
J. Biochem. 128,601-607 (2000)

Mouse T-Cell Antigen Rt6.1 Has Thiol-Dependent NAD Glycohydrolase
Activity1
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Mouse Rtfl.1 and R4&2, homologues of rat T-cell RT6 antigens, catalyze arginine-specific
ADP-ribosylation. Without an added ADP-ribose acceptor, Rt&2 shoves NAD glycohydro-
lase (NADase) activity. However, IU6.1 has been reported to be primarily an ADP-ribo-
syltransferase, but not an NADase. In the present study, we obtained evidence that re-
combinant Rt6.1 catalyzes NAD glycohydrolysis but only in the presence of DTT. The
NADase activity of Rt&l observed in the presence of DTT was completely inhibited by
JV-ethylmaleimide (NEM). Native Rt6.1 antigen, immunoprecipitated from BALB/c mouse
splenocytes with polyclonal antibodies generated against recombinant RT6.1, also
exhibited NADase activity in the presence of DTT. Compared with Rt&2, Rt6.1 has two
extra cysteine residues at positions 80 and 201. When Cys-80 and Cys-201 in Rt6.1 were
replaced with the corresponding residues of Rt6.2, serine and phenylalanine, respec-
tively, Rt6.1 catalyzed the NADase reaction even in the absence of DTT. Conversely,
replacing Ser-80 and Phe-201 in Rt6.2 with cy steines, as in Rt6.1, converted the thiol-
independent RtS.2 NADase to a thiol-dependent enzyme. Kinetic study of the NADase
reaction revealed that the affinity of Rt6.1 for NAD and the rate of catalysis increased in
the presence of DTT. Moreover, the NADase activity of Rt&l expressed on COS-7 cells
was stimulated by culture supernatant from activated mouse macrophages, even in the
absence of DTT. From these observations, we conclude that the Rt&l antigen has thiol-
dependent NADase activity, and that Cyŝ BO and Cys-201 confer thiol sensitivity to Rt&l
NADase. Our results also suggest that upon the interaction of T-cells expressing Rt&l
with activated macrophages, the NADase activity of the antigen will be stimulated.
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RT6 is a glycosylphoephatidylinositol (GPD-anchored mem- and (NZB X NZW)F, mice, animal models for the sponta-
brane protein expressed on the surface of mature rat T-cells neous autoimmune disease systemic lupus erythematosus
(1, 2). Two allotypes, RT6.1 (1) and RT6.2 (2), have been (9). These observations suggest that RT6/Rt6 proteins play
identified in the rat. The absence of RT6+ T-cells is associ- immunoregulatory roles. However, neither the precise role
ated with the development of autoimmune insulin-depen- of RT6/Rt6+ T-cells in the pathogenesis of these diseases
dent diabetes in diabetes-prone BB rats (3). Transfusion of nor the physiological function of RT6/Rt6 proteins has been
RT6+ T-cells can protect diabetes-prone rats against devel- defined.
oping diabetes (.4), whereas depletion of RT6+ cells in diabe- Recent studies have demonstrated that predicted RT6/
tes-resistant BB rats following the infusion of anti-RT6 Rt6 proteins share sequence homology with the family of
monoclonal antibody leads to increased susceptibility to eucaryotdc arginine-specific ADP-ribosyltransferases (10,
autoimmune diabetes (5). In the mouse, two homologues of 11) that catalyze the transfer of the ADP-ribose moiety of
rat RT6, Rt6.1 (6) and Rt6.2 (7), have been identified. Rt6 NAD to an arginine residue on a target protein or to simple
gene expression is reduced in the autoimmune-mediated guanidino compounds such as arginine, forming ADP-
diabetes-prone NOD mouse (8), and defects in the structure ribose-acceptor adducte (12, 13). In agreement, recombi-
and expression of Rt6 genes have been observed in NZW nant mouse Rt6.1 and Rt6.2 exhibit arginine-specific ADP-

