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Abstract ADP-ribosyltransferases (ARTs) are a family of enzymes that catalyze the covalent transfer of an ADP-
ribose moiety, derived from NAD, to an amino acid of an acceptor protein, thereby altering its function. To date, little
information is available on the protein target specificity of different ART family members. ART2 is a T-cell-specific
transferase, attached to the cell surface by a glycosylphosphatidylinositol (GPI) anchor, and also found in serum. Herewe
investigated the role of ART2 localization in serum or on the cell surface, or solubilizedwith detergents or enzymes, on its
target protein specificity. We found that detergent solubilization of cell membranes, or release of ART2 by
phosphoinositide-specific phospholipase C treatment, altered the ability of ART2 to ADP-ribosylate high or low
molecular weight histone proteins. Similarly, soluble recombinant ART2 (lacking the GPI anchor) showed a different
histone specificity than did cell-bound ART2. When soluble ART2 was incubated with serum proteins in the presence of
[32P]-labeledNAD, several serumproteinswereADP-ribosylated in a thiol-specificmanner.Mass spectrometry of labeled
proteins identified albumin and transferrin as ADP-ribosylated proteins in serum.Collectively, these studies reveal that the
membrane or solution environment of ART2 plays a pivotal role in determining its substrate specificity. J. Cell. Biochem.
98: 851–860, 2006. � 2006 Wiley-Liss, Inc.
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Protein mono-ADP-ribosylation is a reversi-
ble post-translational modification that plays a
role in regulation of cellular activities [Okazaki
and Moss, 1996; Corda and Di Girolamo, 2003].
This modification is facilitated by a family of
enzymes referred to asmono-ADP-ribosyltrans-
ferases (ARTs, EC 2.4.2.31). ARTs covalently
transfer ADP-ribose, derived from NAD, to a

specific amino acid of the acceptor protein. This
process is distinct from that catalyzed by
poly(ADP-ribose) polymerases (PARPs, EC
2.4.2.30), which are found primarily in the
nucleus and synthesize branched polymers of
ADP-ribose attached to target proteins [Corda
and Di Girolamo, 2003]. The first ARTs identi-
fied were toxins produced by the pathogens that
cause diphtheria, cholera, and pertussis [Honjo
et al., 1968; Rotz et al., 2002]. These toxins play
a major role in bacterial virulence by ADP-
ribosylation of host-specific GTP-binding pro-
teins. Seven ARTs (ART1–ART7) have been
cloned from mammalian and avian species
[Koch-Nolte et al., 1996a; Okazaki and Moss,
1998; Glowacki et al., 2002]. The first to be
identified, ART1, was originally isolated from
rabbit skeletal muscle, and has a restricted
tissue distribution [Zolkiewska et al., 1992].
ART2 is reported to be a tissue-specific protein
expressed only on mature T-lymphocytes,
where it has been shown to play an important
role in immune function [Mordes et al., 1988;
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Wang et al., 1997; Bortell et al., 2001a; Seman
et al., 2003].

The protein substrates of mammalian ARTs
remain largely unknown and hence the
functional outcome of ADP-ribosylation is not
completely understood. However, substrates of
ARTs identified to date include integrin a7,
whose mono-ADP-ribosylation by ART1 is pro-
posed to play a role in myogenesis [Zolkiewska
and Moss, 1993]. Studies with ART2null/null

‘‘knockout’’ mice revealed that ART2 is neces-
sary for NAD-induced apoptosis of T-lympho-
cytes through a mechanism that involves ADP-
ribosylation of P2X7 purinergic receptors [Liu
et al., 2001; Seman et al., 2003]. ADP-ribosy-
lated defensin, an innate immune protein, has
been identified recently in the bronchoalveolar
lavage of chronic smokers, but not in patients
with normal lung function [Paone et al., 2002].
In vitro, ADP-ribosylation of defensin was
found to modulate its cytolytic and chemotactic
activities.

Many of these ADP-ribosylated proteins
include extracellular or cell-membrane proteins
[Nemoto et al., 1996b; Liu et al., 1999]. Indeed,
many of the mammalian ARTs are located on
the cell surface, where they are glycosylpho-
sphatidylinositol (GPI)-anchored [Okazaki and
Moss, 1999; Kahl et al., 2000]. This GPI linkage
may add to the potential array of ART sub-
strates, that is, activation of cytotoxic T-cells
releases theprotein from the cellmembraneand
may allow for regulatory changes during an
ongoing immune response [Nemoto et al.,
1996a]. Release of mouse ART2 from the cell
surface upon activation of T-cells ismediated by
a metalloprotease [Okazaki and Moss, 1999;
Kahl et al., 2000]. Consistent with these
processes occurring in vivo, rat ART2 was also
found in soluble form in blood, where it is
enriched in the high-density lipoprotein frac-
tion [Lesma et al., 1998; Kahl et al., 2000].

Wehave previously demonstrated that serum
levels of ART2 could be dramatically increased
by treatments such as injection with a cytotoxic
anti-ART2 mAb, which induces diabetes in the
BB rat [Waite et al., 1993]. Whereas the
presence of T-cells expressing cell-bound ART2
strongly correlated with protection from dia-
betes, the levels of soluble ART2 protein in the
serum had no correlation with the incidence of
diabetes [Bortell et al., 2001b]. These data
suggest that soluble ART2mayhave differences
from the membrane-bound form in enzymatic

activity and/or substrate specificity. Here we
investigated the hypothesis that cell-bound
and soluble ART2 have different substrate
specificities.

