltransferase activity has been demonstrated for ART 1-homologues 

in mouse, rabbit and human, for ART2-homologues in rat and mouse, for ART5 in mouse, 

and for ART6 and ART7 in chicken. Inclusion of ART3 and ART4 is on the basis of 

sequence similarity.
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Based on sequence analysis, the ART1 ADP-ribosyltransferase family, has been 

characterised as a glycosylphosphatidylinositol (GPI)-anchored protein at the cell surface 

(Okazaki, I.J., etal. 1994; Okazaki, I.J., etal. 1996). Consistent with its extracellular location, 

a GPI-linked muscle transferase in C2C 12 mouse myotubes ADP-ribosylates integrin a l  

(Zolkievska, A., et al. 1993). In the same cells, the ART1 ADP-ribosyltransferase activity 

seems to play a regulatory role in myogenesis as indicated by inhibitor studies (Kharadia, 

S.V., et al. 1992), and by the expression levels of the enzyme during muscle cell 

development. GPI-anchored transferases, similar to those of the cloned ART1, were found 

also in mouse cytotoxic T lymphocytes (CTL) and some murine T cell lymphoma and 

hybridoma cells. Treatment of CTL with NAD+ inhibited target conjugate formation and 

cytolytic function (Wang, J., et al., 1994). These suppressive effects of NAD+ on CTL were 

prevented by treatment of the cells with Pi-specific PLC, which releases GPI-linked proteins 

from the cell surface, consistent with the conclusion that the GPI-anchored ADP- 

ribosyltransferase was responsible for modulating CTL function. Further studies (Wang, J., 

et al., 1996) suggested that ecto-NAD+, derived from damaged cells, served as the substrate 

for ADP-ribosylation of the 40 kDa CTL membrane protein (p40) that modulates the 

tyrosine kinase activity of p56lck, thereby suppressing CD8-mediated transmembrane 

signalling. In this case, release of the membrane-bound transferase with Pi-specific PLC 

prevented the NAD+ induced inhibition of kinase activity.

Rat RT6 and mouse Rt6 are another family of GPI-anchored ADP-ribosyltransferases 

expressed on T lymphocytes, the ART2 family (Prochazka, M., et al., 1991; Koch-Nolte, F., 

et al. 1996; Takada, T., et al. 1994). RT6 protein exhibits primarily NADase (Takada, T., et 

al., 1994) and auto-ADP-ribosyltransferase activities (Rigby, M.R., etal., 1996). Unlike the 

rat RT6 proteins, mouse Rt6 is primarily a transferase, with a relatively low level of NADase 

activity (Moss, J., et al. 1997). The differences between RT6 and Rt6 appear to result from 

the presence of glutamine or glutamate, respectively, at the active site (Hara, N., et al., 1996; 

Maehama, T., et al., 1996). Reduced levels of ART2, both in mouse and rat, have been 

associated with immune-mediated diseases: this represents one of the few known correlations 

between ADP-ribosylation and disease. In different animal models, polygenetically 

determined autoimmune disorders such as juvenile diabetes and systemic lupus have been
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found to coincide with defects in the structure and function of the RT6 T cell ecto-mADPRT 

(Greiner, D.L., 1986; Koch-Nolte, F.J., et al., 1995). In the rat, susceptibility and resistance to 

diabetes correlate with the absence and presence of RT6 expressing T cells, respectively 

(Greiner, D.L., et al., 1986; Bumstein, D.J.P., et al., 1989; McKeever, U., et al., 1990; Fowell, 

D., et al., 1993). Moreover, treatment of animals with RT6 specific antibodies can induce 

autoimmune reactions up to full blown diabetes (Greiner, D.L., et al., 1987). In a mouse 

model for systemic lupus erythematosus, a gene locus influencing disease parameters was 

recently mapped near the RT6 locus (Drake, C., et al., 1995). Moreover, RT6 gene

inactivating mutations have been found in two distinct lupus prone mouse strains (Knock- 

Nolte , F.J., etal., 1995). A casual relationship between RT6 defects and enhanced disease 

susceptibility still needs to be established.

ART3 and ART4 have been cloned from human testis and spleen (Koch-Nolte, F., et al., 

1997), respectively. The deduced amino acid sequences of ART3 and ART4 possess several 

regions of sequence similarity with ART1 and are 14.and 31% identical, respectively, to 

ART1. The hydropathy profiles of the amino- and carboxyl-terminal sequences of ART3 and 

ART4 demonstrate hydrophobic signal sequences consistent with the possibility that ART3 

and ART4, like ART1, may be GPI-linked.

ART5 was cloned from Yac-1 murine lymphoma cells (Okazaki, I.J., et al., 1996). Its 

deduced amino acid sequence has similarities to other ART proteins in regions believed to be 

involved in catalytic activity and is 32% identical to that of mouse ART1, approximately 30% 

identical to that of mouse ART2, and 29 and 25% identical to the human ART3 and ART4 

proteins, respectively. Unlike ART1, ART5 had significantly more NADase than ADPRT 

activity, and although it catalysed auto-ADP-ribosylation, ADP-ribosylation of other proteins 

was relatively poor. The membrane-associated ART5 enzyme activities were not solubilised 

by PI-PLC. Consistent with this, ART5 possesses a hydrophobic amino-, but not carboxyl- 

terminal, signal sequence and may be secreted instead of GPI-linked.

The majority of the eukaryotic enzymes seem to be specific for arginine as the acceptor 

site. They appear to participate in the regulation of extracellular rather than intracellular 

processes, because they are either GPI-anchored or secretory proteins. They show high
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specific tissue distribution and the presence of GPI-anchored mADPRTs appears to be a 

characteristic of lymphatic tissues, where it has been correlated with autoimmune diseases. 

Thus, the isolation of enzymes catalysing the ADP-ribosylation reaction has strongly 

supported the physiological role of this modification, even if the physiological target proteins 

remain to be identified.

1.4.3.4. Regions conserved among ADP-ribosyltransferases.

Eukaryotic ADP-ribosyltransferases show low sequence homology but, they contain 

consensus sequences, similar to regions found in the bacterial toxins (Fig. 1.12). Some of 

these regions are involved in the formation of the catalytic site. This core comprises six p- 

strands, two a  helices and a single helical turn. The six P strands of the core mADPRT fold 

form two P sheets (in complex strand order 6-3-1 and 2-5-4) that abut each other at an angle; 

the two a-helices in turn principally form the “walls” of a bilobed crevice formed by the 

curled sheets (Fig. 1.13). Three principal sequence and length-variable loops are evident: the 

first, linking a l  to p2 , serves as a loose “flap” that overhangs the active site crevice and may 

change stmcture upon substrate binding (Bell, C.E., et al., 1996); two other loops connect a2 

to p3 and P4 to P5 the latter one perhaps affecting specificity due to its proximity to the 

active site Glu on P5. Several conserved sequence motifs are apparent within the blocks of

structure that compose the ADPRT core fold. One example is represented by the single 

invariant residue that lies at the N-terminus of P5: a Glu residue implicated in catalysis whose

carboxylate group is spatially close to the scissile, N-glycosidic bond of the bound NAD+ 

(Ruf, A., et al., 1996; Li, M;, et al., 1996). There is also a conserved His or Arg residue in Pi 

distant from the catalytic Glu, that hydrogen-bonds to a conserved Tyr or Ser in P2 , together 

cradling the bound NAD+ (Ruf, A., et al., 1996; Li, M., et al., 1996; Domenighini, M., et al., 

1996).
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NH2-terminal 
signal peptide Arg Ser-X-Ser Glu

Basic
amino COOH-terminal 
acid signal peptide

ART1

ART2

NH2-terminal 
signal peptide

COOH-terminal 
signal peptide

NH2-terminal 
signal peptide Arg Ser-X-Ser Glu

Basic
amino COOH-terminal 
acid signal peptide

ART5

Catalytic Core

Figure 1.12. Gene structure of ART proteins. Structure of the ART genes has been 

determined for ART1, ART2 (RT6), and ART5. Exons (boxes) encode domains common 

to the ARTs. The transferase catalytic core contains conserved amino acids critical for the 

formation of the active site. In ART1 and ART5, an arginine- and lysine-rich region is 

encoded by a separate exon, whereas in ART2, this region is included in the exon that 

contains the catalytic core. The GPI-anchored enzymes (ART1 and ART2) possess a 

carboxy-terminal signal sequence, whereas ART5, which may be secreted, does not 

contain a hydrophobic signal sequence in its carboxyl terminus (black rectangle). Lines 

represent introns. (Taken from Okazaki, I.J., et al., 1998).
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Figure 1.13. Core features of the ADPRT fold as a schematic topology diagram. The

location of the catalytic Glu is marked by a black circle (Koch-Nolte, F., et al., 1997).



Besides mADPRTs, the other class of enzymes involved in the ADP-ribosylation reaction 

are the hydrolases. ADP-ribosylarginine hydrolases are soluble proteins that release ADP- 

ribose from proteins modified on arginine (Moss, J., et al., 1990; Moss, J., et al., 1992). The 

isolation of these enzymes strongly supported the significance of the ADP-ribosylation 

reaction, even if in eukaryotes the functional relationship between transferases and hydrolases 

is not well documented. A regulatory ADP-ribosylation cycle was proposed based on the 

presence of arginine-specific ADP-ribosyltransferases and ADP ribosylarginine hydrolases. 

Moreover, the hydrolases, like transferases, catalysed a stereospecific reaction; the a-anomer 

of the ADP-ribosylarginine, generated stereospecifically in the transferase-catalysed reaction, 

is utilised as a substrate by the hydrolase; while the p-anomer is not hydrolysed (Moss, J., et 

al., 1986). This finding is consistent with the notion that the ADP-ribosyltransferase and the 

ADP-ribosylarginine hydrolase serve as opposing arms of an ADP-ribosylation cycle.

ADP-ribosylarginine hydrolases have been purified from several animal tissues, while 

hydrolase cDNA’s have been cloned from rat (Takada, T., et al., 1994), mouse and human 

brain (Takada, T., et al., 1993). Hydrolase activities in rat and mouse brain are sensitive to 

Mg2+ and DTT, whereas the human hydrolase appeared to be DTT independent (Moss, J., et 

al., 1994).

The nucleotide and deduced amino acid sequences of the mouse hydrolase cDNA were, 

respectively, 92 and 94% identical to those of the rat; human and rat hydrolase cDNA were 

82 and 83% identical in the nucleotide and deduced amino acid sequences, respectively. In the 

rat and mouse hydrolases, the positions of five cysteines were identical, whereas in the human 

hydrolase, only four of the five cysteines are present. By site directed mutagenesis it has been 

demonstrated that the fifth cysteine is that responsible for the sensitivity to DTT (Takada, T., 

et al., 1993).

Graves and co-workers (Huang, et al., 1996) described what can be considered the best 

characterised example of this cycle in eukaryotic cells. They demonstrated the existence of an 

ADP-ribosylarginine hydrolase activity in scheletric muscle cytoplasm, able to remove the 

modification catalysed by an arginine-specific transferase purified in scheletric muscle 

membranes. The endogenous substrate of this enzyme is desmin, the muscle specific 

intermediate filament protein. The ADP-ribosylation prevents assembly of desmin in 10 nm

1.4.3.5. ADP-ribosylarginine hydrolases.



filaments in vitro, while the incubation of modified desmin with the hydrolase restores 

desmin’s ability to form intermediate filaments, indeed the hydrolysis preserved the 

guanidine moiety from degradation (Huang, et al., 1993).

Surprisingly, in muscle cells, it appears that the ADP-ribosylated integrin 017 is processed

by a pyrophosphatase, rather than a hydrolase, resulting in the formation of 

phosphoribosylarginine, and perhaps, ribosylarginine, leaving, obviously, a blocked guanidino 

group (Zolkiewska, A., et al., 1995).

Katada and co-workers observed that auto-ADP-ribosylated rat RT6.2 is de-ADP- 

ribosylated with release of an ADP-ribose and regeneration of arginine on the protein. The 

mechanism of this reaction is not certain; although it was postulated that a cell surface 

hydrolase may participate (Maheama, T., et al., 1995).

Based on these studies, it appears that an ADP-ribosylation cycle may in fact be 

composed of alternative pathways based on whether the intact ADP-ribose moiety is removed 

or only ADP is removed, leaving the phosphoribose attached to the protein. Presumably this 

residue would then be subjected to cleavage by phosphatases (Zolkiewska, A., et al., 1995). 

These data would support the concept of a modified ADP-ribosylation cycle, with either a 

free guanidino group of arginine or phosphoribosylarginine being generated (Fig. 1.14).
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NAD Nicotinamide AMP Pi

Figure 1.14. ADP-ribosylation pathways in eukaryotic cells. Proteins are ADP- 

ribosylated by intracellular NAD:arginine ADP-ribosyltransferases (ARTi), and free 

arginine (protein) is regenerated by ADP-ribosylarginine hydrolases. In ADP-ribosylated 

proteins generated by GPI-anchored transferases (ARTg), ribosylarginine is the product of 

sequential processing by extracellular phosphodiesterase and phosphatase activities. Other 

transferases such as the chicken heterophil enzyme appear to be processed for secretion 

(ARTs) (Taken from Okazaki, I.J., et al., 1998).
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Although substantial progress has been made with regard to the molecular characterisation 

of mADPRTs, identification of their physiological target proteins has remained difficult. This 

may be related, at least in part, to the high turnover or low net modification in vivo, a low 

abundance of the acceptor proteins, or instability of the modification. It is also difficult to 

recognise a common denominator for the target proteins described so far. They are highly 

diverse with respect to both structure and function. For these reasons most acceptors of 

endogenous ADP-ribosylation still need to be verified regarding their modification in vivo. 

Reported acceptor proteins include, for example, integrin 0C7 (Zolkiewska, A., et al., 1993),

actin (Clancy, R., etal., 1995), desmin (Huang, H.Y., et al., 1993) and neuronal protein 

B50/GAP43 (Coggins, P.J., et al., 1993), BiP, a constituent of the protein translocation 

machinery of the ER (Freiden, P.J., etal., 1992; LedfordB.E., etal., 1994), the Ca2+-ATPase 

(Hara, N., et al., 1987) and others. Some target proteins of bacterial toxins, for example G as,

rho and actin, also appear to be substrates of endogenous ADPRTs.

Besides the already mentioned integrin, desmin and p40 (see paragraphs 1.4.3.3. and

1.4.3.5.), the following section briefly summarises the other proteins that have been identified 

as targets of mono-ADP-ribosylation, resulting in the alteration of their function.

1.4.3.6.1. B50/GAP43.

The neuronal phosphoprotein GAP43 is associated with neuronal growth and 

regeneration, and is involved in the Ca2+/CaM and Go signal transduction system. The 

amino-terminal domain of GAP43 stimulates GTP binding to Go, greatly augmenting the 

action of GPCR. A separate domain of GAP43 is involved in CaM release. GAP43 is a 

substrate of several post-translational modifications: ADP-ribosylation, palmitoylation, and 

phosphorylation by PKC. While PKC-phosphorylation mediates CaM binding, the ADP- 

ribosylation seems to have a role in directing the intracellular localisation of the protein: 

indeed the ADP-ribosylation occurs on the Cys 3 and/or Cys 4 residues that are, 

palmitoylated and here important for membrane anchoring. Hence, ADP-ribosylation may 

mediate GAP43 interaction with signal transduction proteins (Philibert, K., et al., 1995; 

Coggins, P.J., etal., 1993).

1.4.3.6. Substrates of endogenous mono-ADP-ribosylation.



I.4.3.6.2. MARCKS.

Signal transduction in neuronal systems, through PKC activation, leads to the 

phosphorylation of a number of cellular substrates, including MARCKS (myristoylated 

alanine-rich C kinase substrate) proteins that are associated with membranes and the actin 

cytoskeleton. The PKC mediated phosphorylation of MARCKS, in addition to reducing 

CaM binding, decreases the ability of MARCKS to cross-link actin, resulting in MARCKS 

translocation from membranes to cytosol. MARCKS proteins are also substrates of ADP- 

ribosylation (Chao, D., et a l, 1994). The ADP-ribosylation has been proposed to alter the 

ability of MARCKS to bind CaM and therefore to interact with plasma membranes (Chao,

D., et al., 1994).

I.4.3.6.3. GRP78/BÎP.

GRP78/BiP is a molecular chaperone which resides in the lumen of the endoplasmic 

reticulum (ER) and functions in the folding and assembly of proteins entering the secretory 

pathway. GRP78/BiP is reported to undergo post-translational modification by mono-ADP- 

ribosylation and by phosphorylation. Both modifications involve oligomerization to the 

inactive form. The unmodified form of GRP78/BiP appears to be the functional one, and the 

ADP-ribosylation renders GRP78/BiP non functional. Post-translational modifications of 

GRP78/BiP are generally observed during conditions that deplete the ER of processible 

protein. For example, ADP-ribosylation of GRP78/BiP is increased by lowered temperature, 

aminoacid starvation, and treatments with cycloheximide or amino acid analogues. In contrast 

the modification of GRP78/BiP is suppressed by hormones that stimulate growth. Staddon 

and co-workers (Staddon, J.M., et a l, 1992) have reported that incubation of Swiss 3T3 with 

growth factors, which stimulate the proliferation of these cells, resulted in the decreased ADP- 

ribosylation of BiP, further supporting the premise that the ADP-ribosylation of BiP plays a 

role in limiting cell proliferation during times of nutritional stringency. Thus, ADP- 

ribosylation of BiP may be a mechanism for selectively shutting off the synthesis of 

membrane and secretory proteins during times of nutritional stress (Ledford, B.E., etal., 

1994).
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1.4.3.6.4. Actin.

Cytoskeletal actin monomers (G-actin) are substrates of mono-ADP-ribosylation 

catalysed by mono-ADP-ribosyltransferases purified from rat brain and adrenal glands. Actin 

mono-ADP-ribosylated by these enzymes does not form actin filaments (F-actin) upon 

Mg2+ addition (Matsuyama, S., et al., 1991; Fujita, H., et al., 1995). The ADP- 

ribosylhydrolase that removes the ADP-ribose from mono-ADP-ribosylated actin can form 

F-actin after the addition of Mg2+ (Fujita, H., et a i, 1995, Okamoto, H., et a i, 1997). 