ribosyltransferase activity (10, 14-17). ADP-ribosyltrans-
1 This work, carried out in the Department of Biochemistry, Shi- feraSes have been suggested to be involved in T-cell func-
mam> Medical U n ^ ™ ^ ^ suppo^^Grante-in-Aid forScien- tf ADP-ribosylation of cell surface proteins by GPI-
tdfic Research, 08680687 from the Ministry of Education, Science, ' . . _._, * , - , . , , . m „
Sports and Culture of Japan and by grant from the Snimane Medi- anchored ADP-nbosyltransferase(s) down-regulates T-ceU
cal University Education and Research Foundation. functions such as cell proliferation, cytotoxicity, and anta-
2 To whom correspondence should be addressed. Tel: +81-853-20- gen-stimulated responses (18,19). Defects in the down-reg-
2121, Fax; +81-853-20-2120, E-mail: mikat@shimane-med.acjp illation of T-cell functions, due to the absence of RT6/Rt6
Abbreviations: DMEM, Dulbecco's modified Eagle's medium; FBS, expression, may thus lead to autoimmune diseases. How-
fetal bovine serum; GPI, glyc^lphosphatidylinositol; rTOSS, rat R T 6 ^ ^ ^ d o n o t ^ ^ transferase activity
Hanks balanced saline solution; LPS, hpopolysacchande; NADase, , , , . o/,s T . , , .y-vr, ., . c 4.u i u
NAD glycohydrolase; NEM, iV-ethylmaSrPI-PLC, phosph^- ^ ?<»• ̂ ^ a d of ADP-nbose transfer, the rat antigens
dylinositol-specific phospholipase C. catalyze the hydrolysis of NAD to mcobnamide and ADP-

ribose (15,20,21), which can be measured as NAD glycohy-
© 2000 by The Japanese Biochemical Society. drolase (NADase) activity. Considering that RT6+ T-cells
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are certainly putative determinants of the expression of
autoimmune diabetes in the rat, as noted above (4, 5), the
NADase activities of RT6/Rt6 antigens may explain their
association with a predisposition to autoimmune diseases.
In this respect, mouse Rt6.2 ADP-ribosyltransferase can
exhibit NADase activity in the absence of exogenous sub-
strates (20). However, Rt6.1 has not been found to catalyze
NAD glycohydrolysis (JO). Since we previously showed that
the ADP-ribosyltransferase activity of Rt6.1 is stimulated
by a sulfhydryl reducing reagent and that Cys-201 contrib-
utes to the thiol sensitivity (22), here we searched for
NADase activity in Rt6.1 in the presence of DTT and found
that recombinant Rt6.1 shows a complete requirement for
DTT for NAD glycohydrolysis activity. Tb determine the
molecular basis underlying the thiol dependency of NAD
glycohydrolysis catalyzed by Rt6.1, we attempted to iden-
tify the cysteine residues) in Rt6.1 responsible for the thiol
dependency by site-directed mutagenesis and to analyze
the stimulating effects of DTT on the NADase activity by
kinetic analysis. We also investigated the possibility that
the thiol-dependent NADase activity might be regulated
physiologically on the cell surface.

MATERIALS AND METHODS

Materials— [Adenylate-^P] NAD (29.6 TBq/mmol) was ob-
tained from Du Pont>-New England Nuclear. [Adenine-
14C]NAD (8.92 GBq/mmol) was from Amersham. NAD and
DTT were from Roche Diagnostics GmbH; L-arginine was
from Nacalai Tesque (Kyoto); Nicotinamide, AMP, ADP-
ribose, iV-ethylmaleimide (NEM), and Bacillus cereus phos-
phatidyunositol-specific phospholipase C (PI-PLC) were
from Sigma. Ldpopolysaccharide (LPS) was from GIBCO
BRL.

Cell Cultures and the Determination of Thiol Concentra-
tion in Culture Medium—BALB/c mouse peritoneal exu-
date cells were collected 4 days after intraperitoneal injec-
tion of thioglycollate. The cells were allowed to adhere to 35
mm-dishes in Dulbecco's modified Eagle's medium (DMEM)
(Sigma) containing 10% fetal bovine serum (FBS) and anti-
biotics (streptomycin, 50 jig/ml; and penicillin G, 50 units/
ml). After incubation at 3TC for 3 h in a COa incubator, the
cells were rinsed three times with Ca2+-free saline to re-
move the least adhering cells. Macrophages from the ad-
herent cells were cultured in medium supplemented with
or without 0.2 jig/ml LPS for 48 h. The acid-soluble thiol
compounds in the macrophage culture supernatants were
determined as described by Gmunder et al. (23).

COS-7 cells (24) were obtained from Riken Cell Bank
(Tsukuba Science City) and maintained in DMEM contain-
ing 10% FBS.