MATERIALS AND METHODS

Reagents

b-NAD, ADP-ribose, agmatine, arginine, and
histones (type VII-S) were obtained from Sigma
(St.Louis,MO). [Adenylate-32P]NAD, (1,000Ci/
mmol) b-NAD was obtained from Amersham
(Piscataway, NJ). PCR, ligation, and PCR
purification (Qiagen, Chatsworth, CA) followed
manufacturers’ protocols. PCR primers were
obtained from the UMass Medical School
Center for AIDS Research (CFAR). Rabbit
polyclonal antiserum designated r1126 was
developed in our laboratory; specificity of the
r1126 antiserum formouse ART2was described
previously [Rigby et al., 1996].

Expression of Membrane-Bound ART2
in COS1 Cells

The pCMVb vector for expressing mouse
ART2.1 (including the N-terminal leader
sequence and the C-terminal GPI signal
sequence) in mammalian cells was described
previously [Kanaitsuka et al., 1997]. COS1 cells
(ATCC, Manassas, VA) were maintained in
Dulbecco’s modified Eagle’s medium (D-MEM),
supplemented with 10% FCS (Fetal Clone I,
HyClone Laboratories, Logan, UT), penicillin
(100 U/ml), streptomycin (100 mg/ml), 2 mM L-
glutamine, and 50 mM2-mercaptoethanol (com-
plete D-MEM). Transfection of cells with plas-
mid DNA was performed by electroporation
[Kanaitsuka et al., 1997].

Expression and Purification of Soluble ART2
From E. coli

The pMAL-c2� vector (NEB, Beverly, MA)
was modified to express a His6 tag at the N-
terminus of maltose-binding protein by ligating
the PCR product from the pMAL-c2� vector:
forward primer 50-GTCAGCCGCCAATGCAT-
CATCATCATCATCATAAAATCGAAGAAGG-
TAAACTGG-30; reverse primer 50-GGCGTGC-
CGCTCAGCACGCCAACGAAC-30. Recombi-
nant ART2 from the pCR2.1 vector [Kanaitsuka
et al., 1997] was subcloned into the His6-pMAL-
c2� expression vector. PCR primers were
selected to exclude the N-terminal leader sequ-
ence and the C-terminal GPI signal sequence:
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forward primer 50-GTCAGCCGCGGATCCAT-
GCTAGACACGGCTCCC-30; reverse primer
50-GGCGTGCCGTCGACTCACTTATTAGCTG-
TATAAGCAATTGTAGTTG-30. Correct ligation
was confirmed by sequencing, which was per-
formed at CFAR.
The BL21(DE3) strain was transformed and

selected for ampicillin (100 mg/ml) resistance.
Expression of the ART2 fusion protein was
induced by 1mM IPTG for 60min at 378C. Cells
were lysed by sonication, and inclusion bodies
were pelleted by centrifugation at 32,000g for
40 min at 48C. ART2 inclusion bodies were
resolubilized in 6 M guanidine buffer (25 mM
Tris-Cl, pH 7.5, 1 mM reduced glutathione) and
applied to nickel-charged iminodiacetic acid
agarose. A linear gradient was applied from
the guanidine buffer to an activation buffer (50
mM Tris-Cl, pH 7.5; 500 mM NaCl). HIS6MB-
PART2 fusion protein was eluted in an imida-
zole gradient (0–400 mM; 50 mM Tris-Cl, pH
7.5; 500 mM NaCl). The sample was then
dialyzed against 25 mM Tris-Cl, pH 7.5. Anion
exchange purification was carried out on a Q
Sepharose column (Amersham) with a NaCl
gradient of 0–250 mM. Fractions containing
ADP-ribosyltransferase activity were pooled,
and the fusion protein cleaved by digestionwith
factor Xa (NEB). The sample was washed
through amylose resin (NEB) to remove resi-
dual HIS6MBP and undigested HIS6MBPART2
fusion protein.

Immunoblot Analysis

ART2 expression was confirmed by immuno-
blot assay with the rabbit antiserum r1126 and
detection with ECL chemiluminescence (Amer-
sham), as previously described [Waite et al.,
1993]. Briefly, COS1 cells transfected with the
ART2 construct or vector alone were lysed in
detergent buffer and boiled for 5 min in
Laemmli’s buffer. Proteins were resolved by
SDS–PAGE and transferred to PVDF mem-
branes (Millipore Corp., Bedford, MA). Mem-
braneswere incubated overnight at 48Cwith 5%
non-fat dry milk (Bio-Rad Laboratories, Her-
cules, CA) in Tris-buffered saline (TBS, pH 7.6)
and then incubated for 1 h at room temperature
with r1126 antiserum in TBS containing 1%
non-fat drymilk.Membraneswerewashedwith
TBS, and incubated with secondary antibody
(rabbit anti-mouse IgGwithperoxidase) (Roche,
Indianapolis, IN) in TBS. After three 10-min
washes with TBS, the immunoblots were devel-

oped using enhanced chemiluminescence
(ECL) Western blotting detection reagents
(Amersham) and exposed to Kodak X-Omat
AR film.

