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Abstract 
ADP-nbose moiety containing dlgoxlgenm was transferred by pertussls toxin (IAP) to the a subunit of G, (G,a) from dlgoxlgemn-conJugated NAD 

(DIG-NAD) m a j?r subumt-dependent manner ADP-nbosylatlon of G,a with DIG-NAD plus IAP was inhibited by native NAD These results 
mdlcate that nonradlolabeled DIG-NAD also serves as the substrate for IAP-catalyzed ADP-nbosylatlon of G protems Using DIG-NAD and 
fluorescem lsothlocyanate-labeled antl-dlgoxlgenm antlbody, IAP-sensitive G protem(s) was found to be exist m nuclei as well as plasma membranes 
of rat hver and HeLa cells Thus, DIG-NAD IS useful to ldentlfy pertussls toxm-substrate G proteins 
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1. Introduction 

ADP-ribosylation of @y-trimeric GTP-bmdmg pro- 
teins (G proteins) is catalyzed by several bacterial toxins 
[l]. It is well known that ADP-ribosylation of G proteins 
catalyzed by pertussis toxin (IAP) or cholera toxin mod- 
ifies the function of G proteins IAP-catalyzed ADP- 
ribosylation causes dissociation of G protems (G, and 
G,) from receptors, thereby preventing the receptor-me- 
diated signalmg, while ADP-ribosylation of G, by chol- 
era toxin activates the protein [l] Thus, these toxins have 
been utilized to mvestigate the mvolvement of G proteins 
m signal transduction In addition to these toxins, en- 
dogenous mono-ADP-ribosyltransferases have recently 
been reported, suggestmg that the endogenous ADP- 
ribosylation of G protein may regulate cellular signalmgs 
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Abbrevratzons G protem, GTP-bmdmg protem, G,, the stlmulatory G 
protem of ddenylyl cyclase. G,, a family of homologous G proteins 
orlgmally assoctated with mhlbltlon of adenylyl cyclase, G,, a G protem 
punfied from bovme brain, DTT, dlthlothreltol, IAP, islet-actlvatmg 
protem (pertussis toxin), SDS. sodium dodecyl sulfate, DIG-NAD. 
dlgoxlgemn-coqugated NAD 

To date, ADP-ribosylation of G proteins has been 
studied by employmg radiolabeled NAD such as 
[3’P]NAD, as a donor of ADP-ribose moiety If non- 
radrolabeled NAD analogs, which can serve as a sub- 
strate for toxin-catalyzed ADP-ribosylation of G pro- 
terns, are available, these compounds seem to be easy to 
handle, compared to [32P]NAD with short half-life time 
It has recently been reported that biotmylated NAD sub- 
stitutes for NAD m diphtheria toxin-catalyzed ADP- 
ribosylation of an elongation factor 2 [4] However, it is 
not clear whether biotmylated NAD also serves as a 
substrate for IAP- or cholera toxin-catalyzed ADP-ri- 
bosylation of G proteins Digoxigenm, a steroid isolated 
from digitalis plants, is used to corqugate with dUTP, 
and digoxigenm-conjugated dUTP can be a substrate of 
DNA polymerase [5] If IAP or cholera toxin transfers 
ADP-ribose moiety containing digoxigemn from digoxi- 
gemn-coqugated NAD (DIG-NAD) to G proteins, 
ADP-ribosylation of G protems can be detectable with 
anti-digoxigenm antibody, which is now commercially 
available In the present study, we examined whether 
DIG-NAD serves as a substrate for IAP-catalyzed ADP- 
ribosylation of G, Results here demonstrate that G,cl 
purified from bovme brain was specifically ADP-ribosyl- 
ated with DIG-NAD plus IAP Furthermore, using this 
non-radiolabeled NAD analog, we mdicate that IAP- 
substrate G protein(s) exists m nuclei as well as plasma 
membranes of rat liver and HeLa cells. 
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2. Experimental procedures 

265 

3. Results and discussion 

2 1 Preparatron of DIG-NAD 
To conJugate chgoxlgemn to NAD, 200 mM digoxlgenm-3-O-meth- 

ylcarbonyl+ammocapromc acid-N-hydroxy-succmlmlde ester (Boeh- 
ringer Mannhelm) m dlmethylfluonde and 20 mM N6-[[(6-aml- 
nohexyl)carbamoyl]methyl]NAD (Sigma, A 5265) m 0 1 M Na-borate, 
pH 8 0, were mixed at molecular raGo of 2 1 and incubated overnight 
at 25°C m the dark The DIG-NAD was uunfied bv column chroma- 
tography of DEAE-Toyopearl 650s (T&OH) anh AG-MPl @lo- 
Rad) The reaction mixture contammg DIG-NAD was applied to 
DEAE-Toyoperl65OS and eluted with a linear gradient of O-300 mM 
LlCl The fractions with DIG-NAD eluted about 100 mM LICI were 
further applied to AG-MPl column and eluted with O-300 mM trl- 
fuluoroacetlc acid The pure DIG-NAD eluted at about 75 mM tn- 
fuluoroacetlc acid was lyophlhzed and stored at -8O’C untd use 