Expression of Mouse Rt6 Antigens in Escherichia coli and
COS-7 Cells—The recombinant wild-type (MBP-Rt6.1) and
mutant Rt6.1 (C80S-Rt6.1 and C201F-Rt6.1) and wild-type
Rt6.2 (MBP-Rt6.2) were prepared as described (22).

The vector for expressing the mutant Rt6.2 antigen in E.
coli, in which Ser-80 and Phe-201 were replaced with cys-
teine residues (S80C/F201C-Rt6.2), was made with a Quik-
Change Site-Directed mutagenesis kit (Stratagene) using
pMAL-p2 plasmid vector carrying wild-type Rt6.2 (22) and
oligonucleotide primers: 5'-A GAG ATC AAA AAC tgt ACG
AGT TAT CCG GC-3' and 5'-G GTT AAT ATC AAA GAA
tgc TCC TCA TTC C C ^ , where the altered codons are indi-

cated in lower case italics. The mutant Rt6.2 protein was
expressed in E. coli XLl-Blue (Stratagene) and purified as
described (22).

To express Rt6.1 antigen in COS-7 cells, cDNAs contain-
ing the full-length coding regions of Rt6.1 and Rt6.2 were
amplified from BALB/c spleen total RNAs by reverse tran-
scription-PCR using oligonucleotide primers; 5'-GTC GAC
GGTACC ATG CCA TCA AAT AAT TTC AAG TTC TTC
CTA ACT TGG-3' (sense) and 5'-CTC GAG TCTAGA CTA
CGG CTC AGC AAG AGT AAG CTG CTG GAC CAG-3'
(antdsense), where the cloning sites are underlined. The
PCR products were digested with Kpnl and Xbal, and
ligated into Kpnl- and .Xbal-digested pcDNA3 vector (Invit-
rogen). Resultant subclones were screened for Rtfi.l expres-
sion vector (pcDNA3-Rt6.1) by PCR using a T7 promoter
primer in the vector and an Rt6.1-sperific antdsense primer,
5'-GCT AAC GTT GGC TGC TTG-3'.

Kinetic analysis was carried out with a C-terminally
His(6x)-tagged Rt6.1 (Rt6.1-His), in which the C-terminal
GPI-signal sequence was replaced with a His(6x) tag by
PCR using pcDNA3-Rt6.1 as a template and oligonucle-
otide primers: 5'-GTC GAC GGTACC ATG CCA TCA AAT
AAT TTC AAG TTC TTC CTA ACT TGG-3' (sense) and 5'-
CT AGA CTC GAG TCA gtg atg gtg atg gtg atg GCT AAC
GTT GGC TGC-3' (antdsense), where the underlined and
lower case italics regions" correspond to cloning sites and
the His(6x) tag, respectively.

Expression plasmids (1 jig), purified using a QIAGEN
plasmid kit, were transfected into COS-7 cells (1.5-2.1 x
105 cells/60-mm dish) with a non-liposomal lipid Effectene
Transfection Reagent (QIAGEN) according to the manufac-
turer's instructions. Forty-eight hours after transfection
with pcDNA3 or pcDNA3-Rt6.1, the COS-7 cells were
washed twice with Hanks' balanced saline solution (HBSS),
collected by scraping, and subjected to enzyme assay.
Ninety-six hours after transfection, Rt6.1-His was partially
purified from the culture supernatant of the transfected
COS-7 cells with His-Bind Resin (Novagen) according to
the manufacturer's protocol.

Preparations of Mouse Native Rt6.1—The PI-PLC super-
natant from BALB/c mouse splenocytes (1.5-1.8 x 109

cells), prepared as described previously (20), was applied to
a hydroxyapatdte column (1.3 x 2 cm) pre-equilibrated with
10 mM potassium phosphate (pH 6.8) and 1 mM EDTA.
The column was washed with the same buffer, and the
ADP-ribosyltransferase activity was eluted with a linear
gradient of 10-500 mM potassium phosphate. The active
fractions, determined by filter assay (25), were pooled, con-
centrated, and subjected to immunoprecipitation with antd-
RT6 antibodies (22). The immunoprecipitate was used for
NADase assay as described below.

Enzyme Assays—Enzymes were incubated with NAD in
the presence or absence of L-arginine. The reactions were
terminated by 10-fold dilution with 0.1% trifluoroacetic
acid, and the reaction products (ADP-ribose, NAD, ADP-
ribosylarginine) were separated on a Cosmosil 5C-18MS
column (4.6 X 150 mm, Nacalai Tesque) with 0.1% trifluo-
roacetdc acid as the mobile phase, and detected by absor-
bance at 254 nm Reaction conditions were as follows.