Sub-Cellular Fractionation and Isolation of Cell
Membranes From COS1 Cells

COS1 cells transfected with the ART2 con-
struct or vector aloneweredrawn througha27G
needle for 10 consecutive times and separated
into sub-cellular fractions as previously
described [Ravoet et al., 1981; Garcia-Mata
et al., 2000].

Membrane Perturbation of Transfected
COS1 Cells

Samples of COS1 cells (2� 106) transfected
with ART2 construct or vector alone were
subjected to various perturbants, as follows:

Shearing force treatment. Cells were
drawn through a 27G needle for 10 consecutive
times as described [Ravoet et al., 1981; Hospital
et al., 2000].

Detergent treatment. In some experi-
ments, sheared cells (as above) were further
incubated with 0.1% Triton X-100 detergent in
0.1 ml of PBS for 5 min at 258C.

PI-PLC treatment. Cells (2� 106) were
incubated with 1 U of phosphoinositide-specific
phospholipase C (PI-PLC) (Sigma) in 0.5 ml of
PBS for 1 h at 378C.

ADP-Ribosyltransferase Assays

COS-1 cells (0.5� 106) transfectedwithART2
construct or vector alonewere incubated at 378C
with [32P]NAD (5 mCi/assay) and 1 mM dithio-
threitol (DTT) in a total volumeof 30ml of PBS in
the absence or presence of acceptor substrate
(0–10 mg agmatine, 0–10 mg histones type VII-
S). When serum proteins were used as the
acceptor substrate, 3 ml bovine serawere used in
a 1 ml reaction volume.

Thin-layer chromatography. Whenagma-
tine was used as the acceptor substrate for ADP-
ribosyltransferase reactions, samples (2 ml) from
these reactions were removed at designated
times and applied to 20� 20 cm PEI-cellulose F
thin-layer chromatography (TLC) plates (EM
Sciences, Gibbstown, NJ), and placed in a TLC
chamber containing 100ml of 0.3MLiCl (Fisher,
Pittsburgh, PA). After solvent migration, the
plate was removed and air-dried. Kodak X-
OMAT film was then exposed to the TLC plates
using an amplifying screen at�708C for 12–15 h
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for autoradiography. Positions of radiolabeled
NAD and ADP-ribose were verified with NAD
and ADP-ribose standards.

Gel electrophoresis. When histones or
bovine serum were used as the acceptor sub-
strate forADP-ribosyltransferase reactions, the
proteins were resolved by SDS–PAGE and
visualized by Coomassie Blue staining and/or
autoradiography.

Mass Spectrometry

Proteins resolved by SDS–PAGE were
visualized by Coomassie Blue staining. Bands
were excised from the gel and digested in-gel
with trypsin. Samples were analyzed by
matrix-assisted laser desorption ionization-time
of flight mass spectrometry (MALDI-TOF).
Digested samples were concentrated and
desalted with Millipore Zip Tip C18 microtips
(Millipore Corp.). Peptide masses were deter-
mined using a Kratos Analytical Axima CFR
MALDI-TOF spectrometer equipped with a
curved field reflectron. Peptide masses were
searched against the non-redundant protein
database using the Protein Prospector program
(http://donatello.ucsf.edu/). Fragmentation data
from individual peptides via postsource decay
analysis were searched against the non-redun-
dant protein database using the Protein Pro-
spector MS-Tag routine.

RESULTS

Expression and Enzymatic Activity of
Membrane-Bound ART2.1

To generate cell-bound ART2.1, mammalian
COS1 cells were transfected with an expression
construct containing the full-length mouse
ART2.1 cDNA, which includes an amino-term-
inal leader peptide and a carboxyl-terminalGPI
anchor signal sequence. These leader and GPI
signal peptides are cleaved during protein
processing and the mature protein is bound to
the cell surface through a GPI linkage [Kanait-
suka et al., 1997]. Cells transfected with ART2
or vector alone were lysed, and cellular proteins
were separated by SDS–PAGE and transferred
to PVDF membranes. Immunoblot analysis
revealed ART2 protein expression inCOS1 cells
transfected with the ART2 construct, but not
with vector alone (Fig. 1A).

COS1 cells transfected with the ART2.1
construct, or vector alone, were next separated
into sub-cellular fractions, transferred to PVDF
membranes by dot blot, and subjected to
immunoblot analysis. Sub-cellular fractions
from COS1 cells transfected with the vector
alone showed no endogenous ART expression
(Fig. 1B, top panel). The fractionation data
demonstrated that ART2 expression was pri-
marily associated with cell membranes/mito-