Therefore, actin polymerisation and depolymerisation may be controlled by mono-ADP- 

ribosylation in animals.

1.4.3.6.5. Heterotrimeric G proteins.

Much research on the physiological relevance of mono-ADP-ribosylation in eukaryotic 

cells has been driven by the desire to find homologues of bacterial toxins. The fact that both 

PT and CT were able to modify G proteins, made it reasonable to suppose that they might 

also be endogenously modified.

A first indication was that purified eukaryotic ADP-ribosyltransferases were able to 

modify G proteins in reconstituted systems. Indeed, a cystein specific ADP- 

ribosyltransferase, named ADP-ribosyltransferase C (Tanuma, S., et a i, 1988), purified from 

human erythrocyte cytosol, can modify a 40 kDa protein in inside-out vesicles prepared from 

human erythrocytes. The ADP-ribosylation of this protein is inhibited by pre-ADP- 

ribosylation with PT, indicating that the modified protein is the a  subunit of Gi. Tanuma and 

co-workers obtained analog results in human platelet membranes, a system in which they 

were able to demonstrate that the a l  subunit modification is associated with attenuation of 

epinephrine-induced inhibition of adenylyl cyclase activity (Tanuma, S., et al., 1989), and that 

the inhibitory effect is reversed by a cysteine-specific mono-ADP-ribosyl protein hydrolase, 

named glycohydrolase C (Tanuma, S., etal., 1990; Saxty, B.A., et al., 1995).

At the same time, Igenada and co-workers showed that an arginine-specific ADP- 

ribosyltransferase, designated ADP-ribosyltransferase A, can ADP-ribosylate Gs, (as 

demonstrated by immunoprécipitation; Tsuchiya, M., et a l, 1994). This modification results 

in stimulation of AC activity. These data suggest that indeed the endogenous ADP- 

ribosylation of G proteins exists and that it may regulate the adenylate cyclase system, in a
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similar manner to that shown for CT and PT. Moreover, AC activity may be reversibly 

regulated by the action of an ADP-ribosylation cycle.

More physiological evidence has been obtained by Quist and co-workers (Quist, E.E., et al., 

1994) in highly purified canine cardiac sarcolemma: in this system NAD+ stimulated AC 

activity in the presence of agents which activate Gs (i.e. A1F4-, GTPyS, GppNHp or 

isoproterenol plus GTPyS). In the same membranes, an endogenous ADP-ribosyltransferase 

catalyses the ADP-ribosylation of Gas. ADP-ribosylation of G as was also enhanced by 

isoproterenol in the presence of GTPyS. Therefore direct or receptor mediated stimulation of 

Gs promoted ADP-ribosylation of this protein by an endogenous ADP-ribosyltransferase. 

Studies showing that a variety of ADP-ribosyltransferase inhibitors including novobiocin, 

and vitamin K1 inhibited both NAD+ potentiation of A1F4 -stimulated AC and A1F4'- 

dependent ADP-ribosylation of Gas. These studies provide the strongest evidence for 

linking NAD+ effects on adenylyl cyclase activity to ADP-ribosylation of Gas. More 

recently, Klebl and co-workers (Klebl, B.M., et al., 1997) identified in T-tubular proteins the 

modification of a 42 kDa protein and suggested that it could be the a  subunit of Gs. Mono- 

ADP-ribosylation of G as may result in an inhibition of the T-tubular adenylate cyclase 

activity since this inhibition was suppressed by novobiocin, an inhibitor of mono-ADP- 

ribosyltransferases.

Besides these data, it has also been suggested that endogenous ADP-ribosylation can 

modulate visual transduction: it has been demonstrated that both the a  and p subunit of 

transducin in rod outer segment (ROS) membranes and in ROS soluble fractions can be 

mono-ADP-ribosylated in vitro by incubation with [32P]NAD+ in the absence of bacterial 

toxin. Moreover, these modifications occur in purified transducin and suggest that an 

endogenous ADP-ribosyltransferase activity may be copurified with this protein (Watkins, 

P.A., etal., 1987; Ehret-Hilberer, S., etal., 1992).

Thus, endogenous enzymes are able to modify G proteins and presumably play a role in 

signal transduction, although their substrates have been poorly characterised and their 

functional significance is not completely understood.

In general, it would appear that ADP-ribosylation inhibits the expected biological activity 

of acceptor protein. For example, endogenous modification of G-actin was suggested to
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result in transient inhibition of actin polymerisation (Clancy, R., et al., 1995), ADP- 

ribosylation of integrin aywas reported to affect myogenesis (Okazaki, I.J., et al., 1996) and

modification of EF-2 (by DT) prevents translation (Moss, J„ etal., 1988; Collier, R.J., et al., 

1975). ADP-ribosylation of of B-50/GAP-43 in cysteine residues reduces the membrane 

association of the protein, presumably because palmitoylation of the cysteine(s) is prevented 

(Zwiers, H., et al., 1997).

I.4.3.7. Modulation of the mono-ADP-ribosylation reaction.

Inhibitors of the ADP-ribosylation reaction have been largely characterised both in vivo 

and in vitro and employed as pharmacological agents in the study of most of the known 

functional consequences of endogenous ADP-ribosylation.

Because nicotinamide is a product of ADP-ribosylation reactions, and proved to be an 

inhibitor, it has been used as such from the very beginning of research in this field. Later on, 

inhibitors specific for mono-ADP-ribosyltransferases such as vitamins K l, K2 and 

novobiocin were characterised (Klebl, B.M., etal., 1997). However, only with the 

identification of arginine-specific mono-ADP-ribosyltransferase inhibitors a better degree of 

specificity has been reached. Namely, these inhibitors are agmatine (Moss, J., etal., 1981) 

and arginine (Moss, J., et al., 1978) and their inhibitory effect is due to the competitive 

formation of ADP-ribosyl-arginine and -agmatine. Meta-iodo-benzyl-guanidine (MIBG) 

works with the same mechanism of action. This is a high-affinity substrate for CT-catalysed 

transfer of ADP-ribose from NAD+ to arginine-like residues, and a substrate for endogenous 

arginine-specific mono-ADP-ribosyltransferase. MIBG accumulates in intact mammalian 

cells and effectively competes with intracellular acceptors for endogenous enzymes (Smets,

L.A., et al., 1990). It can be used at lower concentrations than nicotinamide and L-arginine 

and has no effects on poly-ADP-ribose polymerase activity. Therefore, this compound has 

been successfully employed both in vivo and in vitro, for the modulation of the ADP- 

ribosylation reaction.

Although inhibitory studies suggest that mono-ADP-ribosylation may represent an 

important regulatory mechanism in cell function, the mechanism by which the mono-ADP- 

ribosylation is physiologically modulated remains to be determined and the precise cellular
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function of this process is poorly understood. Few data exist in the literature regarding the 

stimulation of mono-ADP-ribosylation, and its modulation seems mostly to be related to 

stress conditions. Endogenous mono-ADP-ribosylation of rat liver cytosolic proteins are 

increased by treatment of the homogenates with lipid peroxidant agents: mono-ADP- 

ribosylation of protein appearing consequent to the formation of hydroperoxides and 

hydroxyl radicals (Parrado, J., et a i, 1999). A similar mechanism has been implicated in the 

short term cardiotoxicity induced as a side effect of using 2’, 3’-dideoxycytidine (ddC, 

zalcitabine). ddC inhibits HIV type 1 in vivo and is therefore successfully used in AIDS 

therapy. ddC-induced cardiotoxicity correlates with an increased formation of reactive oxygen 

species, and a parallel increase in mono-ADP-ribosylation of proteins, among which is the 

BiP protein. The ADP-ribosylation of the BiP protein is well documented (see paragraph 

1.4.3.6.3), and it is known that this is regulated under nutritional stress conditions.
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I.4.3.8. Conclusion.

In conclusion, mono-ADP-ribosylation seems to be involved in various aspects of cell 

signalling, but its protein targets and physiological role have yet to be fully explained.

Eukaryotic ADP-ribosyltransferase activity has been detected in several tissues, including 

turkey erythrocytes, rabbit skeletal muscle, and mouse testis. The mammalian mADPRT 

proteins appear to be expressed in a tissue-specific manner. In muscle cells and lymphocytes, 

GPI-linked mADPRT enzymes modify integrins, consistent with a role in the regulation of 

cell-cell or cell-matrix interactions. In lymphocytes, the GPl-anchored ART1 and ART2 

transferases are associated with the modulation of immune function. A subgroup of the ADP- 

ribosyltransferases (including ART5 and the heterophil enzymes) lacks a carboxyl-terminal 

signal sequence and thus may not be GPI-linked. What has yet to be determined is the 

correlation between the molecularly cloned mADPRTs and the mono-ADP-ribosylation 

activities observed in animal tissues. Moreover, not all of the identified substrates of ADP- 

ribosylation have been related to one of the cloned mADPRT activity.

An intracellular ADP-ribosylation cycle in eukaryotic cells had been proposed based on 

the presence of NAD:arginine ADP-ribosyltransferases and ADP-ribosylarginine hydrolases, 

which remove the ADP-ribose group, regenerating a free arginine residue. Proteins modified 

by GPI-anchored transferases are processed by extracellular phosphodiesterases and 

phosphatases. But also in this case, the functional relationship between transferases and 

hydrolases is not defined.

We still don’t have solid molecular mechanisms in place for the regulation of endogenous 

ADP-ribosylation of defined proteins and for its role in mammalian cells.

Again, good tools for modulating ADP-ribosylation levels of endogenous proteins: such as 

the use of dominant-negative, constitutive active alleles of relevant activities or the use of very 

specific inhibitors proteins has not been developed.

This is the background for my PhD thesis work: I searched for putative endogenous ADP- 

ribosylated proteins in membrane extracts, based on the localisation of the subunits of 

heterotrimeric G proteins. G proteins are known substrates of ADP-ribosylation catalyzed by 

toxins, while only indications exist in litterature about their putative endogenous ADP- 

ribosylation. We found that the G protein P subunit was a substrate of ADP-ribosylation.

We characterized the enzymes involved in, and, more importantly, we define the functional
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role of the ADP-ribosylation of the (3 subunit in the regulation of (3 mediated activities, 

describing a possible role for mono-ADP-ribosylation in signal transduction regulation.
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Chapter 2: Experimental procedures.

2.1. Cell culture.

Chinese hamster ovary (CHO) cells were grown in monolayers in Dulbecco’s modified 

Eagle's medium (DMEM) (Gibco) containing 10% foetal calf serum (FCS) (Seromed), 34 

mg/ml proline, 100 U/ml penicillin, 100 mg/ml streptomycin (Gettys, T.W., et al., 1994). 

Cells were passaged by trypsinisation and diluted 1:7. Confluence was usually reached in 

3-5 days. Human leukaemia (HL) 60 cells were grown in suspension at 37°C in RPMI 

1640 (Gibco) containing 10 % FCS (Biowithaker), 100 U/ml penicillin, 100 mg/ml 

streptomycin (Thomas, G.M., et al., 1993). Cell differentiation was induced by adding 160 

mM tumor promoting agent (TPA), or 1 pM retinoic acid (RA), or 1.3% dimethyl 

sulfoxide (DMSO), for the times indicated. Cell differentiation was monitored by 

adherence to culture plates, and cell morphology: undifferentiated HL60 cells are rounded 

and they grow in suspension, TPA-differentiated HL60 cells exhibit intense adherence to 

plastic with prominent pseudopodia formation (macrofage like), while RA-differentiated 

HL60 cells show a granulocyte morphology, are no longer capable of proliferation and a 

high NADase activity. DMSO-differentiated HL 60 cells show a similar granulocyte 

morphology but is not paralleled by any increase in the NADase activity (Han, M-K., et 

al., 1995). Swiss embryo fibroblasts (Swiss 3T3) were maintained in DMEM plus 10% 

FCS, as previously described (Falasca, M., et al., 1997). Fisher rat thyroid cells (FRTL 5) 

(Ambesi-Impiombato, F.S., et al.., 1980; Ambesi-Impiombato, F.S., et al., 1989; Valente, 

W.A., et a l ., 1983) were maintained in Coon's modified F 12 medium supplemented with 

5% calf serum, 20 mM glutamine and a mixture of six hormones (thyrotropin, insulin, 

transferrin, cortisol, somatostatin and glycyl-L-hystidyl-L-lysine acetate). All cells were 

grown at 37°C in a humidified atmosphere of 95% air/5% CO2. Sf9 cells were cultured in 

Sf-900 II SFM medium (Gibco) in monolayer culture. Cultures were incubate at 28°C and 

subcultured by diluting 1:2 when the monolayer reaches 80-100% confluency, 

approximately three days post-planting. Cells were resuspended by pipetting the medium 

across the monolayer.
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2.2. Cell permeabilisation.

CHO cells were plated in 6-well plates and used after 24 hours at 90% confluence 

(800,000 cells/well); they were placed on ice and immediately washed with 

permeabilisation buffer (PB) (25 mM Hepes KOH, pH 7.2, 125 mM potassium acetate, 2.2 

mM magnesium acetate). Cells were then incubated with 2 U/ml Streptolysin O (SLO) 

(Biomerieux), previously activated for 5 min at 37°C in PB plus 1 mM dithiothreitol 

(DTT). Unbound SLO was removed and the cell monolayer was washed with cold PB, 

then incubated with PB in the presence of an ATP-regenerating system (1 mM ATP, 2 

mM creatine phosphate, 7.3 U/ml creatine phosphokinase) at 37°C for 30-60 min 

(Mironov, A., et al., 1997). The same assay was used for HL 60 cells with the exception

that 5 x 107 cell suspension was centrifuged at 450 x g for 5 min, and resuspended in 40 

ml of PB. The cells were then washed once more, resuspended in PB, incubated for 20 min 

at 4°C to equilibrate, and permeabilised with lU/ml of activated SLO for 20 min. Cells 

were then washed in PB and treated as CHO cells (Thomas, G.M., et al., 1993). To check 

the extent of permeabilisation, cells were stained with Trypan blue. With the adopted 

schedule of SLO treatment, 95% of cells were stained.

2.3. Preparation of cell lysates.

All steps were performed at 4°C or on ice, unless indicated. Protein concentration was 

measured by a dye-binding assay (Bio-Rad Protein Assay, Bio-Rad; Bradford, M.M., et 

al., 1976).

2.3.1. Preparation of plasma membranes.

Plasma membranes were prepared as previously described (Gettys, T.W., et al., 1994), 

with the following modifications. 80-90% confluent CHO cells (6 x 108 cells for each 

preparation) were washed with HBSS without Ca2+ and Mg2+ (HBSS-) (Gibco), then 

lysed with a teflon/glass potter homogeniser in hypotonic buffer containing 10 mM TES, 

pH 7.0 and 1 mM EDTA. Unbroken cells and nuclei were removed by a low speed spin at 

3000 x g, and crude membranes were collected by the supernatant by a 20 min spin at 

48,000 x g. The pelleted membranes were resuspended in 10 mM TES, pH 7.5, containing
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0.25 M sucrose, at a final concentration of ca. 100-150 mg/ml. 200 mg of membranes 

were mixed to a 14 g pre-weighted aqueous two-phase system composed of 5.12 g 20% 

dextran T-500 (Pharmacia), 2.56 g 40% polyethylene glycol 4000 (Merk), 0.4 ml 0.2 M 

potassium phosphate buffer (PFB), pH 7.2, 1.6 ml 1 M sucrose and distilled water. 

Separation was achieved by centrifugating at 2500 x g for 20 min. The upper phase was 

removed, and repartitioned against a fresh lower phase, while, to increase the yield of 

plasma membranes, the lower phase was extracted with a fresh upper phase. Finally, the 

two upper phases containing plasma membranes were combined, diluted 5 fold in 10 mM 

TES, pH 7.5 containing 0.25 M sucrose of plasma membranes and collected by 

centrifugation (20,000 x g, 30 min). The purified plasma membranes were resuspended at 

1 mg/ml in 25 mM Hepes, pH 7.4 containing 140 mM NaCl, 40 pM leupeptin, 1 pM/ml 

soybean inhibitor, and 1 mM EDTA, and stored at -80°C. Purity of plasma membrane 

preparation was assed by immunoblotting with markers for cellular compartments:

Marker Cellular compartement

Na+/K+ ATPase (Godi, A., et al, 1997) 

CaBPl (Fullekrug, J., et a l, 1995)

Rab5 and Rab7 (Chavrier, P., et al., 1990) 

mannosidase II (Velasco, A., et al., 1993)

plasma membranes 

endoplasmic reticulum 

early and late endosomes 

Golgi membranes

2.3.2. Preparation of cytosol.

Confluent CHO cells were detached in HBSS= plus 5 mM EGTA, lysed by sonication 

in 5 mM Tris HCl, pH 8.0, 5 mM MgCl2, 1 mM EGTA, 1 mM phenyl-methylsulfonyl

fluoride (PMFS), 0.5 mM phenantroline, 1 pM pepstatin with leupeptin at 10 pg/ml (108 

cells/ml). Nuclei and unbroken cells were removed by centrifugation at 600 x g for 15 

min, and supernatant was then centrifuged at 100,000 x g for 90 min in order to separate 

cytosol from total membranes (Di Girolamo, M., et a l, 1995). The resulting cytosol was 

aliquoted and stored at -80°C.
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2.3.3. Preparation of rat brain membranes.

In a standard preparation, five brains were collected from male CD-Cobs rats and kept 

on ice in 25 mM Tris HC1, pH 7.4, containing 320 mM sucrose. This tissue was minced in 

10 ml of ice-cold breaking buffer (25 mM Tris HC1, pH 8.0, 500 mM KC1, 1 mM DTT, 2 

mM EGTA, 2 pg/ml aprotinin, 0.5 pg/ml leupeptin, 2 pM pepstatin, 0.5 mM 

phenantroline and 1 mM PMSF) and homogenised using an Ultraturrax apparatus with 

four 30 sec bursts. The resulting homogenate was centrifuged at 8,000 x g for 30 min. The 

supernatant was then collected, and centrifuged at 150,000 x g for 90 min. The resulting 

pellet was collected, resuspended in 1 ml of ice-cold phosphate buffered saline (PBS) 

using a teflon/glass potter homogeniser and centrifuged again in a microfuge at 15,000 x g 

for 15 min. The resulting membranes were resuspended in 1 ml of ice-cold PBS, aliquoted, 

frozen in liquid nitrogen and stored -80°C (Colanzi, A., et al., 1994).

