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Abstract

NAD:arginine mono-ADP-ribosyltransferases catalyze the transfer of ADP-ribose from NAD to the guanidino group of arginine
on a target protein. Deduced amino acid sequences of one family (ART1) of mammalian ADP-ribosyltransferases, cloned from
muscle and lymphocytes, show hydrophobic amino and carboxyl termini consistent with glycosylphosphatidylinositol
(GPI)-anchored proteins. The proteins, overexpressed in mammalian cells transfected with the transferase cDNAs, are released
from the cell surface with phosphatidylinositol-specific phospholipase C (PI-PLC), and display immunological and biochemical
characteristics consistent with a cell surface, GPI-anchored protein. In contrast, the deduced amino acid sequence of a second
family (ART5) of transferases, cloned from murine lymphoma cells and expressed in high abundance in testis, displays a
hydrophobic amino terminus, consistent with a signal sequence, but lacks a hydrophobic signal sequence at its carboxyl terminus,
suggesting that the protein is destined for export. Consistent with the surface localization of the GPI-linked transferases, multiple
surface substrates have been identified in myotubes and activated lymphocytes, and, notably, include integrin α subunits. Similar
to the bacterial toxin ADP-ribosyltransferases, the mammalian transferases contain the characteristic domains involved in NAD
binding and ADP-ribose transfer, including a highly acidic region near the carboxy terminus, which, when disrupted by in
vitro mutagenesis, results in a loss of enzymatic activity. The carboxyl half of the protein, synthesized as a fusion protein in E.
coli, possessed NADase, but not ADP-ribosyltransferase activity. These findings are consistent with the existence at the carboxyl
terminus of ART1 of a catalytically active domain, capable of hydrolyzing NAD, but not of transferring ADP-ribose to a
guanidino acceptor. (Mol Cell Biochem 193: 109–113, 1999)
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A family of vertebrate ADP-ribosyltransferases has been
purified that, like cholera toxin, modify arginine and other
simple guanidino compounds (NAD:arginine ADP-ribosyl-
transferases) [1]. Several vertebrate transferases of this type
have been cloned and characterized including those from
rabbit and human skeletal muscle, chicken heterophils and
erythroblasts, and mouse lymphocytes (Fig. 1). Expression
of NAD:arginine ADP-ribosyltransferases in mammalian
tissues appears to be restricted thus far to muscle, hema-
topoietic cells (e.g., lymphocytes, polymorphonuclear
leukocytes) and epithelial cells. Of the mammalian ADP-

ribosyltransferases, those from rabbit and human skeletal
muscle were first to be cloned [1, 2]. The nucleotide and
deduced amino acid sequences of the human skeletal muscle
enzyme were 80.8 and 81.3% identical, respectively, to those
of the rabbit.

The hydropathy profiles of ART1 from these species
demonstrated hydrophobic regions near the amino and
carboxy termini as has been found with glycosylphospha-
tidylinositol (GPI)-linked proteins [1, 2]. Consistent with the
hypothesis that the transferase is GPI-linked is the ob-
servation that transferase activity is released from the cell
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surface with phosphatidylinositol-specific phospholipase C
(PI-PLC). In addition, the protein released by PI-PLC reacted
with anti-cross reacting determinant (anti-CRD) antibodies
which recognize an epitope on the oligosaccharide portion
of the GPI-anchor [3]. Further, the transferase released by
PI-PLC from cells grown in the presence of [3H]ethanolamine,
a constituent of the oligosaccharide, contained radiolabel [3].

Based on these studies it appears that ART1 is glycosyl-
phosphatidylinositol (GPI)-anchored and conserved across
species.