Fig. 1. Expression, membrane localization, and enzymatic
activity of COS1 cells expressing ART2. A: Membrane lysates of
COS1 cells that were transfectedwith pCMVb vector alone (lane
1) or ART2.1 expression construct (lane 2) were subjected to
SDS–PAGE and analyzed for ART2 expression by immunoblot.
Arrow indicates ART2 protein. B: COS1 cells transfected with
vector alone (top row) or ART2 (bottom row) were separated into
nuclear, cell membrane/mitochondria, other organelles, and
cytosol fractions (lanes 1–4, respectively). Proteins were bound

to PVDF membrane by dot blot and analyzed for ART2
expression by immunoblot. C: Membrane lysates of COS1 cells
expressingART2were incubatedwith [32P]-NADand1mMDTT
in the presence of 0–5mM agmatine as an acceptor substrate, as
indicated. Samples were separated by thin-layer chromatogra-
phy and subjected to autoradiography. Arrows indicate unin-
corporated [32P]-NAD and the transfer of labeled ADP-ribose,
derived from NAD, to agmatine (Agmatine-ADPR). Data shown
are representative of at least three independent experiments.
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chondria, but not with nuclear, other organelle,
or cytosolic fractions (Fig. 1B, bottom panel).
To demonstrate ART2 transferase activity,

membrane lysates from COS1 cells transfected
with ART2 were incubated with [32P]-NAD,
1 mM DTT, and agmatine, a small molecule
ADP-ribose acceptor substrate. The reactions
were resolved by thin-layer chromatography
and subjected to autoradiography. Themobility
of the [32P]-label shifted with increasing agma-
tine concentration (Fig. 1C), consistent with the
formation of ADP-ribosylated agmatine. No
endogenous ART activity was detected in
COS1 cells transfected with the vector alone
(data not shown).

Membrane-Associated ART2 Preferentially
ADP-Ribosylates High MW Histones

To assay the transferase activity of mem-
brane-bound ART2 with protein, rather than
with small molecule acceptors, we next incu-
bated COS1 cells expressing ART2with histone
(type VII-S), a prototypical protein acceptor
containing arginines and therefore commonly
used in studies of NAD:arginine ADP-ribosyl-
transferases, such as mouse ART2.1. Using
varying amounts of histone as an acceptor
substrate, COS1 cells were incubated with
[32P]-NAD in the absence or presence of 1 mM
DTT and unlabeled free ADP-ribose. As
expected, COS cells transfected with vector
alone had no endogenous ART2 activity
(Fig. 2A, lanes 1 and 2). COS cells expressing
ART2, but in the absence of histone acceptor,
had NAD glycohydrolase activity (i.e., water is
the acceptor substrate for ADP-ribose), as
shown by the conversion of [32P]-NAD to [32P]-
ADP-ribose (lanes 3 and 4), with partial inhibi-
tion by competition with free unlabeled ADP-
ribose (lane 5). Similar to previous reports
[Koch-Nolte et al., 1996b; Hara et al., 1999;
Liu et al., 2001; Seman et al., 2003], the ADP-
ribosylation of histones was DTT dependent
(lanes 6 and 7). In the presence of excess
unlabeled ADP-ribose the modification of his-
tones was unchanged (lanes 7 and 8), consistent
with a covalent enzymatic reaction rather than
non-specific binding of labeled NAD. As
expected, decreasing the amount of histones
resulted in loss of transferase activity (lanes
8–10). In these assays both high molecular
weight (MW, �25 kDa) and low MW (�15 kDa)
histones were ADP-ribosylated to a similar
extent (Fig. 2A, lanes 7–9). To determine the

relative proportion of high and lowMWhistones
in our histone preparation, we separated his-
tones (type VII-S) by SDS–PAGE and visua-
lized the proteins by Coomassie Blue staining
(Fig. 2B). The data indicate that high MW
histones comprise a very small proportion
(<5%) of total histones. This observation sug-
gests that, in the presence of 1 mM DTT, high
MW histones are a preferred substrate for
membrane-associated ART2 compared to low
MW histones.

ADP-Ribosylation of High and Low MW Histones
by Membrane-Associated ART2 Exhibits Similar

DTT Sensitivity

Because of thisunexpected difference inADP-
ribosylation of high and low MW histones, we
next asked whether the preference of ART2.1
for these proteins may be differentially affected

Fig. 2. Membrane-associated ART2 transferase activity with
histones as substrates. A: Membrane lysates (0.1 mg) from COS1
cells transfected with vector alone (lanes 1 and 2) or ART2.1
(lanes 3–10) were incubated in PBS with [32P]-NAD in the
absence or presence of 1 mM DTT and unlabeled 10 mM ADP-
ribose, and varying amounts of histones, as indicated. Proteins
were separated by gel electrophoresis; ADP-ribosylated histones
were visualized by autoradiography. Arrows indicate [32P]-
NAD, ADP-ribose generated from NAD cleavage, and high and
low MW ADP-ribosylated histones. B: One to 40 mg of histones
(type VII-S), as indicated, were separated by gel electrophoresis
and visualized by Coomassie Blue staining. Molecular weight
markers are indicated. Data shown are representative of at least
three independent experiments. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.
com.]
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by DTT concentration. For these studies, we
incubated membrane lysates from ART2-trans-
fected COS1 cells with 5 mg of histones in the
presence of 0–1 mM DTT. Both the �15 and
�25 kDa histones showed proportionally less
[32P]-labeling with decreasing DTT concentra-
tions (Fig. 3), indicating that the preference of
membrane-associated ART2 for high MW his-
tones as a substrate is not due to a difference in
DTT dependence.