2.3.4. Cell fractionation procedure.

In a standard fractionation procedure (Balch, E., et al., 1984), confluent CHO cells were 

detached (see above) and pelleted. The pellet was washed with ice-cold 0.25 M sucrose in 

10 mM Tri HC1, pH 7.4 (WB), and cells repelleted and resuspended in 4 volumes of WB. 

Cells were then homogenised with 10-12 passes inside a Balch and Rothman chamber 

(8,004 mm precision bore in a stainless steel block that contained a 8,002 mm ball). Cell 

integrity was checked under a light microscope. The sucrose concentration of the 

homogenate was adjusted to 1.4 M with 2.3 M sucrose in WB and finally 100 mM EDTA 

was added to a final concentration of 1 mM. The homogenate was loaded on 1.6 M 

sucrose in a SW 28 tube and overlaid with a discontinuous gradient of 1.2 and 0.8 M 

sucrose. It was then centrifuged for 2.5 hours at 90.000 x g. The membranous bands were 

collected, and assayed for protein content and purity as described in 2.3.1.

2.3.5. Purification of recombinat hexahistidine tagged a il subunit.

The recombinat hexahistidine tagged a i l  subunit (His6 a i l )  virus was generously 

supplied by Dr. Gilman (University of Texas, Dallas, Texas ). For the preparation of 

recombinat His6 a i l  5 x 108Sf9 cells were infected with amplified virus at a MOI of 5. 

Cells were harvested 48 h later by centrifugation at 1000 x g for 10 min and suspended in
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100 ml of ice-cold lysis buffer (50 mM NaHepes, pH 8.0, 0.1 mM EDTA, 3 mM MgCl2,

10 mM mercaptoethanol, 100 mM NaCl, 10 pM GDP and proteinase inhibitors). Cells 

were lysed by Potter-Elvehjem homogenization. Cell lysates were centrifuged at 750 x g 

for 10 min to remove intact cells and nuclei. The supernatant was centrifuged at 100,000 x 

g for 30 min, and the resultant pellet was suspended in 50 ml of wash buffer (50 mM 

NaHepes, pH 8.0, 3 mM MgCl, 10 mM mercaptoethanol, 50 mM NaCl, 10 pM GDP, and 

proteinase inhibitors) using a Potter-Elvehjem homogenizer and centrifuged again as 

above. The pellets was thawed and diluted to 5 mg/ml with wash buffer containing fresh 

proteinase inhibitors. Sodium cholate was added to a final concentration of 1% (w/v), and 

the mixture was stirred on ice for 1 h prior to centrifugation at 100,000 x g for 40 min. The 

supernatant (membrane extract) was collected, diluted 5-fold with buffer A (20 mM 

NaHepes, pH 8.0, 100 mM NaCl, 1 mM MgCl, 10 mM mercaptoethanol, 10 pM GDP, and 

0.5% C2E 10), and loaded onto a 2-ml Ni-NTA (Qiagen) column pre-equilibrated with 

buffer A. The column was washed with 50 ml of buffer A containing 5 mM imidazole, 

while the elution was performed by a linear gradient of imidazole from 5 mM to 150 mM 

in buffer A. Fractions (1 ml) were collected and analyzed both by immunoblotting and 

Coomassie blu staining after electrophoresis through 9% SDS PAGE. The peak fractions 

were pooled, concentrated using a Centricon 30 (Amicon) and stored at -80 °C.

2.4. SDS polyacrylamide gel electrophoresis.

SDS polyacrylamide gel electrophoresis (PAGE) was performed using a procedure 

modified from that described by Laemmli (Laemmli, U.K., et al., 1970). 1.5 mm width 

gels were run over night at 16 mA using Hoefer apparatus. Resolving gels contained 10% 

(w/v) or 13% (w/v) acrylamide:bisacrylamide in a ratio of 37.5:1 (Eurobio), 375 mM Tris 

HC1, pH 8.8, and 0.1 % (w/v) SDS.

Stacking gels consisted of 6% acrylamide:bisacrylamide, and 0.1 % (w/v) SDS in 125 

mM Tris HC1, pH 6.8. Both resolving and stacking gels were polymerised by the addition 

of ammonium persulphate and TEMED.

2.5. Western blotting and immunoblot analysis.

To perform a western blot, proteins separated on a gel were transferred to a
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nitrocellulose membrane (Protran, Schleicher & Schuell) by electroblotting for 4 hours at 

500 mA. Transfer was performed in transfer buffer: 2.9 g/1 glycine, 5.8 g/1 Tris base and 

20% (v/v) methanol. To check the transfer of the proteins onto nitrocellulose, it was 

stained using Ponceau S red (Sigma). To probe the resulting blot, the membrane was first 

blocked for 1 hour in Tris-buffered saline (20 mM Tris HCl, pH 7.4, 500 mM NaCl) 

containing 0.1% (v/v) Tween-20 (TBS-T) and 5% (w/v) powdered milk (Merck) with 

agitation on rotary shaker. Antibodies were then diluted in TBS-T using the appropriate 

ratio. Standard dilutions were 1:500 for MSI antiserum (Murakami, T., et a l, 1992), and 

1:1000 for SW28 antiserum (Murakami, T., et a l, 1992). The membrane was agitated in 

the antibody solution for 2 hours and then washed 2 times for 10 min each in TBS-T. The 

membrane was next incubated with the appropriate peroxidase-conjugated secondary 

antibody (Calbiochem), diluted 1 in 1000 in TBS-T, and washed again for 2 times for 10 

min each and visualised by colorimetric assay employing 4-cloro-naphtolo (Di Girolamo, 

M „ e ta l ,  1992).

The antibodies raised against the carboxy-terminus and the amino-terminus of (3 subunit 

were generously supplied by Dr. W.F. Simond (NIH, Bethesda, MD).

2.6. Immunoprécipitation.

ADP-ribosylated py dimer was immunoprecipitated as previously described (Morris, D., 

et a l, 1990): 100 pg of ADP-ribosylated plasma membranes with or without added Py 

subunit (1.6 pg) were washed and resuspended in 50 pi buffer containing 150 mM NaCl, 

10 mM M gCh, 20 mM Tris HCl, pH 7.5, and solubised by stirring with an equal volume

of the same buffer plus 2% Na+-cholate for 1 hour. The solubilised membranes were then 

centrifuged at 100,000 x g for 90 min and recovered supernatant was diluted five fold in 

precipitation buffer (PrB) (10 mM Tris HCl, pH 7.5, 150 mM NaCl, 25 mM EDTA, 1 mM 

DTT, 1 mM NaF, 1% Na-cholate, 10 pM GTPyS, 1% Nonidet P 40) and incubated with 

20 pi of Protein A Sepharose CL-4B (Pharmacia) for 2 hours. After removal of the resin 

by centrifugation at 13,000 x g for 15 min, the supernatant was incubated with the SW28 

antibody (5pg/sample) overnight at 4°C on a rotator. Protein A Sepharose CL-4B was then 

added to the mixture and incubated for 2 hours. Resin was washed four times in 500 pi 

PrB plus 300 mM NaCl, resuspended in 50 pi Laemmli sample buffer and analysed by

8 9



SDS PAGE.

2.7. ADP-ribosylation assays.

ADP-ribosyltransferase activity was measured by following the incorporation of 

radioactive ADP-ribose into membrane components.

2.7.1. Endogenous ADP-ribosylation assay.

Samples (4 pg plasma membranes) were incubated at 37°C for 60 min in 50 pi buffer 

containing 50 mM PFB, pH 7.4, 0.5 mM MgCl2, 4 mM DTT, 5 mM thymidine, 30 pM (3-

NAD+, 1-2 pCi [32P]-NAD+ (specific activity: 1000 Ci/mmol) (Amersham) and (where 

specified) 0.05-0.5 pg purified bovine brain (3y (either generously supplied by Dr. W.F. 

Simonds, NIH Bethesda, MD, or purified in our laboratory as previously described: 

Sternweis, P.C., et al., 1990). The reaction was terminated by diluting the samples with 50 

pi Laemmli sample buffer, followed by 2 min boiling and analysis by SDS PAGE without 

or with 4 M urea. Proteins were electroblotted onto nitrocellulose membranes, and the 

filters were exposed for about 12 hours to Kodak X-Omat film (Amersham) using an 

intensifying screen. For quantitative analysis an Instantimager (Packard) was employed.

2.7.2. Pertussis toxin ADP-ribosylation assay.

Pertussis toxin ADP-ribosylation was performed as previously described (Di Girolamo,

M., et al., 1992). 4 pg of plasma membranes were incubated at 37°C for 30 min in a 

volume of 50 pi containing 10 mM Tris HC1, pH 7.5, 25 mM DTT, 0.5 mM EDTA, 1 mM

ATP, 0.1 mM GTP, 1-2 pCi [32P]-NAD+ and 10 pg/ml activated PT. The toxin was 

preactivated immediately before use for 10 min at 30 °C in 62.5 mM DTT. The reaction 

was stopped and samples analysed as described above. PT was a generous gift of Dr. R. 

Rappuoli (Chiron Vaccines, Siena, Italy).

2.7.3. Cholera toxin ADP-ribosylation assay.

Cholera toxin (Calbiochem) ADP-ribosylation was performed as previously described 

(Di Girolamo, M., et al., 1995): plasma membranes (4 pg) were incubated at 30°C for 30 

min in a volume of 50 pi containing 100 mM PFB, pH 7.5, 2.5 mM MgCl2, 1 mM ATP,
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10 mM thymidine, 10 jjig/ml activated CT, and 1-2 pCi [32P]-NAD+. The commercial 

preparation of CT (1 mg/ml) was dialysed in phosphate buffer, pH 7.5, and activated by 

dilution with an equal volume of 40 mM DTT for 10 min at 30°C. The ADP-ribosylation 

samples were analysed by SDS PAGE as described above.

2.7.4. BFA-dependent ADP-ribosylation assay.

BFA-dependent ADP-ribosylation was performed as previously described (De Matteis, 

M.A., et al., 1994): samples (50 pg of proteins: membranes plus cytosol) were incubated 

at 37°C for 60 min in 50 pi of 100 mM potassium phosphate buffer, pH 7.5, 2.5 mM 

MgC12, 1 mM ATP, 1 mM GTP, 10 mM thymidine, 5 mM DTT, in the presence of 0.5

pCi of [32P]-NAD+ (specific activity, 800 Ci/mmol; 1 Ci = 37 GBq). BFA was stored (10 

mg/ml) in dimethyl sulfoxide at -  20°C and added at a final concentration of 100 pg/ml. 

The ADP-ribosylation samples were analysed by SDS PAGE as described above.

2.7.5. ADP-ribosylation assay on permeabilised cells.

CHO and HL60 cells were permeabilised as described above and then exposed for the

indicated times to PB containing 500 pM thymidine and 30 pM [ 32P]-NAD+ (4 

pCi/sample). At the end of the incubation the supernatant was precipitated with 10% TCA, 

washed two times with ethanol, two times with diethyl ether and resuspended in Laemmli 

sample buffer. The cell fractions were solubilised directly in Laemmli sample buffer. The 

ADP-ribosylation of the (3y subunit was analysed by SDS PAGE as described above.

2.7.6. ADP-ribosylation in [3H]-adenine labelled CHO cells.

2.7.6.I. Metabolic labelling of intact CHO cells with [3H]-adenine.

Confluent CHO cells (2.5 x 106 cells/35 mm dish) were metabolically labelled as 

previously described (Plagemann, P.G., et al., 1990) with the following modifications: the

cells in each well were incubated at 37°C with 100 pCi of [3H]-adenine (31.7 Ci/mmol) 

(Du-Pont, New England Nuclear) in 1 ml of DMEM without FCS and containing 20 pg/ml 

actinomycin D. After 16 hours, labelled medium was replaced with fresh medium and, the 

incubation was carried out for additional 4 hours in the absence or in the presence of PT



(100 ng/ml). Supernatant was then removed and the incubation continued for 10 min at 

37°C with RNAse (100 pg/ml) in 100 pi of 20 mM Tris HC1, pH 7.5. The samples were 

diluted with 50 pi 3X Laemmli sample buffer, boiled and analysed by 10% SDS PAGE 

and fluorography with filters exposed for at least 20 days. The protein-associated 

radioactivity was evaluated by a Bio-imaging Analyser (FUJIFILM).

2.1.62 Analysis of intracellular [3H]-labelled nucleotides.

To verify the [3H]-adenine incorporation into cellular NAD+ pool, radiolabelled CHO 

cells were washed three times with HBSS= and then extracted with 

CH3OH/CHCI3/H2O /I2 N HC1 (1:1:0.5:0.01). After separation and drying, the upper 

aqueous phase was analysed by HPLC with a Partisil 10 SAX column (4.6 mm x 25 cm; 

Whatman) using H2O for the first 5 min, followed by a linear gradient of 0-30 mM 

ammonium phosphate (5-55 min), and of 0.03-1 M ammonium phosphate (55-115 min). 

Radioactivity associated with the labelled compounds was analysed by an on-line flow 

detector (Packard FLO ONE A-525).

2.7.6.3. Affinity purification of the endogenously [3H]-labelled Py subunit.

[3H]-adenine-labelled CHO cells (6 xlO7 for each experiment), were washed with 

HBSS- and then broken with teflon/glass potter homogeniser in hypotonic buffer 

containing 5 mM Tris HC1, pH 8.0, 1 mM EGTA, and protease inhibitors. Unbroken cells 

and nuclei were removed by low speed centrifugation (10 min at 600 x g), and the crude 

membranes (300 pg) were collected by centrifugation of the supernatant at 25000 x g for

15 min. The [3H]-labelled py subunits were extracted, as described in Tanaka, T., et al. 

1999, in lOOpl buffer containing 20 mM Tris HC1, pH 8.0, 0.1 mM Pefabloc CS 

(Pentapharm), 10 mM mercaptoethanol, 10 pM GDP (buffer A), 200 mM NaCl and 0.6% 

C2E 10 on ice for 60 min. The extract was ultracentrifuged at 70,000 x g for 60 min. The 

supernatant was additionated of 3 pg His6-oqi(prepared as described in section 2.3.5.) to 

induce the formation of the trimer aPy, mixed with 50 pi of Ni-NTA-agarose, equilibrated 

with buffer A containing 0.6% C2E 10 and 200 mM NaCl, and incubated for lh with 

occasional gentle mixing. The resin was then washed first with 1 ml buffer A containing
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0.6% C2E 10 and 400 mM NaCl and then with 1 ml buffer A containing 0.6% C2E I0, 100 

mM NaCl and 200 mM NaSCN. The bound (3y subunits were solubilised in Laemmli 

sample buffer and analysed by SDS PAGE as described above.

2.8. Deribosylation assay.

Following the ADP-ribosylation assay, [32P]-labelled plasma membranes were washed 

twice with 5 mM Tris HC1, pH 8.0 and incubated for 30 min at 37°C with 50 pg/sample 

CHO cell cytosol, and protease inhibitors without or with 10 mM MgCl2 in 50 pi of 5 mM 

Tri HC1, pH 8.0. The analysis of protein samples was performed as described for the ADP- 

ribosylation assay, whereas the labelled compounds released in the supernatant were 

extracted and separated by HPLC as previously described, using a non-linear gradient of 

0-1 M ammonium phosphate pH 3.35 at a flow rate of 1 ml/min ( a linear gradient of 0-15 

mM ammonium phosphate for the first 45 min, 15-24 mM for 1 min, 24-45 mM from 46 

to 80 min, and 0.045-1 M for the last min). Fractions of 1 ml were collected, and the 32P 

radioactivity was evaluated by scintillation counting.

2.9. Protein trypsinisation.

Membrane proteins were ADP-ribosylated for 2 hours at 37°C. Trypsin (Worthington), 

dissolved in 1 mM HC1, was added at a concentration of 0.01 mg/ml (the final HC1 

concentration of 0.1 mM did not affect the ADP-ribosylation). The samples were 

incubated in the presence of trypsin or HC1 for 30 min at 37°C, as previously described 

(Winslow, J.W., et al., 1993). Proteolysis was terminated by the addition of Laemmli 

sample buffer.

2.10. Mutational analysis.

The rat HA tagged (3, DNA in the pBluscript vector was kindly provided by Dr. W.F. 

Simond (NIH, Bethesda, MD). Point mutations of the HA tagged (3, sequence were 

generated using the QuikChangeTM site-directed mutagenesis kit (Stratagene), following 

the manufacturer's instructions. The sequence of all constructs were confirmed by 

automated DNA sequencing (Kunkel, T.A., 1985). The R8L, R19L, R21L, R41L, R45L, 

R47L, R48L, R52L, R68L, R86L, R129L mutants were subcloned into pcDNA 3 vector
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for expression in CHO cells. Transfection of wild type or mutated DNA, was performed 

using transfection kit Lipofectamine reagent (GibcoBRL) according to the manufacturer's 

instructions. Typically, cells on 10 mm dishes were transfected with 4 pg of total DNA 

and 30 pg of LipofectAMINE in 7 ml of DMEM (Life Technologies, Inc.) for 5-6 h, after 

which medium is replaced with 10 ml DMEM supplemented with 10% FCS. After 48 

hours transfection, 727 pg of G418 (Life Technologies, Inc.) was added to the medium to 

select for expression of the transfected antibiotic-resistance gene. Cells were cultured to 

reach a number of 40 confluent petri dishes for each mutant that were subjected to plasma 

membrane preparation as described in section 2.3.1. The expression of the wild type and 

mutated (3, was assed by western blot analysis employing both the SW28 antibody and a 

monoclonal anti HA antibody (Boheringer-Mannheim).