The muscle enzyme in C2C12 mouse myotubes modified
integrin α7 [4, 5]. Integrin α7, as a dimer with integrin β1,
is a major integrin receptor for extracellular matrix protein
laminin in skeletal muscle [6]. ADP-ribose appeared to be

Fig. 1. Alignment of vertebrate ADP-ribosyltransferases. Deduced amino acid sequences of mammalian ADP-ribosyltransferases were aligned using the
protein alignment program of GeneWorks. Dashes were inserted to facilitate alignment. Amino acid position is indicated on the right. hART1, ART1 from
human skeletal muscle; Rt6-1, mouse Rt6-1; RT6.2, rat RT6.2; hART3, ART3 from human testis; hART4, ART4 from human spleen; mART5, ART5 from
mouse lymphoma cells.
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incorporated in the extracellular domain of α7, possibly in
an arginine-rich region. The fact that an integrin is ADP-
ribosylated suggests that the modification may affect cell
interactions with the extracellular matrix. ADP-ribosylated
integrin was processed by an extracellular phosphodiesterase,
releasing 5′AMP, while ribose remains attached to the protein
backbone [5].

The fact that the ART1 transferases are GPI-anchored is of
interest in view of the prior finding that ADP-ribosylarginine
hydrolase, the enzyme that cleaves the ADP-ribose-arginine
bond, appears to be soluble and intracellular [7]. Since
ADP-ribose is attached to extracellular domains of integrin,
the modified proteins may not come in contact with the
ADP-ribosylarginine hydrolase. The biochemical data
suggest that the ADP-ribosylated integrins are processed by
extracellular phosphodiesterases, releasing 5′AMP and
leaving ribose covalently attached to the arginine. The
presence of ribose would prevent further modification of the
arginine residue.

Binding of integrin α7β1 to laminin in solution did not
seem to be influenced by ADP-ribosylation of the α7 subunit
([8], data not shown). Interactions in solution, in the presence
of detergent, differ, however, from the interactions at the cell
surface, where binding of the two proteins may still be
affected by ADP-ribosylation. Moreover, ADP-ribosylation
could modulate transmembrane signalling by integrin α7β1
triggered by ligand binding.

To address the question of the role of ADP-ribosylation in
intact cells, cultured C2C12 myotubes were used in laminin
binding assays. The formation of laminin-integrin complex
was followed by immunoprecipitation with either anti-
laminin or anti-integrin α7 antibodies. As evidenced by
laminin dose-response experiments, by dependence of the
co-immunoprecipitation of the two proteins on divalent
cations, and by chemical cross-linking, laminin did not bind
to integrin α7β1 in intact cells. In addition, it was demonstrated
that endogenous laminin, which was produced by C2C12 cells
and deposited outside the cells, was unable to bind to integrin
α7β1, either at the cell surface, or in solution. The lack of
integrin binding was paralleled by the lack of reactivity with
5D3 monoclonal antibody, which was shown to recognize the
γ subunit in the heterotrimeric laminin molecule.

To investigate the role of ADP-ribosylation of the extra-
cellular domain of integrin α7 on the affinity of α7β1 dimer
for laminin or intracellular signalling, the mechanisms leading
to integrin activation in cultured cells will be explored. These
mechanisms may be similar to those described for several
integrins in leukocytes, where a specific cellular activation
is required in order to induce an active conformation of
integrins in a process known as ‘inside-out’ signalling [9].
Once integrin α7β1 is activated, its interactions with exo-
genous laminin can be studied, with little interference from
the endogenous laminin.