Detergent Solubilization of Cell Membranes
Specifically Abolishes ADP-Ribosylation of High

MW Histones

We next investigated whether interference
with cell membrane structure would influence
the acceptor protein selectivity of ART2. For
these studies,weusedmembrane fractions from
ART2.1-expressing COS1 cells, which were
subjected to limited detergent solubilization.
As shown in Figure 4, COS1 cells transfected
with vector alone showed no transferase activ-
ity (lane 1), whereas membrane-associated
ART2 demonstrated similar ADP-ribosylation
of high and low MW histones (lanes 2 and 3).
However, limiting detergent solubilization of
ART2-expressing COS1 cell membranes with
0.1% Triton (1/10 that typically used for com-
plete solubilization of cell membranes) resulted
in a specific loss of high MW histone ADP-
ribosylation, whereas the ability to ADP-

ribosylate low MW histone was relatively
unchanged (Fig. 4, lanes 4 and 5). These data
suggest that the specific spatial organization of
ART2 within the cell membrane may alter the
target acceptor proteins that are ADP-ribosy-
lated. The presence of Triton micelles may also
affect ART2.1 activity or access of histones to
the catalytic site.

Membrane-Bound and PI-PLC Released ART2
Preferentially ADP-Ribosylate High or Low MW

Histones, Respectively

To further investigate the unexpected pro-
pensity of membrane-associated ART2 to ADP-
ribosylate a minor, high MW, histone fraction,
we next questioned whether cell-bound and
soluble ART2 may have different substrate
specificities. To compare cell-bound and soluble
ART2, we incubated ART2.1-expressing COS1
cells in the absence or presence of PI-PLC to
releaseGPI-anchoredART2.COS1 cells expres-
singART2appeared toADP-ribosylatehighand
lowMWhistones to a similar extent (Fig. 5, lane
2), whereasART2 released into the supernatant
showed more labeling of lowMW histones (lane
1). ART2-transfected COS1 cells had residual
transferase activity following PI-PLC treat-
ment (lane 4), consistent with incomplete
removal of ART2 from the cell surface. Follow-
ing incubation of ART2-expressing COS1 cells
with PI-PLC, transferase activity was detected
in the cell supernatants. However, this PI-PLC
released, soluble ART2 showedmore labeling of
lowMW histones (Fig. 5, lane 3) relative to that

Fig. 3. Effect of DTT concentration onADP-ribosylation of high
and low MW histones. Membrane lysates (0.1 mg) from COS1
cells transfected with ART2 were incubated in PBS with [32P]-
NAD and 5 mg of histones, in the presence of 0–1 mM DTT, as
indicated. Proteins were separated by gel electrophoresis; ADP-
ribosylatedhistoneswere visualizedby autoradiography.Arrows
indicate [32P]-NAD, ADP-ribose generated fromNAD cleavage,
andhighand lowMWADP-ribosylated histones.Data shownare
representative of at least three independent experiments.

Fig. 4. Effect of detergent solubilization on ADP-ribosylation of
high and low MW histones. Membrane fractions (0.1 mg) were
isolated fromCOS1 cells transfectedwith vector alone (lane 1) or
ART2 (lanes 2–5) and incubated in the absence (lanes 1–3) or
presence (lanes 4 and5) of 0.1%TritonX-100 in PBS (100ml total)
for 5min. Samples (20ml)were then incubatedwith [32P]-NAD,1
mM DTT, and 5 mg of histones in PBS (30 ml total volume).
Proteins were separated by gel electrophoresis; ADP-ribosylated
histones were visualized by autoradiography. Molecular weight
markers are indicated. Data shown are representative of three
independent experiments.
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for the residual cell bound ART2, which pre-
ferentially ADP-ribosylated high MW histones
(lane 4).

Soluble ART2 ADP-Ribosylates High and Low MW
Histones in Proportion to the Ratio of Each

To further investigate the activity and target
substrates of soluble ART2, we expressed
recombinant ART2 protein in an E. coli expres-
sion system. E. coli-derived, soluble ART2 was
purified and assayed for transferase activity
using histones as a protein acceptor. Samples
were removed at regular time intervals, sepa-
rated by SDS–PAGE, transferred to a mem-
brane, and visualized by autoradiography.
Highly labeled bands corresponding to ADP-
ribosylated histones were present at �15 kDa,
with a much smaller amount of labeling at
�25 kDa (Fig. 6). The degree of labeling was
found to be time dependent. As with COS1-
expressed ART2, no histone labeling was
detected in the absence ofDTT (datanot shown).
In contrast to membrane-associated ART2
expressed on COS1 cells, the bulk of the ADP-
ribosylation by soluble ART2 was on low MW
(�15 kDa) histones (Fig. 6). The degree of [32P]-
labeling was directly proportional to the ratio of
lowandhighMWhistones, respectively, present
in the sample (Fig. 2B), suggesting that soluble
ART2demonstratednopreferencebetweenhigh
or low MW histones as acceptor substrates.