2.11. Size exclusion chromatography.

[32P]-ADP-ribosylated plasma membranes (200 pg) were washed and then stirred at

4°C for 60 min in 0.6 ml PBS buffer, pH 7.4, containing 1% Na+-cholate and 1 mM DTT. 

The sample was centrifuged at 100.000 x g for 60 min and 0.2 ml of the cholate extract 

(supernatant) was applied to a Superóse 12 HR 10/30 size exclusion column (Pharmacia) 

at a flow rate of 0.4 ml/min. The column was equilibrated and eluted with PBS buffer 

containing 1% cholate and 1 mM DTT. Fractions of 0.2 ml were collected, with the 

protein elution pattern being evaluated by absorbance at 254 nm. The column was 

calibrated with a mix of molecular mass standard proteins (Pharmacia): aldolase (158 

kDa), albumin (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa) and 

ribonuclease (13.7 kDa). Fractions were analysed by western blot analysis and 

autoradiography.

2.12. Adenylyl cyclase assay.

Adenylyl cyclase activity was determined in rat brain membranes as previously 

described (Chen, J., et al., 1995). 15 pg of membrane proteins were incubated for 10 min 

at 30°C in a final volume of 50 pi. Assay contained 25 mM Hepes NaOH, pH 8.0, 1 mM

EDTA, 0.1 mM [a -32P]-ATP (500-2000 cpm/pmol) (Amersham), a nucleoside
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trisphosphate regenerating system composed of 20 mM creatine phosphate, and 0.2 mg/ml 

creatine phosphokinase (100 U/mg) and 5 mM MgCh- The AC activity was evaluated in 

the presence of 1 pM CaCl2, and calmodulin (33 pg/ml) or EGTA. Reaction was stopped 

on ice and cAMP was separated by thin layer chromatography (TLC) using silica gel G 

plates (Kieselgel 60 F254, Merck). TLC were pre-treated with 1 % potassium oxalate and 2 

mM EDTA, while the solvent system was CHCI3/CH3OH/4M NH4OH (54:42:12). The 

effect of the ADP-ribosylated py dimer was evaluated by adding to the reaction mixture 7 

|4g CHO plasma membranes, pre-incubated for 6 hours at 37°C with different 

concentrations of purified bovine brain py subunit (100-500 nM), in the presence or

absence of 1 mM NAD+ (under these experimental conditions about 60-80% of the added 

Py subunit was ADP-ribosylated). After the incubation, CHO membranes containing either 

unmodified or ADP-ribosylated py subunit were centrifuged (15 min at 12000 x g), 

resuspended in 5 pi 10 mM HEPES, pH 8.0, and 0.1% Lubrol, and then added to the AC 

assay mixture.

2.13. Phospholipase C assay.

Phospholipase C P2 activity was evaluated as previously described (Hepler, J.R ,,et al., 

1993) employing crude soluble PLC P2 prepared from infected Sf9 cells (Dietrich, A., et 

al, 1994). The assay was performed in a final volume of 60 pi. Substrate was provided as 

mixed phospholipid vesicles containing phosphatidylinositol 4,5 bisphosphate (PIP2) and

phosphatidylethanolamine (PE) in a ratio of 1:10 with 5,000-10,000 cpm of [3H]-PIP2 (Du 

Pont-New England Nuclear) per assay. The final concentration of PIP2 was usually 50 pM 

(3.000 pmol). Assays were performed in a final buffer containing 50 mM Hepes NaOH, 

pH 7.2, 3 mM EGTA, 0.2 mM EDTA, 0.83 mM MgCl2, 20 mM NaCl, 30 mM KC1, 1 mM 

DTT, 0.1 mg/ml ultra pure albumin (bovine), 1.5 mM CaCl2 (to yield approximately 150

nM free Ca2+). Tubes were incubated at 25 °C for 60 min. The assays were terminated by 

the addition of 375 pi of 20:40:1 (v/v) CHCI3/CH3OH/HCI followed by 125 pi of CHCI3 

and 0.1 M HC1. The samples were mixed and centrifuged at room temperature for 5 min at 

3000 x g. 400 pi of the upper aqueous phase was removed and quantitated in a liquid 

scintillation counter. The effect of ADP-ribosylated Py subunit was evaluated by adding to
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the reaction mixture 4 pg of plasma membranes from CHO cells preincubated for 6 hours 

at 37°C with purified bovine brain (3y subunit (0.2 pg), in the presence or absence of 1 mM

NAD+. After the incubation, CHO membranes containing either unmodified or ADP- 

ribosylated Py subunit were centrifuged (15 min at 12000 x g) and resuspended directly in 

the PLC assay mixture.

2.14. Analysis of ADP-ribose incorporation.

2.14.1. Snake venom phosphodiesterase digestion.

The ADP-ribosylated P subunit was separated by SDS PAGE, transferred onto 

nitrocellulose, and incubated at room temperature for 20 min in 1 ml of 1 mM Tris HC1, 

pH 7.5, 1% BSA, 0.1% Tween 20. Each sample was then incubated at 30°C for 1 hour in 1 

ml of 50 mM Tris HC1, pH 9, 10 mM MgCl2 in the presence of 0.8 U/sample of snake 

venom phosphodiesterase (PDEase) (Worthington). The released of protein-bound 

radioactivity was analysed by HPLC as described above (Kots, A.Y., et al., 1992).

2.14.2. ADP-ribose-protein bond stability.

The stability of the ADP-ribose-protein bonds were examined as described by Piron and 

McMahon (Piron, K.J., et al., 1990). After the ADP-ribosylation assay samples were 

added with TCA (to 20%). Samples were then centrifuged for 10 min at 10,000 x g and 

the pellets washed four times with 20% TCA, two times with ethanol, and two times with 

diethyl ether. Precipitates were sonicated in water and incubated in 100 pi of 50 mM 

Hepes, 1% SDS and either 1) 1 mM HgCl2 at 37 °C for 1 hour, or 2) 0.5 M NH20H at 37 

°C for 1 hour, or 3) 1 M NH20H at 37 °C for 12 hours, or 4) 1M NaOH at 56 °C for 1 

hour, or 5) 0.2 M HC1 at 37 °C for 2 hours. Incubations were terminated as described 

above.

2.14.3. Thin-layer chromatography.

After the ADP-ribosylation reaction, samples (50 pi) were diluted to 500 pi with 50 

mM PFB, pH 7.4, and 5 pi of each sample were added with 1 pi of nucleotide standards

(20 mM NAD+, ADP-ribose, ADP and AMP in H2O) and applied to polyethyleneimine-
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cellulose (PEI-cellulose) sheets (Merck). Samples were chromatographed in 0.1 M LiCl, 

0.5 M formic acid as described (Cassel, D., et a l, 1978) and analysed by Instant Imager.

2.14.4. Production of [32P]-ADP-ribose.

[32P]-NAD+ (0.5 pM per sample) was incubated in 15 pi with 0.1 U/ml of Neurospora 

Crassa NADase, for 20 min at 37° C. The supernatant was used as source of ADP-ribose. 

After this incubation 90% of the radioactivity was in ADP-ribose and 10 % in AMP; NAD 

was undetectable (De Mattéis, M.A., et al., 1994).

2.14.5. Pl-specific phospholipase C treatment of intact cells

CHO cells (106 cells) were incubated without or with 0.1 U of phosphatidyl inositol- 

specific PLC (Pi-specific PLC) (1 U enzyme hydrolizes 1 pM of PI/min at pH 7.5 and 37 

°C, as described by the manufacturer) in 0.5 ml of TBS for 1 hour at 37°C. The TBS 

fraction was collected, cells harvested and lysed as described earlier and ADP- 

ribosyltransferase activity was assayed in the TBS soluble and cell fraction as described 

above (Okazaki, I.J., et a l, 1994).
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Chp. 3: The G protein (3 subunit is a substrate of endogenous ADP-

ribosylation.

3.1. Introduction.

Mono-ADP-ribosylation is a post-translational modification of proteins which occurs 

widely in nature (Haag, F., et al., 1997). This reaction is catalyzed by mono-ADP- 

ribosyltransferases (mADPRTs), which transfer an ADP-ribose residue from the substrate,

NAD+, to a specific amino acid of cellular proteins.

The experiments described in this chapter and in the following one were aimed at 

characterizing new substrates of endogenous ADP-ribosylation, with a particular attention 

to the subunits of heterotrimeric G proteins for the reasons already discussed in the 

introduction. Our experimental approach was to expose enriched plasma membrane 

preparations obtained from different cell lines to radiolabelled NAD+ in order to identify 

substrates of endogenous ADP-ribosylation in an in vitro assay. Subsequently, the ADP- 

ribosylated substrates were characterized in a semi-intact cell system, employing 

permeabilised cells, and then in intact cells through metabolic labelling of the endogenous 

NAD+ pool.

3.2. A 36 kDa protein is modified in plasma membranes.

Substrates of endogenous ADP-ribosylation can be identified by supplying radiolabelled

NAD+ to cellular extracts. Plasma membrane preparations, which are enriched in 

heterotrimeric G proteins, were analysed for the presence of radiolabelled proteins in the 

range of molecular weight of these proteins.

Fig. 3.1 A shows the autoradiography of several cellular extracts after SDS PAGE 

analysis: the labelling of a major protein of 36 kDa was apparent in CHO (lane 3) and in 

DMSO-differentiated and undifferentiated HL60 cells (lanes 7 and 9). The same protein 

was also visible in Swiss 3T3 (lane 1), while it was much weaker in FRTL 5 cells (lane 5). 

A potential reason for these different levels of modification could be related to different
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rates of NAD+ metabolism in the same cellular extracts. Indeed, as shown in Fig. 3. IB, 

FRTL 5 plasma membranes possess NAD+ glycohydrolase (NADase) activity that rapidly 

and completely hydrolyzes NAD+ to ADP-ribose and nicotinamide. In the presence of 

CHO or HL60 plasma membranes, 80% of the added NAD+ is still available after one 

hour incubation, while Swiss 3T3 plasma membranes show an intermediate level of NAD+

metabolism. These data suggest that the activity of NAD+-metabolising enzymes such as 

NADases and PDEases can represent a limiting step in the identification of ADP- 

ribosylated proteins in different cell extracts (Lupi, R., et al., 2000, a).

Therefore, we can conclude that a protein of 36 kDa is modified in plasma membrane 

enriched preparations from several different cell lines, with the levels of this modification 

paralleling NAD+ availability.

Although the ADP-ribosylation of the 36 kDa protein occurs in all tested cell lines, due 

to the limitation of the in vitro assay, CHO cells were employed to study and characterise 

the modified protein further.
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Figure 3.1. ADP-ribosylation of a 36 kDa protein in different cell systems. A,

Autoradiography of 4pg [32P]-labelled plasma membranes from Swiss 3T3 (lanes 1 and 2), 

CHO (lanes 3 and 4), FRTL 5 (lanes 5 and 6), undifferentiated (U.D.) HL 60 (lanes 7 and 

8), and DMSO-differentiated HL 60 (lanes 9 and 10) cells that were ADP-ribosylated in 

the absence (lanes 1, 3, 5, 7, 9) or in the presence of 2.5 pg/ml of purified bovine brain (3y 

subunit (lanes 2, 4, 6, 8, 10). The different levels of ADP-ribosylation reflect different 

NAD+ metabolism (see section 3.2, for experimental procedures see section 2.7.1.). B, 

ADP-ribosylation samples (4 pg of the indicated enriched membrane preparations) were 

tested at the indicated times for content of NAD+ and NAD+ metabolites by TLC (see 

experimental procedures, section 2.14.3).
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In order to identify the modified protein in the ADP-ribosylation assay, ADP- 

ribosylated CHO plasma membranes were separated employing extra-long gels and the 36 

kDa protein was resolved as a doublet of 35-36 kDa (Fig 3.2A, lane 1). Both proteins were 

recognised in western blot analysis by a polyclonal antibody raised against the carboxy

terminal decapeptide of the P subunit (SW28). This antibody stains a doublet that 

represents the Pi and P2 isoforms that, in our experiments, precisely comigrate with the 

modified proteins (Fig. 3.2A, lane 7). In agreement with these results, purified bovine 

brain Py subunit added to the assay mixture was ADP-ribosylated and precisely co

migrated with the endogenously modified proteins on SDS PAGE (Fig. 3.2A, lane 2).

Moreover, it has been reported that, due to its hydrophobic nature, the electrophoretic 

mobility of the G protein P subunit is decreased when urea (4 M) is present in the SDS 

PAGE gel(Wieland, T., et a l, 1993). Under these conditions, the ADP-ribosylated Pi and 

p2 subunits, recognised by the SW28 antibody, had a higher apparent molecular weight 

(39 kDa) and, again, precisely co-migrated with pure P subunit (Fig. 3.2B), whereas the 

mobility of other proteins, such as the G protein a  subunit (cq, ADP-ribosylated by 

pertussis toxin, lane 4, and a s, ADP-ribosylated by cholera toxin, lane 6, of Fig. 3.2A and 

B), remained unchanged.

Thus the major substrate of endogenous ADP-ribosylation in this enriched plasma 

membrane preparations, appears to be the G protein P subunit.

To further demonstrate that the labelled protein was indeed the G protein p subunit, we 

performed an immunoprécipitation assay employing the specific anti-P antibody SW28. 

ADP-ribosylated membranes were solubilised and incubated with SW28 or an unrelated 

antibody and then protein A-Sepharose beads to immunoprecipitate the G protein P 

subunits. As shown in Fig. 3.2C, the unrelated antibody did not precipitate any labelled 

protein (lane 1), whereas the SW antibody precipitated a significant proportion of the 

endogenous ADP-ribosylated protein in solubilised membranes (lane 2).

The precise co-migration on SDS PAGE, the effect of urea on SDS PAGE and the

3.3. The 36 kDa ADP-ribosylated protein is the G protein P subunit.
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In agreement, the purified Py dimer added to the ADP-ribosylation assay is modified by 

all of the plasma membrane preparation tested (Fig. 3.1A, lanes 2, 4, 6, 8, 10).

im m u n op récip ita tion  by G(3 antibody strongly  ind icate that the 3 6  k D a  A D P -rib osy la ted

protein  in C H O  p lasm a  m em b ran es is the G  protein  (5 subunit.
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Figure 3.2. Identification of the 36 kDa ADP-ribosylated protein as the G protein P

subunit. A, B, Autoradiography of ADP-ribosylated CHO plasma membrane proteins (4

fig), blotted onto nitrocellulose sheets after being separated on 10% SDS PAGE without 

(A) or with 4 M urea (B). G protein P subunits were identified using a polyclonal antibody

raised against the carboxy-terminus (SW28) (lanes 7, 8 in A, B). Pertussis and cholera 

toxin-induced ADP-ribosylation were used to follow the migration of ctj (lane 4) and a s

(lane 6) under these experimental conditions. Lane 1, endogenous ADP-ribosylation of the 

P subunit; lane 2, as lane 1 with purified bovine brain Py subunit (2.5 fig/ml) added; lane 3,

control for lane 4 (no toxin added); lane 4, pertussis toxin-dependent ADP-ribosylation of 

«¡; lane 5, control for lane 6 (no toxin added); lane 6, cholera toxin-dependent ADP-

ribosylation of a s; lanes 7 and 8 show the immunoblots of lanes 1 and 2; Pt and P2 are the 

two P isoforms identified by the SW 28 antibody. The data shown are from a single

experiment performed in duplicate, that is representative of at least three independent 

experiments. C: Immunoprécipitation of the ADP-ribosylated G protein P subunit. CHO

plasma membrane proteins ADP-ribosylated in the absence (lanes 1, 3) and in the presence 

(lane 2) of purified bovine brain Py subunit (2.5 /xg/ml), were solubilised and subjected to

immunoprécipitation using a non-immune serum (lane 1) or the Py specific SW 28 

antiserum (lanes 2, 3).
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3.4. The G protein [3 subunit is ADP-ribosylated under physiological conditions.

3.4.1. The P subunit ADP-ribosylation occurs in SLO-permeabilised cells.

Since [32P]-NAD+ is a cell membrane impermeant compound, to investigate whether 

the [32P]-ADP-ribosylation of the [3 subunit could occur under more physiological 

conditions, this was evaluated in permeabilised cells. This system has the advantage of 

preserving cell structure and the relative concentrations of proteins whilst allowing the

entry of [32P]-NAD+ (Mironov, A., et al., 1997; Thomas, et al., 1993).

Fig. 3.3 shows that ADP-ribosylation of cellular proteins occurs in permeabilised CHO 

(A and B) and HL60 cells (C). In these experiments, after incubation of permeabilised 

cells with [32P]-NAD+, cell fractions (Fig. 3.3A, B lane 1 and Fig. 3.3C, lanes 1-3) and the 

supernatants (Fig. 3.3A, B lane 2) were collected separately, solubilised with sample 

buffer and loaded onto SDS PAGE in the absence (Fig. 3.3A, C) and in the presence of 4 

M urea (Fig. 3.3B). In the cell fraction (Fig. 3.3A, lane 1) a single labelled band (36 kDa) 

precisely comigrating with the recombinant GP subunit was observed (Fig. 3A, compare 

lanes 1 and 3), whereas the supernatant (Fig. 3.3A, lane 2) presented a labelled protein (39 

kDa) comigrating with ADP-ribosylated GAPDH (compare lanes 2 and 3 of Fig. 3.3A; for 

the characterization of GAPDH ADP-ribosylation see De Matteis, M.A., et al., 1994; Di 

Girolamo, M., et al., 1995).

Similar to the data reported earlier (see Fig. 3.1), when SDS PAGE/urea was used, the 

ADP-ribosylated P subunit displayed a decreased mobility and could not be distinguished 

from ADP-ribosylated GAPDH (compare lanes 3 of Fig. 3.3A and B). Under these 

conditions, also the mobility of the cell fraction-36 kDa ADP-ribosylated protein 

decreased (to 39 kDa; compare lanes 1 of Fig. 3.3A and B), resulting in its comigration 

with the ADP-ribosylated P subunit (compare lanes 1 and 3 of Fig. 3.3B) (Lupi, R., et al., 

2000, a).