MBP-linked recombinant Rt6 proteins or native Rt6.1
antigen were incubated with 5 mM NAD or 50 JJLM P^P]-
NAD (19.5 kBq/nmol), respectively, with 50 mM Tris-Ch
(pH 7.5), 1 mM EDTA, and 5 jig of BSA in the presence or
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absence of DTP and/or NEM in a final volume of 0.1 ml at
37"C for the indicated times.

COS-7 cells transfected with pcDNA3-Rt6.1 (2.0 X 104

cells) were incubated in the macrophage culture medium
(50 |JL1) supplemented with 110 uM P4C]NAD and 20 mM
Tris-Cl" (pH 7.5) at 37'C for 4 h under gentle rotation.

For kinetic analyses of NADase activity, Rt6.1-His was
incubated with 50 mM Tris-Cl" (pH 7.5), 1 mM EDTA, 2.5
fig of BSA, and varying concentrations of NAD in the pres-
ence of the specified concentrations of DTT in a final vol-
ume of 50 \A at 37'C for the indicated times. For ADP-
ribosyltransferase assay, Rt6.1-His was incubated with 50
mM Tris-Cl- (pH 7.5), 1 mM EDTA, 2.5 jig of BSA, and the
specified concentrations of NAD, L-arginine, and DTT in a
final volume of 50 ul at 37"C for the indicated times. Ki-
netic parameters were determined by analysis of a Lin-
eweaver-Burk plot of the initial rates of NAD hydrolysis
and ADP-ribosylation.

RESULTS

Recombinant Rt6.1 Hydrolyzes NAD Only in the Presence
ofDTT—Vfe incubated purified MBP-Rt6.1 with NAD for
90 min in the presence or absence of DTT, and analyzed the
reaction products by reversed-phase HPLC. Figure 1 shows
a typical HPLC elution profile of the reaction products.
When MBP-Rt6.1 was incubated with NAD in the absence
of DTT, the amounts of nicotdnamide and ADP-ribose de-
tected (Fig. 1A) were almost the same as those formed dur-
ing a control incubation without added MBP-Rt6.1 (data
not shown). This is consistent with the observation by
Koch-Nolte et al. (10) that recombinant mouse Rt6.1 does
not show NADase activity. In contrast, when the incubation
was carried out in the presence of 2 mM DTT, the amounts
of ADP-ribose and nicotinamide in the reaction mixture
increased dramatically, while that of NAD decreased by
approximately 75% (Fig. IB). The time courses of the
changes in the amounts of NAD and ADP-ribose during
incubation are shown in Fig. 2A. The addition of DTT to
the reaction mixture (2 mM) resulted in a rapid increase in
the amount of ADP-ribose formed, and was comparable to
the consumption of NAD (Fig. 2A). However, in the absence
of DTT, the formation of ADP-ribose by MBP-Rt6.1 was
rarely detected (Fig. 2A). These results indicate that MBP-
Rt6.1 catalyzes the hydrolysis of NAD to nicotinamide and
ADP-ribose only in the presence of DTT.

We next examined the effect of increasing concentrations

of DTT on the NADase activity of MBP-Rt6.1. The NADase
activity was detectable at DTT concentrations as low as 10
pM, as shown in Fig. 2B. Up to 500 JJLM, DTT increased the
NADase activity in a dose-dependent manner (Fig. 2B), but
further addition of DTT to the reaction mixture did not
result in a further increase in the activity (data not shown).
Half-maximal stimulation was observed at 30 JJLM DTT
(Fig. 2B). In the presence of 2 mM DTT, the initial rate of
NAD glycohydrolysis T>y MBP-Rt6.1 was 6.0 ± 1.1 nmol of
ADP-ribose formed/min/jig of MBP-Rt6.1 (mean ± SD of
three separate experiments). When a sulfhydryl alkylating
agent, NEM, was added to the reaction mixture, the stimu-
lating effect of DTT was abolished (Fig. 4A). All these find-

3
CM
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0 15 30 45

Retention time (mln)

Fig. 1. Hydrolysis of NAD by MBP-Rtfi.l in the presence of
DTT. MBP-Rt6.1 (0.25 jig) was incubated with NAD for 90 min in
the absence (A) or presence (B) of 2 mM DTT, and the reaction mix-
ture was separated by reverse-phase HPLC at a flow rate of 0.5 ml/
min. Positions of nicotinamide (Nic), ADP-ribose (ADFR), and NAD
are indicated. Data in this and the subsequent figures are represen-
tative of at least three experiments.