Protein Target Specificity of Soluble
ART2-Mediated ADP-Ribosylation Depends

on DTT Concentration

AlthoughDTTconcentrationdidnotappear to
affect whether high or low MW histones
were ADP-ribosylated bymembrane-associated
ART2 (Fig. 3), we hypothesized that DTT may
influence the target specificity of soluble ART2.
To identify potential ADP-ribosylated targets of
soluble ART2 in sera, we incubated bovine sera
with [32P]-NAD in the absence or presence of
recombinantART2. To investigate the potential
effect of reducing equivalents in the sera,
incubations were performed in the presence of
0–50 mMDTT. No detectable labeling of serum
proteins occurred in the absence of ART2
enzyme (Fig. 7, left lanes). In the presence of
recombinant ART2, proteins at �60, 68, and
78 kDa were [32P]-labeled (Fig. 7, right lanes).
Of note, the�60 and 78 kDa bands were labeled
at 10-fold lower DTT concentration (0.05 mM)
than the �68 kDa band. To identify ADP-
ribosylated bands, aliquots of [32P]-labeled
bovine serum proteins were separated by
protein gel electrophoresis (not shown). Labeled
bands were excised and subjected to MALDI-
TOF mass spectrometry analysis. Labeled pep-
tides from the �78 and 68 kDa bands were
identified as bovine transferrin and albumin,
respectively. The �60 kDa band could not be

Fig. 5. Effect of PI-PLC treatment on ADP-ribosylation of high
and low MW histones. COS1 cells (2�106) were transfected
with ART2 and incubated in PBS in the absence (lanes 1 and 2) or
presence (lanes 3 and 4) of PI-PLC (1 U) for 1 h at 378C.
Supernatants containing released ART2 were collected, and the
supernatants (lanes 1 and 3) and cells (lanes 2 and 4) were
incubated separately with [32P]-NAD, 1 mM DTT, and 5 mg of
histones. Proteins were separated by gel electrophoresis; ADP-
ribosylated histones were visualized by autoradiography. Mole-
cular weight markers are indicated. Data shown are representa-
tive of at least three independent experiments.

Fig. 6. Effects of soluble ART2 onADP-ribosylation of high and
low MW histones. E. coli-expressed ART2.1 was purified and
incubated in PBS with 5 mg of histones in the presence of [32P]-
labeled NAD and 1 mMDTT (30 ml total volume) for 0–60 min,
as indicated. Samples were removed and separated by protein
gel electrophoresis; ADP-ribosylated histones were visualized
by autoradiography. Molecular weight markers are indicated.
Data shown are representative of at least three independent
experiments.
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identified due to insufficient resolution. The
strong labeling of albumin (in the presence of
�0.5mMDTT) is consistent with its abundance
in the serum [Tam et al., 2004].

DISCUSSION

ART2 is attached to the T-cell surface by a
GPI-anchor, which segregates the protein in
lipid rafts as well as facilitates its release from
the cell surface [Okazaki and Moss, 1998].
Accordingly, ART2 is also found in soluble form
in the serum [Lesma et al., 1998]. Here we
report that soluble and membrane-associated
ART2 show different protein preferences for
ADP-ribosylation, with membrane-associated
ART2 showing greater specificity for high MW
histones than the soluble form of ART2. Loss of
highMWhistone substrate specificity couldalso
be recapitulated by various perturbations of the
cell membranes of ART2-expressing cells. This
observation suggests an important role for the
lipid-raft microenvironment and the GPI-
anchor in the regulation of ART2 activity.

Furthermore, in this study, we have identified
albumin and transferrin as ADP-ribosylated
substrates in sera. Although albumin has
previously been identified as labeled following
incubation of human serumwith [adenine-14C]-
NAD, the labeling was resistant to neutral
hydroxylamine and thought to be due to
covalent modification with ADP-ribose formed
under the action of a soluble, endogenous NAD
glycohydrolase activity [Nurten et al., 1994]. In
our studies, serum proteins labeled in the
presence of ART2 were sensitive to hydroxyla-
mine treatment (data not shown), consistent
with enzymatic transfer of ADP-ribose to an
arginine. To our knowledge, this is the first
report of an ART2-catalyzed modification of a
serum protein.

Histones and agmatine (a small arginine
analog) have traditionally beenused as acceptor
substrates to confirm transferase activity of
putative ARTs, yet the potential preference
among various histones for a given ART has
not been studied. Our data with membrane-
bound ART2 demonstrated relatively equal
ADP-ribosylation of high and lowMWhistones,
even thoughhighMWhistones comprised onlya
small fraction (<5% of total histones). These
data, at first, might suggest that low MW
histones may be more sterically ‘‘constrained’’
by proteins or lipids in juxtaposition to mem-
brane-bound ART2, and thereby less available
to act as a substrate acceptor for ADP-ribosyla-
tion than high MW histones. This idea is
supported by a recent study inwhich the native,
GPI-anchored ART2 was shown to have 10-fold
higher activity (at limiting NAD concentra-
tions) to ADP-ribosylate cell membrane pro-
teins than a recombinant ART2 with a grafted
transmembrane anchor [Bannas et al., 2005].
With disruption of lipid rafts by specific chemi-
cal treatments, the range of modified target
membrane proteins increased, suggesting that
lipid rafts may admit or exclude potential
targets for ADP-ribosylation, thereby playing
a role in determining target protein availability.