Thus, it can be concluded that the substrate of endogenous ADP-ribosylation in 

permeabilised CHO cells is indeed the endogenous p subunit.
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Figure 3.3. ADP-ribosylation of the (3 subunit in SLO-permeabilised cells. A, B, C,

Autoradiography of SLO-permeabilised CHO cells (A, B) and HL60 cells (C) blotted onto 

nitrocellulose sheets after being separated on 10% SDS PAGE without (A, C) or with 4 M 

urea (B). A, B: Lane 1, endogenous ADP-ribosylation of the |3 subunit in SLO- 

permeabilised cell fractions; lane 2 , recovered external medium of the same amount of 

SLO-permeabilized CHO cells upon TCA precipitation (see 2.7.5); lane 3, (3 subunit ADP- 

ribosylation in CHO plasma membranes and BFA-dependent ADP-ribosylation of 

GAPDH loaded together as a control (see experimental procedures, sections 2.7.1 and

2.7.4, respectively). C, time course of the ¡3 subunit ADP-ribosylation in HL60 cells. 

Lanes: 1,10 minutes; 2, 1 hour; 3, 2 hours. (Taken from Lupi, R., et a l, 2000, a).
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We have also investigated ADP-ribosylation in HL 60 cells and shown that also in this 

case the endogenous ADP-ribosylation of the (3 subunit can be detected as early as 10 

minutes after permeabilisation (Fig. 3.3C, lanes 1-3) (Lupi, R., et al., 2000, a).

From these experiments suggesting the ADP-ribosylation of the p subunit in 

permeabilised cells, we propose a possible physiological role of the ADP-ribosylation of 

the P subunit.

3.4.2. The G protein P subunit is ADP-ribosylated in intact CHO cells.

3.4.2.I. Analysis of the reported approaches for the study of the in vivo ADP- 

ribosylation reaction.

There have been three major approaches used to detect proteins that act endogenously 

as substrates of ADP-ribosylation. One approach involves chemical release of the ADP- 

ribose followed by fluorimetric detection of the released and later derivatized ADP-ribose 

(Jacobson, M.K et al., 1984). This method suffers from the need for large amounts of the 

protein source for detection. A second approach was to detect mono-ADP-ribosylated 

proteins by immunoreactivity to antibodies specific to the ADP-ribose mojety. Two 

laboratories have previously produced such antibodies (Meyer, T., et al., 1986; Eide, B., et 

al., 1986) but, both of them had limited success because of their low specificity. The third 

approach was to radiolabel the protein product in living cells. NAD+ may either be 

injected into cell or metabolically labelled. Godeau and coworkers (Godeau, F., et al.,

1980) demonstrated the ADP-ribosylation of elongation factor 2 in Xenopous Oocytes by

microinjecting [3H]-NAD+ and the A subunit of diphtheria toxin, a method that remained 

limited to the study of toxin ADP-ribosyltransferase activity. Radiolabelling can be 

achieved by incubating cells or tissues with radiolabelled orthophosphate (Fendrick, J.L., 

et al., 1992), NAD+ (Terashima, M., et al., 1992), or adenine (Leno, G.H., et al., 1989). 

This approach seems to be the most successful mostly when cultured cells rather than

tissues are used, simply because of the specific activity of the NAD+ that can be achieved.

Metabolic labelling employing [32P]-phosphate was used to study diphtheria and C 

toxin, botulinum C2 toxin catalyzed ADP-ribosylation in intact cells, but this has required

the purification of the known target proteins to discriminate the scarce [32P]-ADP-
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ribosylated proteins from abundant [32P]-phosphoproteins (since 32P also labels the 

cellular ATP pool). [3H]-adenine was also employed to label NAD+ and hence to study

ADP-ribosylation catalyzed by endogenous enzymes. Use of [3H]-adenine permitted the 

study of toxin-catalyzed ADP-ribosylation of G proteins in intact cells (Staddon, J.M., et 

al., 1991) and the in vivo ADP-ribosylation of the GRP78/BiP protein (Staddon, J.M., et 

al., 1992). [3H]-adenine enters cells by carrier-mediated transport and is then 

phosphoribosylated to 5'-AMP which is in turn phosphorylated to the ATP that enters the

NAD+ pool (Plagemann, P.G., et al, 1990).

In the following section, the ADP-ribosylation of the (3 subunit was analysed by in vivo

labelling of CHO cells with [3H]-adenine.

3.4.2.2. Determination of the intracellular [3H]-NAD+ specific activity.

Confluent CHO cells were metabolically labelled with high-specific-activity [3H]- 

adenine (38.4 Ci/mmol) for 16 hours in serum deprived medium and in the presence of the

nucleic acid synthesis inhibitor, actinomycin D, to limit the incorporation of [3H]-adenine 

into the nucleic acid pool.

Under those conditions the acid-soluble material, as analysed by HPLC (Fig. 3.4A), 

showed that the NAD+-associated dpm corresponded to 8% of total incorporated 

radioactivity. The [3H]-adenine is also incorporated into AMP, ADP and ATP (Table I). 

The ratio of the counts incorporated into the NAD+ and ATP pool after 16 hours of 

labelling was approximately twice that of the ratio after 8 hours but similar to that after 20 

hours of labelling, indicating that isotopic equilibrium was probably reached after 16 

hours.

Calculation of the intracellular NAD+ concentration was done assuming that 106 CHO 

cells have a volume of 1.2 pi (as measured by a Coulter Counter ZM linked to a Coulter

Channelizer 256), while the NAD+ content of the same number of cells was evaluated to 

be 1.18 nmol (as calculated for comparison with the absorbance of known amounts of

standard NAD+on HPLC). From these data the intracellular NAD+ concentration was 

found to be 785 ± 10 pM, in agreement with values reported in the literature (Lee, A-C., et
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a l, 1994). This information, with the determination of the amount of intracellular [3H]- 

NAD+, gave a specific activity for the NAD+ pool of 380 pCi/mmol (after 16 hours 

labelling with [3H]-adenine).

Table 3.1. Analysis of acid-soluble radiolabelled material formed in CHO cells 

incubated with [3H]-adenine.

Metabolite %  of total incorporated dpm dpm 10'fywell/2.5x l0<> cells

NAD+ 10.2 ± 1.5 2.2 ±0.33
AMP 7.5 ±0 .4 1.6 ± 0.88
ADP 31.8 ± 2 7 ±0 .4
ATP 34.5 ± 1.6 7.59 ±0.32

Confluent and quiescent cultures of CHO cells (2.5 x 10^ cells) were incubated with 

100 pCi/mmol of [3H]-adenine for 16 hours. Acid soluble metabolites were assayed by 

HPLC, as described under experimental procedures, for the incorporation of radioactivity 

into adenine containing compounds. The values shown are the mean ±SD of four 

determinations involving three independent cell preparations. The recovery during HPLC 

of radiolabelled NAD+ standards spiked into cell extracts was 95 ± 4.5% in five separate 

experiments, while the peaks corresponding to NAD+ or the other nucleotides were 

identified by their comigration with commercial standards.
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3.4.2.3. [3H]-ADP-ribosylation in intact CHO cells.

To evaluate the efficiency of the metabolic labelling of the NAD+ pool in [3H]adenine- 

loaded CHO cells, these were incubated for 4 hours in the presence or in the absence of 

PT, immediately after the 16 hour incubation with [3H]adenine. Solubilised cellular

extracts were then analysed by SDS PAGE. As expected, treatment of [3H]adenine- 

labelled CHO cells with pertussis toxin led to the labelling of the G protein 0Ci/o subunit

(Fig. 3.4B, lane 2) indicating that [3H]-NAD+ pool can be efficiently used for ADP- 

ribosylation in intact cells. Fluorographic analysis of the gels revealed also the labelling of 

two other major bands of 70 and 78 kDa that may correspond to the modified GRP78/BiP 

protein according to previously reported data (Staddon, J.M., et al., 1992). Moreover,

some minor bands, including a 36 kDa protein comigrating with the [32P]-ADP- 

ribosylated (3 subunit (Fig. 3.4B, lane 1), were detected.

3.4.2.4. Identification of the endogenously-labelled 36 kDa protein as the (3 subunit.

To verify whether the labelled band of 36 kDa corresponded to the (3 subunit, crude

membranes were prepared from [3H]-adenine-labelled CHO cell extracts and the (3 subunit 

they contain was affinity purified employing His6-a n  bound to the Nickel-nitrilotriacetic 

acid-agarose resin (see "Experimental Procedures"). Fig. 3.4C shows the fluorography of 

[3H]-labelled [3 subunit obtained by this affinity purification (lane 1); as a control the same

amount of [3H]-adenine-labelled CHO membranes were incubated with Nickel- 

nitrilotriacetic acid-agarose resin only (lane 2); lane 3 shows the labelling of 30 pg of

[3H]adenine-labelled CHO membranes. The ability of the ai-resin to specifically bind the

[3H]-adenine-labelled 36 kDa protein suggests the modified protein is the p subunit of 

heterotrimeric G protein.
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The same samples described in section 3.4.2.4. have been analysed also by western blot 

employing an anti p-specific antibody (Fig. 3.4D). From the comparison between lane 3, 

that shows the amount of py linked to the ai-resin, and lane 1 , that shows the amount of Py 

in 30 pg of total membranes (that is 10% of the total membranes treated with resin), can 

be evaluated that 30% of the Py dimer was recovered by affinity purification. The 

Py content in our membrane preparations represents about 2% of the total protein content, 

as evaluated by western blot analysis and comparison with known amounts of purified 

bovine brain py dimer. Therefore, with a starting sample of 300 pg crude membranes, I 

estimate 2 pg was the amount of Py affinity purified, an amount that is comprised of the

unmodified and modified protein. The [3H]-radioactivity associated with the p subunit was 

evaluated by cutting the protein out of the gel and analysing it by liquid scintillation 

counting; this resulted in a value of 50 dpm. From this value, taking into consideration that 

only one ADPR group binds to each p molecule, we have estimated that about 0.2 % of 

the protein is ADP-ribosylated in intact cell, under basal conditions.

3A 2.5. Amount of the in  vivo modified p subunit.



Figure 3.4. ADP-ribosylation of the (3 subunit in intact cells. A, HPLC elution 

pattern of aliquots of [’Hj-adenine-labelled cell extracts. Numbers indicate the elution 

positions of the different labelled compounds as identified by co-elution with 

commercially available standards: 1, unbound, 2, NAD+; 3, AMP; 4, ADP; and 5, ATP. 

Radioactivity associated with labelled compounds was analyzed by an on-line flow 

detector (Packard FLO-ONE A-525). B and C, Fluorography of extracts of confluent 

cultures of CHO cells labelled with ['HJ-adenine for 16 hours. Extracts of the cells were 

subjected to SDS PAGE and gels exposed for 20-90 days. B, whole cell extracts of cells 

incubated in the absence (lane 1) and in the presence of pertussis toxin (for 4 h, lane 2). C, 

Identification of the (3 subunit. Membranes (lane 3) from CHO cells labeled with f 'H]- 

adenine (see 2.7.5) were incubated with nickel-nitrilotriacetic acid-agarose previously 

mixed with His6- a n (lane 1) or BSA (lane 2). D, Immunoblot of the same samples as c, 

with the SW 28 polyclonal antibody. The data shown are from a single experiment 

performed in duplicate, which is representative of at least three independent experiments 

(Taken from Lupi, R., et al., 2000, b).
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3.5. Conclusions.

In this chapter we demonstrated that the (3 subunit of the heterotrimeric G protein is

endogenously modified in plasma membranes by the addition of NAD+; this modification 

is indeed a mono-ADP-ribosylation (see chp. 4 of this thesis for detailed discussion). This 

modification occurs in different cell lines, suggesting that it can be considered a general 

post-translational modification for the (3 subunit of the heterotrimeric G proteins that can 

occur under basal conditions.

More importantly, we showed for the first time, that the (3 subunit is ADP-ribosylated 

both in permeabilised and in intact cells, indicating that this might be a physiologically 

relevant reaction.
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Chp. 4: The G protein [3 subunit undergoes an endogenous ADP-

ribosylation/deribosylation cycle.

4.1. Introduction.

Chapter three of this thesis showed that the (3 subunit of heterotrimeric G proteins is 

asubstrate of an endogenous post-translational modification that is supported by NAD+, 

strongly indicating that it is mono-ADP-ribosylated. This study established two important 

points: the first one is that, for the first time, it has been demonstrated that the heterotrimeric 

G protein (3 subunit is in vivo modified. The second is that this modification of the ¡3 subunit 

is a general post-translational modification, since it occurs in most of the tested cell lines. In 

this chapter we extend the investigation to the characterisation of the type of modification 

involved and to the biochemical analysis of the enzymes involved in it.

4.2. The (3 subunit is modified by a mono-ADP-ribosyltransferase.

4.2.1. The labelling of the (3 subunit is due to a mono-ADP ribose group.

To exclude the possibility that the modification of the (3 subunit was due to a poly-ADP- 

ribose chain and to verify it was indeed due to a mono-ADP-ribose, pre-labelled CHO plasma 

membranes were blotted onto nitro-cellulose and the bound nucleotide was hydrolysed by 

snake venom PDEases and identified by HPLC (Kots, A.Y., et al., 1992). PDEase cleaves the 

diphosphate bond releasing 5'-AMP in the case of mono-ADP-ribosylation and phospho- 

AMP in the case of poly-ADP-ribosylation. Upon PDEase treatment of the prelabelled [3 

subunit, 70% of the total released radioactivity was identified as [32P]-AMP by comigration 

with an AMP standard (Fig. 4.1 A). An analogous result was obtained by analysing the G 

protein a j and a s subunits mono-ADP-ribosylated by PT and CT, respectively (Table 4.1).
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Table 4.1. Snake venom phosphodiesterase releases [32P]-5'-AMP from [32P]- 

labelled proteins.

a s a i

% of total (cpm)
5 ’-AMP 73 ± 1 78 ± 5

Pi 25 ± 2 21 ± 2

This result indicated that the labelling of the p subunit was not due to a poly-ADP-ribose 

chain but to mono-ADP-ribosylation.

4.2.2. The P subunit is enzymatically modified.

The mono-ADP-ribosylation of a protein can be due to enzymatic catalysis but also to the 

formation of adducts with ADP-ribose generated from NAD+ by cellular NADase 

(Cervantes-Laurean, D., etal., 1993; Cervantes-Laurean, D., etal., 1996).

To rule out the possibility of a non enzymatic ADP-ribosylation, CHO plasma membranes 

were incubated in the presence of [32P]-ADP-ribose produced upon incubation of [32P]- 

NAD+ with a NADase purified from Neurospora Crassa (Fig. 4. IB). The absence of [32P]- 

labelling of the P subunit under these conditions suggests that binding of the ADP-ribose 

group is mediated by an enzymatic activity (Fig. 4.1C). As a positive control the a; subunit 

incubated in the presence of [32P]-ADP-ribose, instead of [32P]-NAD+, was not ADP- 

ribosylated by PT (Hiltz, H„ etal., 1984). Moreover added P subunit is not modified by 

incubation with NAD+ in the absence of plasma membranes. This excludes the possibility 

that the modification could be due to direct binding of NAD+.

From this set of experiments we can conclude that the labelling of the P subunit is due to

enzymatic mono-ADP-ribosylation.
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Figure 4.1. The G protein [3 subunit is ADP-ribosylated by an endogenous mono- 

ADP-ribosyltransferase. A, Snake venom phosphodiesterase releases [32P]-AMP from 

[32P]-ADP-ribosylated P subunit cut from nitrocellulose blot of [32P]-NAD-labelled CHO 

membranes. As a control, the arrow shows the expected elution time of phospho-AMP. B, 

NADase catalysed formation of [32P]-ADPR (lane 2) from [32P]-NAD+ (lane 1), as analysed 

by TLC. C, ADP-ribosylation of plasma membrane proteins in the presence of purified 

bovine brain py subunit and 1 pCi/sample [32P]-NAD+, as in the ADP-ribosylation assay 

(lane 1) or 1 pCi/sample [32P]-ADP-ribose produced by [32P]-NAD+, as described in 

experimental procedures, section 2.14.3 (lane 2). As a control, PT-dependent ADP- 

ribosylation of a i in CHO plasma membranes in the presence of [32P]-NAD+ (lane 3) or 

[32P]-ADP-ribose (lane 4) is shown.
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A kinetic investigation of the ADP-ribosylation assays employing purified bovine brain Py 

subunit and enriched plasma membranes as the enzyme source gave a Km for NAD+ of 350 

± 20 pM, a value compatible with the physiological concentrations of NAD+ (see chapter 3 

of this thesis and Lee, A.C., et al., 1994). The Vmax was 500 ± 80 pmol/hr/mg membrane 

protein, a rate that might conceivably be regulated by activators (and/or co-factors) yet to be 

identified, and hence might well be faster in the natural intracellular milieu (Fig. 4.2). Despite 

the low Vmax> the Km of of 350 ± 20 pM is consistent with the idea that the ADP- 

ribosylation of the P subunit can be a physiological modification.

4.3. Dose response of the G protein (3 subunit ADP-ribosylation.



-1/Km

Figure 4.2. Activity of the p subunit-specific ADP-ribosyltransferse . CHO plasma 

membrane enriched preparations (10 pg/sample) have been used to evaluate the (3 subunit 

specific ADP-ribosyltransferse activity in the presence of different NAD concentrations 

(see experimental procedure 2.7.1.)- Purified (3y dimer (250 ng/sample) has been used has 

ADP-ribose acceptor. Vo is expressed as pmol/h/mg of membrane protein, while the 

substrate (S) concentration is expressed as pM of NAD. As determined by Lineweaver- 

Burk analysis, the Km values (means ± SE, n=4) for NAD (1-1000 pM) in the ADP- 

ribosyltransferase assay was 350 ± 20 pM. Vmax value under those experimental 

condition was 500 ±100 pmol/h/mg membrane protein.

120



4.4. The p subunit ADP-ribosylation is due to an arginine-specific ADP-ribosyl- 

transferase.

4.4.1. The ADP-ribosylation of the P subunit is sensitive to hydroxylamine 

treatment.