600 600

0 W 120 180

Incubation time (mln)
100 200 300 400 500

DTT(nM)

Fig. 2. Effect of DTT on the NADase activity
of MBP-IU6.1. A: Time course of NAD hydrolysis
in the presence of DTT MBP-Rt6.1 (1.0 (ig) was
incubated with NAD in the presence (open sym-
bols) or absence (closed symbols) of 2 mM DTT for
the indicated times. The amounts of ADP-ribose
(circles) formed from NAD and of remaining NAD
(squares) were quantified by HPLC. B: Effects of
DTT concentration on NAD hydrolysis. MBP-
Rt6.1 (0.25 jtg) was incubated with NAD for 1 h in
the presence of the indicated amounts of DTT, and
the amount of ADP-ribose generated during the
incubation was determined by HPLC.
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Fig. 3. NADase activity of native Rtfl.l. Immu-
noprecipitated Rt6.1 from BALB/c mouse spleno-
cytes was incubated with P̂ PJNAD for 4 h in the
presence (dosed circles) or absence (open circles) of
2 mM DTT. After terminating the reactions, the re-
action products in 0.2 ml were separated by HPLC
at a flow rate of 0.3 ml/min. Fractions were col-
lected every 0.3 ml for radioassay in a liquid scin-
tillation counter. The amount of ADP-ribose form-
ed during incubation without added enzyme was
subtracted. The elution positions of authentic
AMP, ADP-ribose (ADPR), and NAD are shown.

Retention time (mln)
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Fig. 4. Effects of DTT and/or NEM on the NADase activities of
wild-type and mutant Rt6 antigens. MBP-Rt6.1 (A, 1.0 jig),
MBP-Rt6.2 (B, 0.45 ng), C201F-Rt6.1 (C, 0.75 tig), C80S-Rt6.1 (D,
0.75 (xg), and S80C/F201C-Rt6.2 (E, 0.23 ug) were incubated with
NAD for 15 min (MBP-Rt6.1), 1 h (C201F-Rt6.1), or 2 h (MBP-Rt6.2,
C80S-Rt6.1, and S80C/F201C-Rt6.2) in the presence or absence of 1'
mM DTT and/or 10 mM NEM.

ings indicate that recombinant Rt6.1 possesses thiol-depen-
dent NADase activity.

Thiol-Dependent NADase Activity of Native Rt6.1—Vfe
then asked whether native Rt6.1 would also exhibit thiol-
dependent NADase activity. Native Rt6.1 was obtained
from BALB/c mouse splenocytes by immunoprecipitation
with antd-RT6 antibodies. The immunoprecipitated Rt6.1
was incubated with PP]NAD in the presence or absence of
2 mM DTT. As shown in Fig. 3, the generation of P^JADP-
ribose and the concomitant decrease in FT] NAD were ob-
served only when the reaction was carried out in the pres-
ence of DTT. The NADase activity of the native antigen was
abolished by treatment with NEM (data not shown), as was
the case with recombinant Rt6.1 (Fig. 4A). Thus, native
Rt6.1 also possesses thiol-dependent NADase activity.

NADase Activity of Recombinant Rt6.2—In contrast to
MBP-Rt6.1, MBP-Rt6.2 exhibited NADase activity even in
the absence of DTT, as previously reported (70). The
NADase activity was neither stimulated by DTT nor sup-
pressed by NEM (Fig. 4B). Therefore, it is unlikely that the
NADase activity of Rt6.2 is thiol-dependent.

Roles of Cys-80 and Cys-201 in the NADase Activity of
Rt6 Antigens—All the eucaryotic arginine-specific ADP-
ribosyltransferases have four conserved cysteine residues
{10). Mouse Rt6.1 and Rt6.2 also have these conserved cys-
teine residues at positions 41, 141, 193, and 246. In addi-
tion to these cysteines, mouse Rt6.1 has two extra cysteine

TABLE I. Effects of DTT on kinetic parameters of the
NADase reaction. Rt6.1-His (2.3 jig) was incubated with varying
NAD concentrations for 30 min in the presence of 0.03 mM DTT,
and the amounts of ADP-ribose formed were determined by HPLC
The reactions were carried out with 0.46 |ig of Rt6.1-His in the
presence of 2 mM DTT. In Tables I and II, K^ and VTO values rep-
resent means ± SD of three separate experiments, and the relative
values of kinetic parameters are shown in parentheses.