In our experiments, soluble histone was used
as the substrate acceptor instead of cell mem-
brane proteins, thereby eliminating the con-
straint in regards to the availability of high or
low MW histones to membrane-associated
ART2. Yet, in our studies with soluble ART2,
high and low MW histones were ADP-ribosy-
lated in proportion to the ratio of each. These
data are consistent with the interpretation

Fig. 7. DTT dependence of serum targets of ART2-mediated
ADP-ribosylation. Bovine serum (3 ml) was incubated in PBSwith
[32P]-NAD (5 mCi) in the absence (lanes 1–5) or presence (lanes
6–10) of E. coli-expressed, purified ART2.1with 0–50mMDTT,
as indicated. Serum proteins were separated by protein gel
electrophoresis, and ADP-ribosylated proteins were visualized
by autoradiography. No detectable labeling of serum proteins
occurred in the absence of ART2. Molecular weight markers are
indicated. Lower panel shows a longer exposure of the 66 kDa
area of the gel.
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that the membrane microenvironment may be
‘‘actively’’ conferring specificity to high MW
histones as a target substrate for ADP-ribosyla-
tion, rather than ‘‘passively’’ excluding access to
low MW histones. This concept is an extension
of the proposal by Bannas et al. [2005], namely,
that the lipid raft microenvironment in which
ART2 resides plays a role in the regulation of its
activity.
ART2 transferase activity is also known to be

dependent on the presence of reducing agents,
such as DTT [Koch-Nolte et al., 1996b; Hara
et al., 1999; Liu et al., 2001; Seman et al., 2003].
Because of the unexpected preferential labeling
of high MW histones by membrane-associated
ART2,we investigatedwhether the ratio of high
to low MW histone ADP-ribosylation may be
affected by DTT concentration. Both the �15
and �25 kDa histones showed proportionally
less [32P]-labeling with decreasing DTT concen-
trations, demonstrating that the preference of
membrane-associated ART2 for high MW his-
tones as an acceptor substrate is not due to
differences in DTT dependence.
In contrast, ADP-ribosylation of serum pro-

teins by soluble ART2 was markedly influenced
by DTT concentration. Several serum proteins
(including albumin, transferrin, and an uni-
dentified �60 kDa protein) were found to be
labeled with [32P]-ADP-ribose following incuba-
tion with soluble ART2 in the presence of 5 or
50mMDTT. However, at 0.5 mMDTT, much of
albumin labeling was lost, even though it is the
most abundant protein, accounting for �70% of
total serum protein. In contrast, transferrin
appears to be similarly labeled at 0.5 or 5 mM
DTT. A small, but detectable, amount of ADP-
ribosylated transferrin is even found after
incubation in 0.05 mM DTT. Collectively, these
data suggest that membrane-associated ART2
and soluble ART2 may be differentially modu-
lated by the degree of reducing equivalents
available in their respective microenviron-
ments.
This study is the first to compare ART2

enzymatic activity in the context of its two
known physiological locations, that is, asso-
ciated with the T-cell membrane and in its
soluble form as found in serum. Our data
indicate that the enzymatic activity of ART2 is
affected by its localization on or outside the cell
membrane, as well as by the local cellular
milieu. Because ART2 is released from the cell
membrane into the serum following immune

stimulus, including in vivo treatments which
induce autoimmune diabetes in rodent models,
this study provides further insight into ART2
activity, which could be an important determi-
nant in regulation of the immune response and
modulation of autoimmune disease.
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P, Bazan F, Cetkovic-Cvrlje M, Leiter E, Haag F, Koch-
Nolte F. 2002. The family of toxin-related ecto-ADP-
ribosyltransferases in humans and the mouse. Protein
Sci 11:1657–1670.

Hara N, Badruzzaman M, Sugae T, Shimoyama M,
Tsuchiya M. 1999. Mouse Rt6.1 is a thiol-dependent
arginine-specific ADP-ribosyltransferase—Cysteine 201
confers thiol sensitivity on the enzyme. Eur J Biochem
259:289–294.

Honjo T, Nishizuka Y, Hayaishi O. 1968. Diphtheria toxin-
dependent adenosine diphosphate ribosylation of ami-
noacyl transferase II and inhibition of protein synthesis.
J Biol Chem 243:3553–3555.

Hospital V, Chesneau V, Balogh A, Joulie C, Seidah NG,
Cohen P, Prat A. 2000. N-arginine dibasic convertase
(nardilysin) isoforms are soluble dibasic-specific metal-
loendopeptidases that localize in the cytoplasm and at
the cell surface. Biochem J 349:587–597.

Kahl S, Nissen M, Girisch R, Duffy T, Leiter EH, Haag F,
Koch-Nolte F. 2000.Metalloprotease-mediated shedding of

Membrane and Soluble ART2 Substrate Diversity 859



enzymatically active mouse ecto-ADP-ribosyltransferase
ART2.2 upon T cell activation. J Immunol 165:4463–
4469.

Kanaitsuka T, Bortell R, Stevens LA, Moss J, Sardinha D,
Rajan TV, Zipris D, Mordes JP, Greiner DL, Rossini AA.
1997. Expression in BALB/c and C57BL/6 mice of Rt6-1
and Rt6-2 ADP-ribosyltransferases that differ in enzy-
matic activity: C57BL/6 Rt6-1 is a natural transferase
knockout. J Immunol 156:2741–2749.

Koch-Nolte F, Haag F, Kastelein R, Bazan F. 1996a.
Uncovered: The family relationship of a T-cell-membrane
protein and bacterial toxins. Immunol Today 17:402–
405.