Aminoacids modified upon mono-ADP-ribosylation reaction show different sensitivity to 

specific chemical agents (Table 4.2). This allows identification of the modified aminoacid in 

terms of the chemical stability of [32P]-ADP-ribosylated protein on western blots: treatment 

with neutral hydroxylamine (NH2OH) for 12 hours removes selectively the [32P]ADP-ribose 

from arginine, and thus, it removes the labelling from CT ADP-ribosylated CHO G as (Fig. 

4.3A, lane 4), but not from the Gai/0 ADP-ribosylated on cysteine by PT (data not shown 

and Piron, K.J., et al., 1990). On the other hand, mercuric chloride (HgCh) removes the 

[32P]-ADP-ribose from the cysteine linkage of the PT ADP-ribosylated Gai/0, but did not 

remove the 32P-labelling from the CT ADP-ribosylated G as (data not shown and Piron, K.J., 

et al., 1990). The P subunit ADP-ribosylation was sensitive to NH2OH, while it was not 

affected by HgCl2, indicating that the modified aminoacid was an arginine (Fig. 4.3A, lane 2 

and data not shown).
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Table 4.2. Stab ility  o f  the linkage b etw een  am inoacid  sid e chain  and A D P -rib ose .

ADP-ribosyl 

linkage to:

NH2OH

(0.5 M, 2h) 

37°C

NH2OH 

(1 M, 12h)

37°C

HgCl2

(10 mM, 10’)

37°C

NaOH 

(1M, lh) 

56°C

HC1

(0.2 M, 2h) 

37°C

arginine (CT) . + - + -

cysteine (PT) - - + + -

hystidine 

(diphtamide, DT)

- - - - -

asparagine - - - - -

serine,

threonine

- - - - +

lysine

(ketoemines)

- - - + -

glutamate, 

aspartate (poly)

+ + - + -

+ and - express the sensitivity to the indicated chemical treatments.

NH2OH treatment also removes the ADP-ribose group from glutamic acid (Piron, K.J., et 

al., 1990). This possibility was ruled also out since after 20 min of NH2OH treatment (a time 

sufficient to hydrolyse ADP-ribose linked to glutamate) only 20 % of the label was removed 

from the ADP-ribosylated (3 subunit (data not shown). A 55 % loss of label was observed 

after 2 hr (data not shown) and, as mentioned above, a complete loss of label occurred at 12 

hr. Further, HC1 treatment, which acts on ADP-ribosylated serine/threonine residues, did not 

remove the ADP-ribose bound to the (3 subunit (Cervantes-Laurean D., et al., 1995). 

Moreover, sodium hydroxide, which removes ADP-ribose from arginines, cysteines, and 

lysines but not from diphtamide (a histidine derivative), asparagine, serine, or threonine, 

removed the labelling of all major bands (Cervantes-Laurean D., et al., 1993).

Thus these data indicate that the mono-ADP-ribosylation occurs at an arginine residue of 

the (3 subunit.
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4.4.2. The ADP-ribosylation of the (3 subunit is inhibited by arginine-specific ADP- 

ribosyltransferase inhibitors.

The specificity of the modified amino acid was confirmed by the use of arginine-specific 

mono-ADP-ribosyltransferase inhibitors in the ADP-ribosylation assay (Moss, J., et al.,

1981; Smets, L.A., et al., 1990). As expected, the mono-ADP-ribosylation of the (3 subunit 

was inhibited both by MIBG and by agmatine in a dose-dependent manner (as illustrated in 

Fig. 4.3B and 4.3C). Thus an arginine-specific, mono-ADP-ribosyltransferase ADP- 

ribosylates the [3 subunit of heterotrimeric G proteins.

4.5. Identification of the ADP-ribosylated arginine.

4.5.1. The (3 subunit ADP-ribosylation occurs on its 14 kDa N-terminal fragment.

To determine which portion of the P subunit was modified by the ADP-ribose group, we 

used a previously developed tryptic digestion method (Ray, K., et a l, 1995; Shdmidt, C.J., et 

al., 1992). This method is based on the finding that in vitro translated P monomers are 

cleaved at numerous sites by trypsin, whereas in vitro translated py dimers are cleaved at a 

single site, resulting in the appearance of only two fragments with apparent M.W.s on SDS 

PAGE of 14 kDa (amino-terminal) and 27 kDa (carboxy-terminal). These fragments can also 

be identified by antibodies specific for the P amino- and the carboxy-terminal portion 

(Thomas, T.C., et al., 1993).

Trypsin cleavage of labelled membranes resulted in a reduced labelling of the 36 kDa 

protein and the appearance of a labelled ~14 kDa peptide (Fig. 4.4A, compare lane 2 with 

lane 5, and lane 3 with lane 6), which was recognised by the antibody specific for the amino- 

terminal fragment of the P subunit (Fig. 4.4B), indicating that this is the domain covalently 

modified by ADP-ribose. Following trypsin cleavage, purified bovine brain Py (used as a 

control) was completely digested, yielding the two expected fragments of 27 and 14 kDa 

(compare lane 4 with lane 1 of Fig. 4.4B and 4.4C), whereas the ADP-ribosylated 

endogenous p subunit (compare lane 6 with lane 3 of Fig. 4.4B and 4.4C) or exogenously 

added purified Py (compare lane 5 with lane 2 of Fig. 4.4B and 4.4C) were partially digested, 

as clearly shown by immunoblot analysis, in agreement with previous observations that
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Figure 4.3. The P subunit ADP-ribosylation is on arginine. A, ADP-ribosylation of 

CHO plasma membrane proteins in the presence of purified bovine brain (3y subunit (lanes 

1, 2). As a control, the cholera toxin-dependent ADP-ribosylation of a s, modified on 

arginine, is shown (lanes 3, 4). The labelled proteins, after blotting, were cut out and 

treated for 12 hr with 1 M NH2OH that specifically hydrolyses the covalent bond of ADP- 

ribose to arginine (lanes 2, 4), or, as a control, with 1 M NaCl (lanes 1, 3). B, Inhibition of 

P subunit ADP-ribosylation by decreasing concentrations of the arginine-specific-ADP- 

ribosyltransferase inhibitor, MIBG: lane 1, buffer alone; lanes 2-6, decreasing 

concentration of MIBG (50 pM, 25 pM, 15 pM, 5 pM, 2 pM). C, Inhibition of P subunit 

ADP-ribosylation by decreasing concentrations of the arginine-specific-ADP- 

ribosyltransferase inhibitor, agmatine: lane 1 , buffer alone; lanes 2-6, decreasing 

concentration of agmatine (500 pM, 250 pM, 150 pM, 50 pM, 2 pM).

124



Mr x 10‘3 1 2 3 4 5 6  1 2 3 4 5 6  1 2 3 4 5 6

Figure 4.4. The G protein [3 subunit is ADP-ribosylated on its 14 kDa N-terminal 

fragment. A, B, C, ADP-ribosylated proteins were blotted onto nitro-cellulose sheets after 

being separated on 13% SDS PAGE. Labelled proteins were visualised by autoradiography 

(A) and the G protein P subunit was identified using two polyclonal antibodies: MS 1, 

raised against the P subunit amino-terminus (B), and SW 28 raised against the p subunit 

carboxy-terminus (C). A, Lanes 1, 2 and 3 show samples identical to those in lanes 4, 5 

and 6, with the exception that they were incubated with trypsin for 30 min. Lanes 1,4: 

purified bovine brain py; lanes 2, 5: ADP-ribosylation of CHO plasma membrane proteins 

in the presence of purified bovine brain Py subunit (2.5 pg/ml); lanes 3, 6: endogenous 

ADP-ribosylation of the P subunit. B, C, show immunoblots of the same samples as 

panel A.
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the membrane-associated Py subunit is partially protected from trypsin degradation 

(Winslow, J. W., e ta i,  1986).

From these data it can be concluded that the modified arginine resides in the N-terminal 

portion of the P subunit.

4.5.2. The ADP-ribosylated aminoacid is arginine 129.

In order to identify the site of the modification on the p subunit, all the eleven arginine 

residues in the amino-terminal portion of this protein were mutated by replacement with 

lysine (Fig. 4.5A). The mutations (R8L, R19L, R21L, R41L, R45L, R47L, R48L, R52L, 

R68L, R86L, R129L) were introduced into a background of rat p i tagged to the amino 

terminus with the influenza hemoagglutinin (HA) epitope. The wild type and each of the pi 

mutants were expressed in CHO cells with y2. Plasma membranes prepared from the 

transfected cells, were tested both for their expression levels and their ability to be 

endogenously ADP-ribosylated. The addition of the HA tag was used to follow the 

overexpressed p subunits in the presence of endogenous P subunit: because of the higher 

molecular weight the HA P subunit could be easily identified on SDS PAGE both by 

western blotting (Fig. 4.5D: monoclonal anti-HA antibody, and Fig. 5C: polyclonal anti-P 

antibody SW28) and autoradiography (Fig. 4.5B). All mutants were equally expressed and 

were ADP-ribosylated, except the p i mutant R129L (Fig. 4.5B, lane 1), which was not, thus 

indicating that indeed the endogenous ADP-ribosylation of the P subunit occurs on arginine 

129, and that the p subunit is modified only in this position. The arginine that is modified by 

the ADP-ribose group is conserved in all of the Ps except the P5 subunit as shown from the 

alignment of the N-terminal proteic sequence of the known p subunits shown in Fig. 4.5A.
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ß 1 ........ MSELDQLRQEAEQLKNQIRDARKACADATLSQITNNIDPVGR 42
ß 2 ........ MSELeQLRQEAEQLrNQIRDARKACgDsTLtQITdglDPVGR 42
ß 3 ........ MgEmeQLkQEAEQLKkQIaDARKACADiTLaelvsglevVGR 42
ß 4 .........MSELeQLRQEAEQLrNQIqDARKACnDATLvQITsNmDsVGR 42
ß 5 inatdglhenetLasLksEAEsLKgkleeeRaklhDveLhQvaervealGq 50

ß 1 IQMRTRRTLRGHLAKIYAMHWGTDSRLLVSASQDGKLIIWDSYTTNKVHA 92
ß 2 IQMRTRRTLRGHLAKIYdMHWGTDSRLLVSAaQDGKLIIWDSYTTNKVHv 92
ß 3 vQMRTRRTLRGHLAKIYAMHWaTDSkLLVSASQDGKLIvWDtYTTNKVHA 92
ß 4 IQMRTRRTLRGHLAKIYAMHWGyDSRLLVSASQDGKLIIWDSYTTNKmHA 92
ß 5 fvMkTRRTLkGHgnKvlcMdWckDkRriVSsSQDGKvIvWDSfTTNKeHA 100

ß 1 IPLRSSWVMTCAYAPSGNYVACGGLDNICSI YNLK t |r " .EGNVRVSRELA 140
ß 2 IPLRSSWVkTCAYAPSGNfVACGGLDNnCSIYsLKTjR .EGNVRVSkkLp 140
ß 3 IPLRSSWVMTCAYAPSGNfVACGGLDNmCSIYsLKsjR .EGNVkVSRELs 140
ß 4 IPLRSSWVMTCAYAPSGNYVACGGLDNICSIYNLKTjRj.EGdVRVSRELA 140
ß 5 vtmpctWVMaCAYAPSGcaiACGGLDNkCSvYpLtfdknEnmaakkksvA 150

1 2 3 1 2 3 1 2 3

- H A ß
- ß

B C D

Figure 4.5. Identification of the ADP-ribosylated arginine in the ßl subunit sequence.

A, Sequence allignment of the N-terminus portion of Gß subunits. In red are higlited the 

ariginine residues that have been subjected to mutation. B, Autoradiography of the [32P]- 

ADP-ribosylated CHO plasma membranes blotted onto nitro-cellulose sheets after being 

separated on 10% extra-long gels. C, D, Overexpressed HAßl subunit was identified using 

both the SW28 antibody raised against the ß subunit (C), and a monoclonal antibody raised 

against the HA tag (D). Lane 1: endogenous ADP-ribosylation of CHO plasma membranes 

overexpressing the R129L ß l mutant; Lane 2: as lane 1 but employing membranes 

overexpressing the wild type ß l; Lane 3: as a control, endogenous ADP-ribosylation of the 

ß subunit employing plasma membranes from non transfected cells.

127



4.6. Intracellular localisation of the ADP-ribosyl-arginine transferase.

From the comparison of the ADP-ribosylation levels of the exogenously added (3y dimer 

in total versus plasma membranes, it is clear that the ADP-ribosyltransferase activity is mainly 

enriched in plasma membranes (Fig. 4.6A, compare lane 2 and 4). Therefore, we performed a 

subcellular fractionation to definitively determine the intracellular localisation of the ADP- 

ribosyltransferase activity independently from the (3 subunit intracellular localisation. To do 

this a total lysate from CHO cells was seeded on a discontinuous gradient and centrifuged to 

equilibrium (see Chp.2). Proteins concentrated at the interfaces were collected and tested both 

in an ADP-ribosylation assay and by immunoblotting with markers for cellular compartments 

(Fig. 4.6B). The fraction highly enriched in plasma membranes, as assessed by the presence 

of the marker Na+/K+ ATPase (Godi, A., et al, 1997), shows the highest levels of ADP- 

ribosylation, while fractions corresponding to the endoplasmic reticulum membranes 

(detected by using calcium binding protein CaBPl; Fullekrug, J., et al., 1995), early and late 

endosomes (detected using Rab5 and Rab7 as markers; Chavrier, P., etal., 1990) and Golgi 

membranes (as assessed by the presence of the cis-medial Golgi enzyme mannosidase II; 

Velasco, A., et al., 1993) did not show significant levels of ADP-ribosyltransferase activity. 

From this set of data we can conclude that the enzyme involved in (3 subunit mono-ADP- 

ribosylation is markedly enriched in plasma membrane.
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Figure 4.6. Cell fractionation experiment. A, Endogenous ADP-ribosylation of 10pg/

sample of total CHO membrane (lanes l and 2), and CHO plasma membranes (lanes 3 and 

4), in the presence (lane 1 and 3), or in the absence of (lane 2 and 4) added purified bovine 

brain (3y dimer (2.5 pg/ml). B, Diagram showing the endogenous ADP-ribosylation of 2.5 

pg/ml (3y dimer ([3 ADP-rib.) in the presence of lOpg/sample of each fraction collected 

during the discontinuous sucrose gradient fractionation experiment on CHO cells total 

lysate. The same fractions were separated by SDS PAGE, blotted onto nitro-cellulose, and

probed with antibodies against specific organel markers: Na+/K+ ATPase for plasma 

membranes; calcium binding protein (CaBPl) for endoplasmic reticulum; Rab5 and Rab7 

for early and late endosomes; mannosidase II( Man.II) for Golgi membranes. The 

interfaces collected are shown: Lys indicates the cell homogenate, while 1.6/2.0 represents 

the plasma membrane-enriched fraction. ADP-ribosylation levels, as well as the markers 

abundance are expressed as % of total.
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4.7. The ADP-ribosyltransferase is not a GPI-anchored protein.

Most of the arginine-specific ADP-ribosyltransferases purified so far are 

glycosylphosphatidylinositol (GPI)-anchored proteins. To investigate whether the ADP- 

ribosyltransferase involved in (3 subunit ADP-ribosylation was GPI-anchored, CHO cells 

were treated with phosphoinositide-specific phospholipase C (PI-PLC), which hydrolyses 

GPI-anchors of membrane proteins (Hiltz, H., et a i, 1984). Treatment with 0.1 UI of PI- 

PLC, did not release the ADP-ribosyltransferase activity from CHO cells, whereas, as 

expected, it did release a GPI-anchored NADase in parallel experiments performed in HL60 

cells differentiated with 12-O-tetradecanoylphorbol-13-acetate (TPA). As a negative control 

we used HL 60 cells differentiated with retinoic acid (RA), which express a CD38-like 

NADase. CD38 is a NADase which is not anchored via GPI linkages (Myung-Kwan, H., et 

al., 1995) (Table 4.3).

Table. 4.3. PI-PLC treatment of CHO and differentiated HL 60 cells.

cells untreated PI-PLC-treated

cell-associated soluble cell-associated soluble

ADPR (% of total cpm)

R A - H L 6 0
(NADase)

7 3 . 7 2 . 2 6 7 . 9 2 . 1

P M A - H L 6 0
(NADase)

3 . 0 0 . 8 0 . 7 3 . 4

Py labelling (% of total cpm)

CHO
(ADPRT)

9 0 1 0 9 0 10

CHO cells (lxlO 6) were incubated without or with 0.1 IU of PI-PLC in phosphate 

buffered saline at 37°C for lh. After incubation, the supernatant was collected, cells were 

lysed, and NADase and ADP-ribosyltransferase activities were evaluated both in supernatant, 

and cell lysates, measuring ADP ribose production and (3 subunit ADP-ribosylation, 

respectively.
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Moreover, intact cells were not able to induce the ADP-ribosylation of the purified (3y 

dimer whereas, under the same conditions, broken cells could (data not shown). These data 

indicate that the enzyme involved in the [3 subunit modification is not GPI-anchored and has a 

cytoplasm-oriented catalytic site. Furthermore, the ADP-ribosyltransferase, involved in the 

modification of the (3 subunit, can’t be separated from membranes by high salt (NaCl 1M, 

KC1 1M), suggesting that it is tightly bound to membrane (data not shown).

4.8. The ADP-ribosylation of the P subunit is a reversible process.

4.8.1. A cytosolic activity reduces the labelling of the P subunit.

To determine the presence of enzymatic activities able to affect the P subunit ADP- 

ribosylation reaction, time course experiments were carried out employing both postnuclear 

fractions which will include plasma membranes plus cytosol and high speed membrane 

preparations (maintaining a constant amount of the total membranes in both of the samples). 

Fig. 4.7 shows that the extent of P subunit modification was significantly reduced (50%) in 

postnuclear preparations as compared with experiments where only membranes were used, 

suggesting the presence of cytosolic enzymatic activities able to revert or prevent the ADP- 

ribosylation of the P subunit (Lupi, R., et al, 2000, a).
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Figure 4.7. Time-course of G protein (3 subunit ADP-ribosylation.Time course of

CHO cell plasma membrane (A) and CHO postnuclear (B) ADP-ribosylation in the 

presence of 2.5 jttg/ml of purified (3y. The graphs show cpm as obtained with an Instant

Imager analyser.
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4.8.2. The G protein (3 subunit ADP-ribosylation is reversed by a cytosolic ADP- 

ribosylarginine hydrolase.