ADP-ribosyltransferase activity was also investigated in
lymphocytes and related cells. It was detected in mouse
lymphoma and thymoma cells [10] and cytotoxic T lympho-
cytes (CTL) [11]; the murine ART1 cDNA was cloned from
lymphoma (Yac-1) cells [12]. The deduced amino acid
sequence of the GPI-anchored mouse ART1 transferase was
77 and 75% identical, to those from the human and rabbit
skeletal muscle enzymes, respectively. Incubation of mouse
CTL in the presence of NAD resulted in the ADP-ribosylation
of membrane proteins, inhibition of CTL proliferation, and,
to a lesser extent, cytotoxicity [11]. The suppressive effects
of NAD on CTL were prevented by treatment of the cells with
phosphatidylinositol-specific phospholipase C (PI-PLC),
which releases most GPI-linked proteins from the cell
surface, before incubation with NAD, consistent with the
conclusion that a GPI-linked ADP-ribosyltransferase was
responsible for modulating CTL function. In addition,
ADP-ribosylation of a 40-kDa CTL membrane protein (p40)
resulted in inhibition of p56lck, a tyrosine kinase that exists
in a complex with the 40-kDa protein [13]. Release of the
membrane-bound transferase(s) following treatment with
PI-PLC prevented the NAD-induced suppression of kinase
activity. The relationship between the inhibition of p56lck,
following ADP-ribosylation of p40, and the inhibition of CTL
proliferation has not been established. In other experiments,
CTL transferases modified arginines in the extracellular
domain of the lymphocyte function-associated molecule-1
(LFA-1), an adhesion molecule of the integrin family [14].
ADP-ribosylation inhibited LFA-1-mediated generation of
inositol phosphates and suppressed homotypic cell adhesion.
As in C2C12 cells, 5′-AMP was removed from the modified
LFA-1 by extracellular phosphodiesterases. These data are
consistent with a role for ADP-ribosylation in lymphocyte
function.

A second lymphocyte ADP-ribosyltransferase ART5, was
cloned from Yac-1 cells [15]. The nucleotide and deduced
amino acid sequences of the ART5 transferase are 58 and
33% identical, respectively, to those of mouse ART 1.
Further, the ART 1 and ART5 enzymes were only ~28%
identical to the rodent RT6 family of proteins which are
NAD glycohydrolases and, in the case of murine Rt6,
NAD:arginine ADP-ribosyltransferases. Whereas the ART1
protein possessed hydrophobic amino- and carboxy-terminal
signal sequences characteristic of GPI-anchored proteins,
ART5 contained an amino-, but not carboxy-terminal hydro-
phobic signal sequence. The amino-terminal signal sequence
should direct export of proteins into the endoplasmic reticulum;
in the absence of a carboxy-terminal signal sequence, the
protein would not be retained by the GPI anchor. Indeed,
when rat mammary adenocarcinoma (NMU) cells were
transformed with the ART5 cDNA, arginine-specific ADP-
ribosyltransferase activity was not released from the
membranes following incubation with PI-PLC.
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On Northern analysis, an ART1 cDNA probe hybridized
with a 1.6 kb band in poly(A)+RNA from mouse cardiac and
skeletal muscle. An ART5 cDNA probe, on the other hand,
hybridized with 1.6 and 2.0 kb bands in mouse testis mRNA
[15]. There was also weak hybridization of the ART5 probe
with a 1.6 kb band in cardiac and skeletal muscle mRNA.
ART5-specific oligonucleotide probes hybridized with
poly(A)+RNA from mouse skeletal muscle and testis, con-
sistent with the fact that both enzymes ART1 and ART5 are
expressed in muscle. Expression in rat testis was examined
during development; the ART5 mRNA appeared preferen-
tially at 30–60 days and was localized primarily to the
seminiferous duct epithelial cells.

ART1 and ART5 enzymes expressed in E. coli as GST-
fusion proteins were used to compare ADP-ribosyltransferase
and NAD glycohydrolase activities of the purified enzymes
[15]. The ADP-ribosyltransferase activity of ART1 was twice
that of ART5 while the NAD glycohydrolase activity of ART1
was substantially less than its transferase activity. The ADP-
ribosyltransferase and NAD glycohydrolase activities of the
ART5 protein, however, were approximately equal. The K

m

values for NAD with 20 mM agmatine as ADP-ribose acceptor
in the ADP-ribosyltransferase assay were 118 and 142 µM for

ART1 and ART5, respectively; the values for agmatine in the
presence of 0. 1 mM NAD were 9 and 15 mM respectively.