Koch-Nolte F, Petersen D, Balasubramanian S, Haag
F, Kahlke D, Willer T, Kastelein R, Bazan F, Thiele H-
G. 1996b. Mouse T cell membrane proteins Rt6-1 and
Rt6-2 are arginine protein mono(ADPribosyl)trans-
ferases and share secondary structure motifs with ADP-
ribosylating bacterial toxins. J Biol Chem 271:7686–
7693.

Lesma E, Moss J, Brewer HB, Bortell R, Greiner D, Mordes
J, Rossini AA. 1998. Characterization of high density
lipoprotein-bound and soluble RT6 released following
administration of anti-RT6.1 monoclonal antibody. J
Immunol 161:1212–1219.

Liu ZX, Yu YJ, Dennert G. 1999. A cell surface ADP-
ribosyltransferase modulates T cell receptor association
and signaling. J Biol Chem 274:17399–17401.

Liu ZX, Azhipa O, Okamoto S, Govindarajan S, Dennert G.
2001. Extracellular nicotinamide adenine dinucleotide
induces T cell apoptosis in vivo and in vitro. J Immunol
167:4942–4947.

Mordes JP, Handler ES, Greiner D, Burstein D, Stein D,
Rossini AA. 1988. Lymphocyte transfusion in the dia-
betes prone (DP) BB/W rat: Prevention of diabetes is
associated with engraftment of RT6þ donor T cells.
Diabetes 37:14A.

Nemoto E, Stohlman S, Dennert G. 1996a. Release of a
glycosylphosphatidylinositol-anchored ADP-ribosyltrans-
ferase from cytotoxic T cells upon activation. J Immunol
156:85–92.

Nemoto E, Yu YJ, Dennert G. 1996b. Cell surface ADP-
Ribosyltransferase regulates lymphocyte function-asso-
ciated molecule-1 (LFA-1) function in T cells. J Immunol
157:3341–3349.

Nurten R, Ustundag I, Sayhan N, Bermek E. 1994. ADP-
ribosylation of human serum proteins promoted by
endogenous NAD glycohydrolase activity. Biochem Bio-
phys Res Commun 200:450–458.

Okazaki IJ, Moss J. 1996. Mono-ADP-ribosylation: A
reversible posttranslational modification of proteins.
Adv Pharmacol 35:247–280.

Okazaki IJ, Moss J. 1998. Glycosylphosphatidylinositol-
anchored and secretory isoforms of mono-ADP-ribosyl-
transferases. J Biol Chem 273:23617–23620.

Okazaki IJ, Moss J. 1999. Characterization of glycosylpho-
sphatidylinositiol-anchored, secreted, and intracellular
vertebrate mono-ADP-ribosyltransferases. Ann Rev
Nutrition 19:485–509.

Paone G, Wada A, Stevens LA, Matin A, Hirayama T,
Levine RL, Moss J. 2002. ADP ribosylation of human
neutrophil peptide-1 regulates its biological properties.
Proc Natl Acad Sci USA 99:8231–8235.

Ravoet AM, Amar-Costesec A, Godelaine D, Beaufay H.
1981. Quantitative assay and subcellular distribution of
enzymes acting on dolichyl phosphate in rat liver. J Cell
Biol 91:679–688.

Rigby MR, Bortell R, Stevens LA, Moss J, Kanaitsuka T,
Shigeta H,Mordes JP, Greiner DL, Rossini AA. 1996. Rat
RT6.2 and mouse Rt6 locus 1 are NADþ:arginine ADP-
ribosyltransferases with auto-ADP-ribosylation activity.
J Immunol 156:4259–4265.

Rotz LD, Khan AS, Lillibridge SR, Ostroff SM, Hughes
JM. 2002. Public health assessment of potential
biological terrorism agents. Emerg Infect Disease
8:225–230.

Seman M, Adriouch S, Scheuplein F, Krebs C, Freese D,
Glowacki G, Deterre P, Haag F, Koch-Nolte F. 2003.
NAD-induced T cell death: ADP-ribosylation of cell
surface proteins by ART2 activates the cytolytic P2X7
purinoceptor. Immunity 19:571–582.

Tam SW, Pirro J, Hinerfeld D. 2004. Depletion and
fractionation technologies in plasma proteomic analysis.
Expert Rev Proteomics 1:411–420.

Waite DJ, Handler ES, Mordes JP, Rossini AA, Greiner DL.
1993. The RT6 rat lymphocyte alloantigen circulates in
soluble form. Cell Immunol 152:82–95.

Wang J, Nemoto E, Dennert G. 1997. Regulation of cytotoxic
T cell functions by a GPI-anchored ECTO-ADP-ribosyl-
transferase. Adv Exper Med Biol 419:191–201.

Zolkiewska A, Moss J. 1993. Integrin alpha 7 as substrate
for a glycosylphosphatidylinositol-anchored ADP-ribosyl-
transferase on the surface of skeletal muscle cells. J Biol
Chem 268:25273–25276.

Zolkiewska A, Nightingale MS, Moss J. 1992. Molecular
characterization of NAD:arginine ADP- ribosyltransfer-
ase from rabbit skeletal muscle. Proc Natl Acad Sci USA
89:11352–11356.

860 Zheng et al.