The ADP-ribosylation reaction has been described as a reversible reaction (see Chp. 1.4 of 

this thesis), due to the existence of cytosolic hydrolases able to remove the ADP-ribose 

group from the modified protein. To investigate whether the ADP-ribosylated (3 subunit 

could be a substrate for an arginine-hydrolase, plasma membranes containing [32P]-ADP- 

ribosylated (3 subunit were washed and incubated for an additional hour at 37°C with CHO 

cytosol in the presence of protease inhibitors. Fig. 4.8A shows that cytosol per se was able to 

decrease the labelling of the (3 subunit (compare lane 3 and 4) and that the concomitant 

addition of 10 mM M gCh (lane 2) caused a further decrease; samples incubated with control 

buffer without or with MgCl2 (lanes 1 and 4, respectively) still contained 12 ng of modified (3 

subunit, whereas the amount of modified (3 subunit was reduced to 9 ng after the incubation 

with cytosol (lane 3) and 6 ng after the incubation with cytosol plus MgCl2 (lane 2) (as 

evaluated by Instantimager, Fig. 4.8D). Since the total amount of the (3 subunit was not 

affected during these de-ribosylation experiments (as demonstrated by western blot analysis, 

Fig. 8B), we can conclude that a cytosolic enzyme, which is Mg2+-dependent, is able to 

decrease the ADP-ribosylation of the (3 subunit. The addition of DTT in the de-ribosylation 

assay (data not shown) did not affect the level of modified (3 subunit.

HPLC analysis of the labelled compounds released from the [32P]-ADP-ribosylated ¡3 

subunit upon incubation with cytosol showed a peak of [32P]ADP-ribose (Fig. 8C, dashed 

line, 4.8E), indicating the activity of a cytosolic ADP-ribosylarginine hydrolase. In the 

presence of MgCl2, which caused a further decrease in the labelling of the (3 subunit, there 

was not a parallel increase in [32P]-ADP-ribose (Fig. 4.8C, continuous line, 4.8E). Under 

this condition full HPLC analysis revealed a large increase in [32P]-AMP, indicating that 

CHO cell cytosol contains a Mg2+-dependent pyrophosphatase, that releases [32P]-AMP 

(derived either from the hydrolase-released [32P]-ADP-ribose or, alternatively, directly from 

the [32P]-ADP-ribosylated (3 subunit); a further phosphatase action on the [32P]AMP would 

account for the [32P]-Pi formed. Altogether these results are consistent with the proposal that 

the Py subunit undergoes an endogenous ADP-ribosylation/deribosylation cycle. However, 

the possibility that the ADP-ribosylated P subunit might be processed not only by a 

hydrolase, but also by a pyrophosphatase, cannot be excluded.
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Figure 4.8. G protein [3 subunit ADP-ribosylation is reversed by a cytosolic ADP- 

ribosylarginine hydrolase. A, B and D, ADP-ribosylated CHO plasma membranes were 

washed and incubated for an additional 30 min at 37°C in the presence of protease 

inhibitors and combinations of 1 mg/ml of CHO cytosol and 10 mM MgCl2, as indicated. 

A, autoradigraphy of the nitro-cellulose filter containing the indicated samples. B, 

immunoblot of the same samples with the SW 28 polyclonal antibody. C, HPLC elution 

pattern of the radiolabelled metabolites released in the supernatant of the samples shown in 

lane 2 (continuous line) and lane 3 (dashed line) of A and B during the deribosylation 

assay. Numbers indicate the elution positions of the different labelled compounds as 

indicated by coelution with commercially available standards. 1, AMP; 2, Pi; and 3, ADP- 

ribose. 32P radioactivity associated with labelled compounds was analysed by scintillation 

counting. The inset shows a magnified HPLC elution pattern. D, level of ADP-ribosylated 

(3 subunit as measured by instant imager. E, Label of [12P]-ADP-ribose released as 

evaluated by HPLC analysis. The data shown in D and E represent the mean of six 

independent experiments, performed with three different cytosol preparations. (Taken from 

Lupi, R., et al., 2000, b).
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4.9. Conclusions.

In this chapter we demonstrated that the G protein (3 subunit is a substrate of mono-ADP- 

ribosylation. We have identified the modified aminoacid as arginine in position 129 in the [31 

sequence. An arginine in the same position is conserved in all the known [3 subunits, except 

the (35, suggesting that almost all the [3 subunits can be modified by mono-ADP-ribosylation. 

The enzyme that catalyses the reaction displayed the following characteristics:

-it is arginine specific,

-it shows a Km for NAD+ of 350 ± 20 pM and a Vmax of 500 ± 80 pmol/hr/mg 

membrane protein.

-it is not a GPI-anchored protein,

Moreover, the [3 subunit, once modified, can be substrate of a cytosolic, Mg2+ sensitive 

hydrolase, that removes the ADP-ribose group.

Taken together these experiments demonstrate the existence of an arginine-specific 

plasma-membrane associated ADP-ribosyltransferase and of a cytosolic Mg2+-dependent 

hydrolase that revert the ADP-ribosylation of the (3 subunit, completing an ADP-ribosylation 

cycle that reversibly modifies the [3 subunit. Therefore we propose this cycle as a novel 

mechanism to regulate (3y activities, and this is what we will investigate with the experiments 

described in the following chapter.
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Chp. 5: Endogenous mono-ADP-ribosylation of the G protein (3 subunit

modulates effector function.

5.1. Introduction.

Chapters 3 and 4 of this thesis showed that the P subunit of heterotrimeric G proteins 

undergoes a reversible post-translational modification, which consists of an endogenous 

ADP-ribosylation/deribosylation cycle. Moreover, we demonstrated that the ADP- 

ribosylation of the P subunit occurs in intact cells suggesting that this might be a 

physiological regulatory mechanism. The experiments reported in this chapter were aimed at 

understanding whether mono-ADP-ribosylation could play a modulatory role on Py-mediated 

activities.

5.2. Incubation with NAD+ prevents Py-dependent PLC P2 stimulation.

To evaluate the role of ADP-ribosylation on Py-mediated activities, ADP-ribosylated Py 

dimer was tested in in vitro PLC p2 assays, employing crude soluble enzyme obtained from 

infected Sf9 cells (Dietrich, A., et al., 1994). A deletion mutant of PLC p2, lacking the 

carboxy-terminal region necessary for stimulation by a q (F819-El 166) and carrying a serine 

to alanine replacement in position 2 was used (Schnabel, P., et al., 1993): this allowed the 

exclusive evaluation of the modulatory effect of Py and of its modifications on PLC P2 

activity.

An incubation of CHO plasma membranes with added Py dimer for 6 hours at 37°C, in 

the presence of 1 mM NAD+, led to 80% ADP-ribosylation of the added Py dimer (see chp.

4 in fig. 4.2). CHO membranes per se do not possess measurable PLC activity but added 

recombinant PLC P2 can be efficiently stimulated in vitro both by added free Py and by 

py inserted in plasma membranes, with this stimulation being only slightly reduced by the 

prolonged incubation at 37°C. (Fig. 5.1 A). Therefore, the role of the ADP-ribosylation of 

added Py dimer on PLC activity could be evaluated. Data described in fig. 5. IB show that the 

unmodified Py dimer stimulates PLC P2 much more efficiently than py dimer incubated in 

the presence of NAD+ (approximately 60% inhibition of Py stimulated PLC P2 activity 

versus approximately 80% ADP-ribosylation of p subunit). Furthermore, the loss of activity

138



was not due to a change in association of the [3y dimer with membranes, since equivalent 

amounts of |3y subunit were found associated with membranes under all experimental 

conditions employed (Fig. 5.1C, evaluated from the expected 500 Da M.W. shift due to the 

ADP-ribose on SDS PAGE). These data suggest that ADP-ribosylation of the (3 subunit may 

indeed modify (3y-dependent PLC [32 stimulation.
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Figure 5.1. ADP-ribosylation prevents (3y-dependent P LC  (32 stimulation. A: PLC

activity, evaluated at 1 hour, stimulated by freshly added purified bovine brain (3y in the 

presence or in the absence of CHO cell plasma membranes (PM) upon incubation at 37°C 

for 6 hours. B: PLC activity evaluated at the indicated incubation times in the presence of 

either unmodified (open squares) or ADP-ribosylated (closed square) purified bovine brain 

(3 subunits associated with CHO membranes. C: Immunoblot of either the ADP-ribosylated 

(lane 1) or unmodified (lane 2) bovine brain (3y subunits associated with CHO membranes, 

as employed in the PLC (32 assay.
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5.3. The (3 subunit ADP-ribosylation prevents the py-mediated PLC stimulation.

In order to further investigate whether the NAD+-dependent loss of activity of the Py 

dimer was due to its ADP-ribosylation, we performed a series of experiments to: 1- rule out 

the possibility that the results were due to NAD+ itself, and 2- ascribe the modulatory effect 

to the P subunit-specific ADP-ribosyltransferase activity.

5.3.1. a-NAD+ neither supports the ADP-ribosylation of the P subunit nor affects 

Py-dependent PLC p2 stimulation.

In order to clarify whether the loss of the Py-dependent stimulation was not due to NAD+ 

itself we employed a-NAD+ in the ADP-ribosylation assay instead of P-NAD+ (Burtscher, 

H.J., et al., 1986). a-NAD+, is a stmctural analogue of P-NAD+ that cannot be employed as 

substrate of ADP-ribosyltransferase activities. Indeed, the Py dimer was not ADP-ribosylated 

upon incubation with ImM a-NAD+ (compare lane 2 and 3 in Fig. 5.2 B: the amount of the 

ADP-ribosylated P subunit was evaluated from the expected 500 Da M.W. shift due to the 

ADP-ribose on SDS PAGE). Accordingly, the Py dimer when treated with a-NAD+ does not 

support the inhibitory effect on PLC P2 stimulation while P-NAD+ does (Fig. 5.2A). Thus 

P-NAD+ that is able to modify the P subunit is also able to support the inhibitory effect, the 

a-NAD+ is neither able to modify the p subunit nor is able to inhibit the PLC p2 Py- 

dependent stimulation. Moreover, neither NAD+ added at the end of the incubation of the Py 

subunit with CHO membranes (thus, under conditions that prevent ADP-ribosylation of the 

py subunit), nor ADP-ribose, interfered with Py-dependent inhibition of PLC P2. Altogether, 

these data indicate that the loss of activity of Py was not due to NAD+ itself.
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Figure 5.2. a-N AD+ neither supports the ADP-ribosylation of the ß subunit nor 

affects ßy-dependent phospholipase C ß2 stimulation. Phospholipase C activity was 

evaluated, as described under 'experimental procedures', in the absence (unshaded) and in 

the presence (shaded) of 200 nM bovine brain ßy subunits perincubated with CHO plasma 

membranes in the presence of a-NAD+ or ß-NAD+ (as indicated). In the insert immunoblot 

of unmodified (lane 1), preincubated in the presence of ß-NAD (lane 2) or a-NAD (lane 3) 

purified bovine brain ßy subunit associated with plasma membranes as employed in the 

PLC ß2 assay.
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5.3.2 Inhibition of (3y-dependent PLC (32 stimulation is prevented by mono-ADP- 

ribosylatransferase inhibitors.

The ADP-ribosylation of the (3 subunit is efficiently prevented by arginine-specific mono- 

ADP-ribosyltransferase inhibitors such as MIBG and agmatine (Fig. 5.3A, and chp. 4). To 

correlate the extent of (3 subunit ADP-ribosylation with the loss of the (3y-dependent 

stimulation of PLC (32, (3y dimer was incubated with NAD+ and CHO membranes in the 

absence or presence of the specific inhibitors (Fig. 5.3B) before assessing their ability to 

stimulate PLC (32. These compounds were able to significantly reduce the inhibitory effect of 

NAD+ on (3y-stimulated PLC activity (Fig. 5.3B), implying that (3 subunit ADP-ribosylation 

is directly involved in the loss of (3y-dependent PLC (32 stimulation.
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Figure 5.3. MIBG and Agmatine inhibit the (3 subunit ADP-ribosylation and reduce 

the effect of NAD+ on the (3y-dependent PLCJ32 stimulation. A: Inhibition of the (3 

subunit ADP-ribosylation by increasing concentrations of the arginine-specific-ADP- 

ribosyltransferase inhibitors MIBG (open squares) and agmatine (closed squares). B: PLC 

(32 activity evaluated as described under 'experimental procedures' in the presence of 

either unmodified (open column) or ADP-ribosylated (ruled column) py dimer in the 

absence or presence (as indicated) of 200 pM ADP-ribosylation inhibitors. The line 

indicates the basal levels of PLC[32 activation (no added (3y dimer).
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5.3.3. Temperature sensitivity and time dependence of the inhibition of the Py 

dependent PLC stimulation.

To further support the correlation between P subunit ADP-ribosylation and the loss of Py- 

dependent stimulation of PLC P2 activity, we evaluated the temperature sensitivity and time- 

dependence of the inhibitory effect. Treating CHO plasma membranes at 90°C for 7 minutes 

destroys endogenous ADP-ribosyltransferase activity (Fig 5.4B). Accordingly, the same 

sample tested in the PLC assay was not able to reproduce the inhibitory effect of NAD+ 

pretreatment of CHO membranes (Fig. 5.4A). After 1 hour treatment at 60 °C the ADP- 

ribosyltransferase is still partially active (Fig 5.4B), and this correlates with a similar partial 

inhibition of NAD+ on Py dimer stimulated PLC P2 activity (Fig. 5.4A).

Moreover, the effect of preincubation with NAD+on the Py-dependent stimulation of PLC 

P2 activity correlates with the amount of ADP-ribosylated p subunit in a time-dependent 

manner (Fig. 5.5A and 5.5B).

Altogether, these data indicate that the loss of activity of py is indeed due to ADP- 

ribosylation of Pyby the membrane-associated ADP-ribosyltransferase.
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Figure 5.4. Heat inactivated ADP-ribosyltransferase neither supports the ADP- 

ribosylation of the (3 subunit nor affects the (3y-dependent phospholipase C (32 

stimulation. A: PLC (32 activity evaluated in the presence or absence of 200 nM of either 

unmodified or ADP-ribosylated (as indicated) purified bovine brain (3y subunit associated 

with heat-pre-treated plasma membranes. B: The level of the (3 subunit ADP-ribosylation 

of the same pre-treated samples shown in A.
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Figure 5.5. Time dependence of the ADP-ribosylation of the (3 subunit correlates with

the effects of NAD+ preincubation on PLC activity. A: PLC activity evaluated in the 

presence or absence of 200 nM of either unmodified or ADP-ribosylated with NAD+(for 

the indicated times) purified bovine brain (3y subunits associated to CHO plasma 

membranes. B: The level of the (3 subunit ADP-ribosylation of the same samples shown in 

A.
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5.4. |3 subunit ADP-ribosylation blocks the inhibitory effect of Py on type 1 adenyl 

cyclase.

To evaluate the effect of the ADP-ribosylation of the py dimer on type 1 adenyl cyclase 

(AC1), we used total brain membranes as the source of AC1 activity. While AC1 activity is 

absent in CHO membranes (the source of ADP-ribosyltransferase in our assays) it is 

abundant in brain membranes, where it can be efficiently stimulated by Ca2+/calmodulin 

(CaM) and directly inhibited by py subunits (Tang, W., et al., 1991). As expected, the 

unmodified Py dimer partially inhibited CaM-stimulated AC1 in brain membranes (in 

agreement with previously reported data; Tang, W., et al., 1991), with this py-dependent 

inhibition being only slightly reduced after prolonged incubation of the Py subunit at 37°C 

(Fig. 5.6A, closed circles). In contrast, under the same conditions the purified brain Py 

subunit ADP-ribosylated in the presence of NAD+ and CHO membranes almost completely 

lost its inhibitory activity (Fig. 5.6A, closed squares versus incubation in the absence of 

NAD+, open squares).

In a series of control experiments, the Py subunit incubated with CHO membranes without 

NAD+ (or with NAD+ without membranes) was still able to inhibit AC1 activity (Fig. 5.6A); 

further, neither NAD+ and ADP-ribose, nor CHO membranes alone had effects per se on the 

CaM-stimulated AC1 activity; finally, NAD+ added at the end of the incubation of the Py 

subunit with CHO membranes (thus, under conditions that prevent ADP-ribosylation of the 

Py subunit) did not interfere with Py-dependent inhibition of AC1 activity (data not shown). 

Altogether, these data indicate that the loss of activity of py is due to ADP-ribosylation of Py 

by the membrane-associated ADP-ribosyltransferase.

Notably, the loss of py dimer-induced inhibition of CaM-stimulated AC1 induced by the 

ADP-ribosylation of Py subunit was not complete: the effect of ribosylation was maximal 

(almost 100% inhibition) at 200 nM and decreased at higher Py concentrations (Fig. 5.6A). 

This is probably due to the fact that not all of the Py is ADP-ribosylated: indeed, under our 

experimental conditions the amount of ADP-ribosylated Py subunit (evaluated from the 

expected -500 Da M.W. shift due to ADP-ribose on SDS PAGE) was about 60-80% of the 

total Py subunit (Fig. 5.6B). Thus, when 500 nM of "ADP-ribosylated" Py was applied to the 

system, the unribosylated py amounted to 100-200 nM, a concentration sufficient to cause 

maximal inhibition of AC 1. This observed inhibition suggests that both the ADP-ribosylated
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and unmodified Py interact with AC1 in an independent manner (non-competitively) and that 

the ADP-ribosylated Pydoes not per se affect the enzyme activity. However, while the precise 

mechanism remains to be defined, it is clear that ADP-ribosylation strongly affects the ability 

of pyto interact with AC1.