DTT (mM) (nmol/W(ig)

0.03
2.0

1.3 ± 0.3 (1.0)
9.7 ± 1.4 (7.5)

0.32 ± 0.09 (1.0)
0.12 ± 0.02 (0.38)

4.1 (1.0)
81 (20)

residues at positions 80 (Cys-80) and 201 (Cys-201), while
in Rt6.2, the amino acid residues corresponding to Cys-80
and Cys-201 in Rt6.1 are serine and phenylalanine, respec-
tively. We previously reported that the ADP-ribosyltrans-
ferase activity of Rt6.1 mutants in which Cys-201 is re-
placed by phenylalanine (C201F-Rt6.1) loses its thiol de-
pendency, while that of another mutant in which Cys-80 is
replaced by serine (C80S-Rt6.1) remains thiol-dependent
(22). Thus, Cys-201 in Rt6.1 could also account for the thiol
dependency of the NADase activity of Rt6.1. If this is the
case, the NADase activity of only C201F-Rt6.1 would lose
thiol dependency. To examine this hypothesis, we investi-
gated the effects of DTT and/or NEM on the NADase activi-
ties of these Rt6.1 mutants. Unexpectedly, both C201F-
Rt6.1 (Fig. 4C) and C80S-Rt6.1 (Fig. 4D) had NADase
activity in the absence of DTT, as was the case with MBP-
Rt6.2 (Fig. 4B). The NADase activities of C201F-Rt6.1 (Fig.
4C) and C80S-Rt6.1 (Fig. 4D) were neither stimulated by
DTT nor inhibited by NEM. Thus, both Cys-80 and Cys-201
in Rt6.1 are likely to contribute to the thiol dependency of
the activity. To confirm this, we prepared a recombinant
Rt6.2 mutant (S80C/F201C-Rt6.2) in which Ser-80 and
Phe-201 are replaced by cysteines, as found in Rt6.1.
NADase activity was detected for the mutant Rt6.2 only in
the presence of DTT, and the stimulating effect of DTT was
completely abolished by NEM (Fig. 4E). Thus, we conclude
that both Cys-80 and Cys-201 are required for the thiol
dependency of Rt6.1 NADase. The ADP-ribosyltransferase
activity of the mutant Rt6.2 was increased by DTT (data
not shown), as in the case of Rt6.1 (22).

Kinetic Analyses of NAD Glycohydrolysis and ADP-Ribo-
sylation Catalyzed by Rt6.1—To evaluate the stimulating
effect of DTT on the NADase activity of Rt6.1, we deter-
mined the kinetic parameters (Vml0t, Am, and V^JK^) for
the NADase reaction. In the presence of 2 mM DTT, Rt6.1
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TABLE II. Effects of DTT on kinetic parameters in ADP-ribo-
syltransferaae reaction. Rt6.1-His (1.15 jig) was incubated in the
presence of 0.02 mM DTT with varying NAD concentrations at a
fixed argiiune concentration (10 mM) for 15 min or with varying
arginine concentrations at a fixed NAD concentration (0.5 mM) for
30 min, and amounts of ADP-rirxwylarginine formed were deter-
mined by HPLC. The reactions were carried out with 0.16 jig of
Rt6-1-Hia in the presence of 2 mM DTT

(nmol/h/M«) Km (mM)
Variable NAD

DTT(mM)
0.02 12.3 ± 3.1 (1.0) 0.50 ± 0.09 (1.0) 24.6 (1.0)
2.0 159 ± 32 (12.9) 0.41 ± 0.01 (0.82) 388 (15.8)

Variable arginine
DTT(mM)