Based on three-dimensional structure, photoaffinity
labeling and site-directed mutagenesis, several of the
bacterial toxin ADP-ribosyltransferases possess regions of
similarity which together form, in part, the catalytic site
[16]. The NAD-binding cleft is composed of an α-helix bent
over a β-strand. An arginine or histidine and an active site
glutamate, which are critical for enzyme activity, are located
on two β-strands flanking the active site (Fig. 2). In the group
of toxins, of which cholera toxin is a member, region I
contains an arginine located on a β-strand which is essential
for positioning NAD in the catalytic cleft, and also to form a
hydrogen bond with the backbone carbonyl of serine 61
which is located in region II. In region III, the glutamate-X-
glutamate sequence is essential for function. The second
glutamate is essential for transferase and NAD glyco-
hydrolase activities. Replacing the first glutamate with
glutamine abolishes transferase activity but preserves NAD
glycohydrolase activity. To date, all these toxins and their
eukaryotic homologues possess NAD:arginine ADP-ribo-
syltransferase activity. In the second group of toxins
exemplified by diphtheria toxin, a histidine in region I is

Fig. 2. Regions of similarity among ADP-ribosyltransferases. Bacterial toxin ADP ribosyltransferases were grouped according to 3-dimensional structure
[16]. In the group exemplified by CT, region I contains a critical arginine (asterisk) on a β-strand, region II contains an aromatic amino acid-hydrophobic
amino acid-Ser(asterisk)-Thr-Ser-hydrophobic amino acid motif, and region III contains the active site glutamate (asterisk) on a β-strand. In the group
exemplified by DT, region I contains a histidine  (asterisk) on a β-strand, region II contains a Tyr-X

10
-Tyr motif within a hydrophobic rich segment of amino

acids, and region III possesses the catalytic glutamate (asterisk) on a β-strand. Amino acid position is indicated to the right of each amino acid segment. LT
– heat-labile enterotoxin of Escherichia coli; CT – cholera toxin; PT – pertussis toxin; iota – Clostridium perfringens iota toxin; DT – diphtheria toxin; ETA
– Pseudomonas aeruginosa exotoxin A; rART1 – rabbit ART1; mRt6-1 – mouse Rt6-1; RT6.2 – rat RT6.2; hART3 – human ART3; hART4 – human ART4;
mART5 – mouseART5; hPARP – human poly(ADP-ribose) polymerase; chAT1 – AT1 from chicken heterophils.
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involved in NAD binding, and several closely-spaced
aromatic and hydrophobic amino acids in region II are
hypothesized to be involved in hydrophobic interactions
with the nicotinamide and adenine rings of NAD. Similar to
the other group of bacterial toxin transferases, there is an
active site glutamate located on a β-strand in region III. The
active site glutamate is equivalent to that found in the third
position in the glutamate-X-glutamate sequence in the
NAD:arginine ADP-ribosyltransferases.

Comparison of the deduced amino acid sequence of the
mammalian NAD:arginine ADP-ribosyltransferases and
cholera toxin is consistent with the conclusion that the active
site amino acid triad is found in the carboxy half of the protein.
Further work was done to analyze the catalytic site. Charac-
terization of the active site of ADP-ribosyltransferases was
performed by truncations at the amino terminus of ART1.
Removal of the amino terminal region resulted in a loss of
transferase activity. The enzyme, however, retained NAD
glycohydrolase activity. These data support the hypothesis that
a catalytic site is present in the carboxy-terminal domain of the
transferase [17]

The regions of sequence similarity among bacterial toxin
transferases are also apparent in the alignment of the mam-
malian ADP-ribosyltransferases [18]. Further, site-directed
mutagenesis of the rabbit muscle ART1 [18] and computer
modeling of mouse ART2 [19] support the notion of a
catalytic cleft, similar to that found in cholera toxin, that
contains the critical arginine, serine and glutamate-X-
glutamate motif in regions I, II, and III, respectively (Fig. 2).
The conserved structure of the active site among bacterial
toxin and mammalian ADP-ribosyltransferases is consistent
with the hypothesis that these enzymes possess a common
mechanism of NAD binding and ADP-ribose transfer.
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