149



Figure 5.6. (3y subunit-induced inhibition of adenylyl cyclase 1 is blocked by ADP- 

ribosylation. A, CaM-stimulated adenylyl cyclasel (AC1) activity was evaluated in rat 

brain membranes in the presence of different concentrations (100-500 nM) of either 

unmodified (open squares) or ADP-ribosylated (closed squares) purified bovine brain (3y 

subunits associated with CHO plasma membranes. As a control, the closed circles show 

the inhibitory effect of free purified bovine brain (3y subunit incubated for 6 hours at 37°C 

(the experimental conditions of the ADP-ribosylation assay), while the open circles show 

the inhibitory effect of the untreated free [3y subunit. The values are mean ± SE of seven 

experiments. * p<0,05. B. Immunoblot of either the ADP-ribosylated (lane 1) or 

unmodified (lane 2) bovine brain (3y subunits associated with CHO plasma membranes, as 

employed in the AC1 assay. The data shown in panel B are from a single experiment 

performed in duplicate, that is representative of seven independent experiments.
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5.5. The mono-ADP-ribosylation occurs on Py when it is in its dimeric 

conformation.

5.5.1. The P subunit ADP-ribosylation occurs preferentially on the activated G 

protein.

To evaluate whether the ADP-ribosylation of the P subunit preferentially occurs when it is 

in the dimeric or in the heterotrimeric conformation, we tested agents able to modulate the 

association state of the G protein in the ADP-ribosylation assay. Mastoparan (Higashijima, 

T., et al, 1990; Higashijima, T., et al, 1988), a peptide that affects the heterotrimeric G 

protein by mimicking a receptor-mediated activation, added to the in vitro ADP-ribosylation 

assay, increased the levels of the modification of the P subunit in plasma membranes (Fig. 

5.7A), suggesting that the modification preferentially occurs on the free Py dimer. As a 

control mastoparan doesn’t affect the ADP-ribosylation levels of the P subunit when tested in 

the presence of added purified py dimer (data not shown).

5.5.2. a-GDP inhibits the ADP-ribosylation of the P subunit.

To further demonstrate that the ADP-ribosylation of the P subunit occurs when it is in its 

active dimeric conformation, we performed the ADP-ribosylation in the presence of 

increasing amount of ocgdp to induce the reconstitution of the Py dimer in the heterotrimeric 

conformation. Fig. 5.7B, shows that the addition of purified 0ti3GDP, resulted in a reduction 

in the labelling associated with the P subunit. Moreover, the ADP-ribosylation of actin, a 

known arginine-specific mono-ADP-ribosylatransferase substrate, is not affected by the 

addition of the a  subunit (Fig. 5.7C), indicating that the abrogation of the p subunit ADP- 

ribosylation by the addition of the exogenous ocgdp subunit was indeed due to titration of 

free py and not to the direct inhibition of the mono-ADP-ribosyltransferase activity.
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Figure 5.7. The p subunit is ADP-ribosylated in its dimeric conformation. A: ADP- 

ribosylation on plasma membranes in the absence or in the presence of 10 pM mastoparan. 

B: ADP-ribosylation of purified bovine brain Py (0.5 pg/sample) in the presence of the 

indicated concentrations of a i3GDP(reported as pg/sample). C: As a control, ADP- 

ribosylation of purified actin (0.5 pg/sample) in the presence of the indicated 

concentrations of oci3GDP (pg/sample).
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5.6. Conclusions.

In this chapter data are shown indicating that the mono-ADP-ribosylation of the (3 subunit 

inhibits the (3y dimer’s ability to modulate its effectors, specifically the calmodulin-stimulated 

type 1 AC and PLC (32, indicating that ADP-ribosylation might be a general mechanism to 

modulate (3y-mediated responses.

Moreover, we demonstrate that ADP-ribosylation of the [3 subunit preferentially occurs in 

the free py dimer, when the heterotrimeric G protein is activated. Indeed, we show that the 

addition of 0Ci3GDP in the ADP-ribosylation assay mixture results in a clear inhibition of P 

subunit ADP-ribosylation.

«
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Chp. 6: Discussion.

The main achievement of this work is the identification of a post translational modification 

of heterotrimeric G proteins and the investigation of its role in the modulation of G protein 

signalling.

What is the background to my thesis work?

As already discussed in the introduction, it is well known that the activity of heterotrimeric 

Gi and Gs proteins is severely impaired by PT and CT, respectively. The characterisation of 

the toxin mechanism of action revealed that they work as ADP-ribosyltransferases that 

irreversibly modify the a  subunits of heterotrimeric G proteins, permanently inactivating their 

functions (Moss, J., et al., 1977). Endogenous mono-ADP-ribosylation has also been 

described in eukaryotic cellular systems; ADP-ribosyltransferases that catalyse ADP- 

ribosylation of arginine residues of G proteins (similar to CT) have been described in many 

cells and tissues (Zolkiewska, A., et al., 1994; Koch-Nolte, F., et al., 1997; Tsuchiya, M., et 

al., 1994). The endogenous ADP-ribosylation of cysteine residues of membrane G proteins 

(similar to PT) has also been suggested to occur in erythrocytes (Tanuma, S.,et al., 1987; 

Saxty, B. A., et al., 1995). Thus, some of these enzymes are able to modify G proteins 

(Watkins, P. A., et al., 1987; Ehret-Hilberer, S., et al., 1992; Quist, E. E., et al., 1994) and 

presumably play a role in signal transduction, although their substrates haven't been 

characterised in vivo and their functional significance is even less understood.

The work described in this thesis represents the first clear demonstration that G proteins 

can be substrates of endogenous mono-ADP-ribosylation; in particular, we demonstrate that 

the G protein ¡3 subunit is modified in vivo by this post translational modification.

The first aim of my PhD work has been to investigate whether subunits of heterotrimeric 

G proteins could be substrates of endogenous ADP-ribosylation. Therefore, we performed an 

in vitro screen in which plasma membrane enriched preparations obtained from different cell 

lines were incubated in the presence of radioactive NAD+ (the substrate of ADP- 

ribosyltransferase activities). We discovered that in all of the tested cell lines, it was possible 

to measure the labelling of a 36 kDa protein that was identified as the (3 subunit of 

heterotrimeric G proteins (chp. 3).
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The modification of the (3 subunit can be considered a general mechanism, indeed it occurs 

in all of the tested cell lines, but the extent of the labelling differed significantly among 

different cell lines. These differences might be due at least in part to the different rates of 

NAD+ metabolism in the cell membranes examined, which in turn depend on the presence of 

membrane-associated NAD+-utilising enzymes such as ADP-ribosyltransferases, NADases, 

and NAD-pyrophosphatases. Indeed the highest levels of ADP-ribosylation paralleled the 

lowest levels of NAD+ metabolism. Therefore, these data underline the importance of the cell 

system employed for the characterisation of the [3 subunit ADP-ribosylation reaction and can 

represent a possible explanation of the reason why nobody else succeeded previously in the 

identification of the (3 subunit as a substrate of endogenous ADP-ribosylation.

The in vitro assay using purified cell membranes, that were initially employed for this 

screen, has the advantage of being relatively quick and sensitive assay of endogenously 

modified substrates. The critical next step was to evaluate whether the (3 subunit was modified 

in vivo. We got a first indication from permeabilised cells, a system that has the advantage of 

preserving some cell structure and the relative concentrations of some enzymes and 

substrates, and also allows the entry of [32P]-NAD+. The direct demonstration however 

required measurement of ADP-ribosylated (3 subunit in intact cells. Since NAD+ is a 

membrane-impermeant compound, it must be either injected into the cell or metabolically 

radiolabelled in order to study endogenous ADP-ribosylation. It has been previously shown 

that labelling with [3H]-adenine permits the study of toxin catalysed G protein ADP- 

ribosylation in intact cells (Staddon J.M., eta l., 1991) and the in vivo ADP-ribosylation of 

GRP78/BiP (Staddon J.M., et al., 1992). Thus the mono-ADP-ribosylation of the (3 subunit 

was analysed by in vivo labelling of intact CHO cells with [3H]-adenine to label metabolically 

the cellular NAD+ pool, followed by purification of the labelled [3 subunit with an affinity 

column. Following this assay, not only we demonstrated that the (3 subunit is modified in vivo 

but also we obtained a crude estimate that exactly evaluated that 0.2% of the (3 subunit is 

endogenously modified under basal condition.

The demonstration that the (3 subunit is physiologically modified by a post-translational 

reaction is of particular interest, both because of the central role that the (3y dimer plays in the 

regulation of signal transduction pathways downstream of G protein-coupled receptors, and
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also because this is the first in vivo demonstration of a post translational modification for the 

G protein (3 subunit.

At this point we performed a series of experiments to characterise the enzymes involved in 

the modification of the P subunit. We verified that the modification of the p subunit is indeed 

due to enzymatic mono-ADP-ribosylation, by digestion with snake venom phosphodiesterase 

and by the use of free radioactive ADP-ribose (chp. 4). By the combined use of the chemical 

stability of the ADP-ribosyl linkage, the use of well characterised inhibitors of arginine- 

specific mono-ADP-ribosyltransferases and also mutagenesis, we identified the modified 

amino acid as the arginine in position 129 and the enzyme as a plasma membrane-associated, 

arginine-specific, mono-ADP-ribosyltransferase with a good degree of specificity for the 

P subunit of heterotrimeric G proteins.

Few enzymes that catalyse ADP-ribosylation reactions have been purified and 

characterised, but among these the best known are the arginine-specific mono-ADP- 

ribosyltransferases. Most of the NAD:arginine ADP-ribosyltransferases purified so far are 

glycosylphosphatidylinositol (GPI)-anchored proteins located on the extracellular side of the 

plasma membrane or on the luminal face of intracellular organelles, thus being physically 

separated from intracellular substrates (Okazaki, I.J., etal., 1994). The enzyme involved in 

P subunit mono-ADP-ribosylation was markedly enriched in plasma membranes, from which 

it could not be separated by high salt, suggesting that it is an integral membrane protein. 

Moreover, phosphoinositide-specific phospholipase C, which hydrolyses GPI-anchored 

membrane proteins (Okazaki, I.J., et al„ 1996), did not release the ADP-ribosyltransferase 

(whereas, as expected, it did release a GPI-anchored NADase in parallel experiments; data not 

shown). More importantly, intact cells were not able to induce ADP-ribosylation of the 

purified P subunit in the presence of added [ P]-NAD+, whereas, under the same conditions, 

broken cells could (data not shown). These data indicate that the enzyme involved in the 

P subunit modification is not GPI-anchored and has a cytoplasm-oriented catalytic site.

The ADP-ribosylation level of Gp in plasma membranes are highly reduced in the 

presence of added cytosol fraction. Consistent with this data is the fact that it has been 

postulated that ADP-ribosylation is a reversible process in animal cells, due to the activity of 

cytosolic ADP-ribosylarginine hydrolases (Takada, T., et al., 1993). Indeed, we demonstrated
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that the [3 subunit, once modified, is a substrate for a Mg2+-sensitive cytosolic hydrolase that 

completely remove the ADP-ribose group.

The combination of these two enzymatic activities describes an ADP- 

ribosylation/deribosylation cycle that can reversibly modify the (3 subunit (Fig. 6.1). 

Therefore, the ADP-ribosylation of the G protein (3 subunit is a reversible process, an element 

that together with the fact that it is common to numerous cell lines, is suggestive of a 

physiological role on (3y-mediated activities.
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Free (3y subunit represents a fundamental part of the signalling system used by G protein- 

coupled receptors (Clapham, D.E., et al., 1997): it is essential for the proper interaction of the 

a  subunit with the receptor (Figler, R.A., et al., 1996; Yasuda, H., et al., 1996) and to initiate 

GDP/GTP exchange on a  (Yasuda, H., et al., 1996, Taylor, J.M., et al., 1996). Moreover, the 

Py dimer regulates over 12 effectors, including PLC-(3s, ACs, and ion channels (Hamm, H.E., 

et al. 1998; Clapham, D.E., et al., 1997). While the activity of the a  subunit is closely 

regulated by multiple mechanisms, including the receptor itself, (3y and RGS proteins, the (3y 

dimer has been assumed to be fully active once released from a. Indeed the conformation of 

free (3y was the same as that in the a(3y heterotrimer, and its state of activation is dependent 

on the reassociation with a  (Iyengar, R., et al., 1997). Only phosducin, that can directly bind 

to the (3y subunit and translocate it to the cytosol, prevents its association with a  or with 

effectors (Danner, S, , e tal ,  1996). In the present study we can propose that mono-ADP- 

ribosylation might represent an additional mechanism of regulation that directly regulate the 

activity of the Py dimer in an a  subunit independent way.

The portions of P involved in establishing contacts with the a  subunit and the effector 

proteins are being identified (Wall, M.A., et al., 1995). Recent studies indicate that the amino- 

terminal region is involved not only in the interaction with the a  subunit, but also with AC 

(Yan, K., et al., 1996), PLC-P2 (Yan, K., et al., 1996), and the muscarinic atrial potassium 

channel (Yan, K., et al., 1996). In chapter 4 of this thesis, by using a tryptic assay we 

demonstrated that the same amino-terminal portion of the P subunit is modified by the ADP 

ribose group. Subsequently, through mutagenesis, the modified amino acid has been 

identified as the arginine in position 129. This arginine is one of the amino acids that has 

been demonstrated to directly interact with ACs (Chen, Y., et al., 1997). Therefore, we 

explored the possibility that the ADP-ribosylation could affect the ability of the Py dimer to 

modulate type I AC.

As expected, the ADP-ribosylated p subunit loses its ability to inhibit AC1 under 

experimental conditions in which unmodified Py dimer does. Therefore, to investigate the 

hypothesis that the ADP-ribosylation might be a general mechanism to regulate Py-mediated 

responses, we also evaluated the effect of ADP-ribosylation on Py-dependent PLC-P2 

activation. Also in this case, modified Py loses its ability to modulate its effector. Indeed, our 

data suggest that the amino-terminal ADP-ribosylation is a general switch-off mechanism for
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Py-mediated responses. A possibility is that ADP-ribosylated Py does not directly affect 

activity of the tested effectors.

Moreover, we demonstrated that the p subunit is preferentially ADP-ribosylated when it is 

in its active dimeric conformation: the ADP-ribosylation is inhibited by mechanisms that 

block the G protein in its heterotrimeric conformation (PT pretreatment, and Og d p )> while it 

is stimulated by agents that promote its activation, such as mastoparan, that act by mimicking 

receptor activation.
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Receptor G D P

GTP

Figure 6.2. Role of the (3 subunit ADP-ribosylation in signalling. See text for a 

description of the scheme.
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In conclusion, our data suggest a model in which free (3y, released upon receptor activation 

cycles between an ADP-ribosylated inactive form and a free active form (Fig. 6.2). The (3 

amino terminus is involved in interactions with the a  subunit as well as with several effector 

proteins. It is therefore possible that amino-terminal ADP-ribosylation might be a general 

switch-off mechanism for [3-mediated responses. Indeed, our data suggest that this is the 

case. Heterotrimeric G proteins are subject to multiple modulatory inputs, as dictated by their 

central importance in cell regulation. Therefore, our finding of an ADP- 

ribosylation/deribosylation cycle acting on the py subunit delineates a novel molecular 

mechanism that could provide crucial control of G protein-mediated signalling pathways.

The presented model leads to various open questions that are already under investigation 

(Fig. 6.2):

1. we don't know whether ADP-ribosylated Py is able to reassociate with the a  

subunit.

2. We don't know how the enzymes that catalyse the ADP- 

ribosylation/deribosylation cycle are modulated. Our data suggest that the availability 

of the substrate (free py) regulates the levels of ADP-ribosylation of the P subunit, per 

se; an hypothesis that has to be verified under physiological conditions.

3. It would be interesting to evaluate the role of the ADP-ribosylation reaction in 

the regulation of intact cells, either looking at intracellular effectors that are directly 

regulated by Py, or by examining the relevance of the P subunit ADP-ribosylation 

reaction in a  regulated pathways.
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Abbreviations.

AC Adenylyl cyclase

PARK P-adrenergic receptor kinase

Ca2+/CaM Ca2+/calmodulin

CHO Chinese hamster ovary

CT Cholera toxin

CTL Cytotoxic T lymphocytes

DMSO Dimethyl sulfoxide

DMEM Dulbecco's modified Eagle's medium

DRAG Dinitrogenase reductase ADPR hydrolase

DRAT Dinitrogenase reductase ADPRT

DT Diphtheria toxin

DTT Dithiothreitol

ER Endoplasmic reticulum

FCS Foetal calf serum

FRTL5 Fisher rat thyroid cells

GIRK G protein-coupled inwardly rectifying K+ channel

GPI Glycosylphosphoatidylinositol

G protein Guanine nucleotide binding protein

GPCRs G protein-couple receptor

IKG Inwardly rectifying K+ channel

HA Hemoagglutinin

HBSS= HBSS without Ca2+and Mg2+

HgCl2 Mercuric chloride

His6 a i l Hexahistidine tagged a i 1 subunit

HL 60 Human leukaemia 60

LT Heat labile enterotoxins

mADPRTs Mono-ADP-ribosyltransferases

MAP Mitogen-activated protein
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MARCKS Myristoilated alalnine-rich C kinase substrate

MIBG Meta-iodo-benzyl-guanidine

NDPK Nucleoside diphosphate kinase

NADases NAD+ glycohydrolases

NH2OH Ely droxy lamine

PARP Poly-ADP-ribosylpolymerases

PDE Phosphodiesterases

PIP2 Phosphatidylinositol 4,5 bisphosphate

PE Phosphatidylethanolamine

PEI Polyethyleneimine

PI Phosphatidyl inositol

PI 3-kinase Phosphoinositide 3-kinase

PKC Protein kinase C

PLC Phospholipase C

PMFS Phenyl-methylsulfonyl fluoride

PFB Potassium phosphate buffer

PB Permeabilisation buffer

PrB Precipitation buffer

PBS Phosphate buffered saline

PT Pertussis toxin

RA Retinoic acid

RGS Regulator of G protein signalling

SLO Streptolysin O

Swiss 3T3 Swiss embryo fibroblasts

TBS Tris-buffered saline

TLC Thin layer chromatography

TM Transmembrane helices

TPA 12-O-tetradecanoylphorbol-13-acetate
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