0.02 6.8 ± 1.0 (1.0) 12 ± 1.4 (1.0) 5.7 (1.0)
2.0 77 ± 20 (11.3) 0.59 ± 0.03 (0.49) 131 (23.0)

showed a faster rate of NAD hydrolysis (7.5-fold higher
7 J and a higher affinity for NAD (2.7-fold lower KJ, thus
a much higher efficiency (20-fold higher VmlBr/Kn)), compared
with the presence of 0.03 mM DTP, a concentration yield-
ing half-maximal stimulation of NAD hydrolysis (Table D-
On the other hand, kinetic analysis of ADP-ribosylation
revealed that DTT stimulates the transferase activity pri-
marily by increasing the maximal rate of catalysis (12.9-
fold higher V^J, rather than the affinity for NAD (1.2-fold
lower KJ (Table II). In the presence of 2 mM DTT, the
reaction rate of NAD hydrolysis by Rt6.1 was 16-fold lower
than that of ADP-ribosylation, while the affinity of Rt6.1
for NAD was 3.4-fold higher in NAD hydrolysis than in
ADP-ribosylation (Tables I and II). Thus, the efficiency of
NAD hydrolysis by Rt6.1 was calculated to be 5-fold lower
than that of ADP-ribosylation. DTT also increased the
affinity of Rt6.1 for L-arginine in ADP-ribosylation (Table
H).

Thiols Released from Macrophages Stimulate the
NADase Activity ofRt6.1 Expressed on the Ceil—The stim-
ulation of mouse macrophages with bacterial LPS aug-
ments the amount of thiols released into the culture super-
natant, and thiols regulate the functional activity of lym-
phocytes in the vicinity (23). These observations prompted
us to investigate whether the amount of thiols released
from macrophages is sufficient to activate the NADase ac-
tivity of Rt6.1 expressed on cells. We thus transfected COS-
7 cells with Rt6.1 cDNA containing the full-length coding
sequence and determined the ecto-NADase activity of the
cells in the presence of culture supernatant of mouse peri-
toneal macrophages. COS-7 cells transfected with Rt6.1
cDNA showed DTT-dependent NADase activity, which was
released into the medium by PI-PLC treatment (data not
shown), indicating that the activity is attached to the cell
surface via a GPI-anchor. Consistent with a previous report
(23), treatment of the mouse macrophages with LPS
strongly augmented the amount of thiol released into the
medium (Table III). Dependent on the amount of thiol in
the culture supernatant, the ecto-NADase activity of COS-7
cells expressing Rt6.1 was increased (Table III).

DISCUSSION

Mouse Rt6.1 is an arginine-specific ADP-ribosyltransferase.
In the presence of L-arginine, Rt6.1 can transfer ADP-
ribose from NAD to the acceptor substrate, forming ADP-

TABLE III. Stimulation of the NADase activity of Rt6.1 ex-
pressed on the cell surface by thiols released from mac-
rophages. Peritoneal macrophages were cultured with or without
LPS. The culture supernatants were collected and the amounts of
acid-soluble thiol compounds in the supernatants were determined.
COS-7 cells transfected with pcDNA3-Rt6.1 were incubated with
[14C]NAD in medium cultured without macrophages or in either of
the macrophage culture 3uperoatonts. Rt6.1-expressing COS-7
cells were from the same transfection experiment. The reaction
products were separated by HPLC at a flow rate of 0.5 ml/min and
the amount of ADP-ribose formed was determined from the radio-
activity in the fraction where authentic ADP-ribose eluted. The
amount of ADP-ribose formed during incubation without added
cells, but in the presence of fresh medium was subtracted. Data are
averages of duplicate measurements. Similar results were obtained
in two additional experiments. LPS itself did not stimulate NAD
grycohydrolysis.

Medium Thiol in the culture
supernatant (|iM)

ADP-ribose
(nmol)

- macrophages 1
Unstimulated macrophages 3
LPS-stimulated macrophages 24

0.020
0.043
0.227

ribosylarginine (15,16). In the present study, we found that
recombinant Rt6.1 can also catalyze the cleavage of NAD
into nicotdnamide and ADP-ribose. However, for the
NADase activity of recombinant Rt6.1 a sulfhydryl reduc-
ing agent is required, and the activity is abolished by the
sulfhydryl alkylatdng agent NEM. These phenomena were
also found for native Rt6.1 obtained from BALB/c mouse
splenocytes. These observations clearly indicate that Rt6.1
has a thiol-dependent NADase activity, and can explain
why an NADase activity for Rt6.1 was not previously dem-
onstrated (10).

The absolute requirement of a thiol for the NADase ac-
tivity of Rt6.1, together with the complete inactivation by
the sulfhydryl alkylating agent, as noted above, suggests a
catalytic role of the two extra cysteine residues, Cys-80 and
Cys-201, of Rt6.1 in NAD glycohydrolysis. However, re-
placement of either cysteine residue in Rt6.1 with the cor-
responding residue in Rt6.2 did not abolish the NADase
activity of Rt6.1, but resulted in thiol-independent
NADases. On the other hand, the replacement of both Ser-
80 and Phe-201 in Rt6.2 with cysteines, as in Rt6.1, re-
sulted in a thiol-dependent NADase activity. These obser-
vations indicate that both Cys-80 and Cys-201 are required
for the thiol dependency of Rt6.1 NADase, while Cys-80
and Cys-201 do not seem to be essential for NAD glycohy-
drolysis by Rt6.1. Furthermore, kinetic study of the
NAQase reaction revealed that DTT increases the affinity
of Rt6.1 for NAD, as well as the catalytic rate of NAD glyco-
hydrolysis. The simplest explanation is that in the absence
of reducing agents, a disulfide bond is formed between Cys-
80 and Cys-201 in Rt6.1, an event leading to a conforma-
tdonal change that prevents the access of NAD to the cata-
lytic glutamic acid residues Glu-207 and Glu-209 (15, 26),
and reduces the catalytic rate, thus preventing the reaction
from proceeding efficiently, hi contrast to the NADase ac-
tivity, the arginine-specific ADP-ribosyltransferase activity
of Rt6.1 is evident even in the absence of DTT (22). As
shown in Table II, DTT enhances the ADP-ribosylation
reaction primarily by increasing the catalytic rate, without
affecting the affinity for NAD. Thus, in the presence of the
ADP-ribose acceptor substrate (L-arginine), a conforma-
tdonal modification of the catalytic pocket in Rt6.1 may
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occur without reduction of the disulfide bond between Cys-
80 and Cys-201, allowing for NAD binding to the enzyme
and catalyzing the ADP-ribosylatdon reaction. Upon reduc-
tion of the disulfide bond and thus of Cys-201 in Rtfi.l, the
transfer reaction of ADP-ribose by the antigen would be
facilitated, as previously reported (22).

The mammalian NAD glycohydrolases that have been
cloned to date include RT6/Rt6, CD38 (27) and BST-l/BP-3
(28, 29). CD38 (27) and its GPI-anchored relative, BST-1/
BP-3 (30), are multifunctional ectoenzymes able to hydro-
lyze NAD to nicotinamide and ADP-ribose as well as to cat-
alyze both the synthesis and hydrolysis of cyclic ADP-
ribose. It has been previously shown that the NADase ac-
tivity of CD38 is highly sensitive to inhibition by reducing
agents such as 2-mercaptoethanol and DTT (31). In con-
trast to CD38, the NADase activity of Rt6.1 is observed
only in the presence of DTT (the present study). Such an
inverse sensitivity to reducing reagents between Rt6.1 and
CD38 suggests that the functions of their disulfide bonds
differ with respect to catalytic activity. Furthermore, it has
been reported that the NADase activity of BST-l/BP-3 is
scarcely detected around neutral pH (30), although the
activity is increased remarkably by the presence of metal
ions, Zn2+ and Mn2+ (30). All together, it is likely that at
least three differently regulated NADases exist on lympho-
cytes.

In the present study, we found that COS-7 cells express-
ing Rt6.1 as a GPI-anchored form on the cell surface ex-
hibit ecto-NADase activity, and demonstrate that the ecto-
NADase activity is augmented by thiol compounds released
from LPS-stimulated macrophages. Our present data thus
indicate that when a T cell expressing Rt6.1 on the cell sur-
face interacts with activated macrophages, such as during
the course of immune response, the NADase activity of
Rt6.1 will be stimulated. Since mouse Rt6.2 and rat RT6
antigens have already been reported to have NADase activ-
ities (10, 15, 20, 21), the present study indicates that all
members of the rodent T-cell RT6/Rt6 antigen family can
act as NADases. It has been demonstrated that even
though rat RT6 antigens do not have an ADP-ribosylase
activity for exogenous substrates (15, 20), RT6+ T-cells can
prevent the expression of autoimmune diseases in diabetes-
prone BB rats (4). Thus, NADase activity, which is shared
by all RT6/Rt6 antigens, may contribute to the prevention
of the development of autoimmune diseases.

We thank H. Osago for technical assistance.
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