2 2 Cell culture 
HeLa cells [from Japanese Cancer Research Resources Bank) were 

grown m F-12 medium supplemented with 10% heat-inactivated fetal 
bovine serum at 37°C under an atmosphere of 95% air and 5% CO, 
The cells were passed and grown on glass covershps (18 x 18 mm) 2 
days before use for the followmg assay In Fig 2C, the HeLa cells were 
cultured with the medium containing 250 ng of IAP/ml for the last 6 
h of the culture 

’ 3 IAP-catalyzed ADP-rlbosylatlon of G, 4 

The punficatlon of G, from bovine bram and the separation of a and 
j3r subututs were described previously [6] The punficatlon of rat liver 
membranes and nuclear envelopes was described previously [7] IAP 
was preactlvated by mcubatmg at 37°C for 10 nun m 50 mM Tns-HCl, 
pH 7 5, contammg 100 mM DTT and 0 1 mM ATP Samples were 
incubated at 30°C for 30-40 mm with the preactlvated IAP (20 @ml) 
m 25 ~1 of reaction mixture conslstmg of 100 mM Tns-HCl, pH 7 5, 
5-10pM DIG-NAD, 1 mM EDTA, 4OpM GDP, 0 1 mM NADP, 10 
mM thymldme, 1 mM ADP-nbose, and 20 mM mcotmamlde [7] In 
some expenments, the samples were further treated with 20 U/ml of 
phosphodlesterase (Sigma, P 6877) at 37°C for 1 h The reaction was 
terminated by adding equal volume of 2-fold concentrated Laemmh- 
buffer, followed by boding at 90°C for 3 mm Samples were subJected 
to SDS-polyacrylamlde gel (12%) electrophoresls and then blotted to 
polyvmyhdene dlfluonde membranes (Blo-Rad) The blotted mem- 
branes were washed with buffer A (50 mM Na-HEPES, pH 7 4, 110 
mM potassium acetate, 5 mM sodmm acetate, 2 mM magnesium ace- 
tate, 2 mM DTT and 0 5 mM EGTA) and incubated m a blocking 
solution (buffer A containing 10% heat inactivated fetal calf serum, 
0 1% bovine y-globulin and 0 2% NP-40) at room temperature After 
1 h, the horse radish peroxidase-conJugated anti-dlgoxlgenm antibody 
(Boehrmger Mdnnhelm) was added and Incubated for 30 mm at room 
temperature The dlgoxlgenm-labeled proteins were detected with ECL 
Western blottmg detection system (Amersham) or POD-lmmunostam 
set (Wake) 

2 4 Cellular drstrrbutlon of IAP-substrate G protem m HeLa cells 
To study the cellular distribution of IAP-substrate G protems, HeLa 

cells grown on covershps were permeabdlzed with buffer A contammg 
100 kalhkrem mhlbltory umts of aprotmm/ml, 10 pg of leupeptme/ml 
and 150 pg of dlgitomnlml for 10 mm on ice After removing the 
drgltonm solution, the cells were treated with IAP as described above 
After 40 mm, the cells were washed with buffer A, fixed with 3 7% 
formaldehyde, then incubated for 30 mm at room temperature m the 
blocking solution, followed by the treatment of fluorescem Isothlocya- 
nate-labeled anti-dlgoxigenm antibody (Boehrmger Mannhelm) for 15 
mm The cells were mounted on a slide glass with a small amount of 
buffer A contammg 1 mg of phenylenedlamme/ml and 10% glycerol, 
and the fluorescent images were observed under the Nlkon Mlcrophot- 
FX microscope 

2 _F Mutellaneous 
The concentration of proteins was determined by the method of 

Lowry et al [8] with bovme serum albumin as a standard 

3 1 DIG-NAD serves as a substrate for IAP-catalyzed 
ADP-nbosylatlon 

When G, purified from bovine brain was incubated 
with DIG-NAD plus IAP and then analyzed by SDS- 
polyacrylamlde gel electrophoresls followed by lm- 
munoblottmg, only the a subunit of G, (G,a) was 
detected with anti-dlgoxlgemn antibody (Fig 1A) The 
extent of labeling was significantly reduced by further 
mcubatlon with phosphodlesterase, demonstrating that 
ADP-nbose moiety containing dlgoxlgemn was trans- 
ferred to G,cl by IAP The mode of ADP-nbosylatlon 
with DIG-NAD was similar to that with [32P]NAD, since 
ADP-nbosylatlon of G,ol with DIG-NAD, as well as that 
with [32P]NAD, absolutely required /3r subunits (Fig 1 B) 
and was inhibited with increasing concentrations of 
NAD (Fig 1C). The half-maximum mhlbltlon by native 
NAD of ADP-nbosylatlon with DIG-NAD was ob- 
served at the almost same concentration as that of DIG- 
NAD Thus, DIG-NAD, as well as [32P]NAD, serves as 
a substrate for IAP-catalyzed ADP-nbosylatlon of G,cl. 

3 2 Cellular dwtnbutlon of IAP-sensltwe G proteins 
IAP-catalyzed ADP-nbosylatlon with DIG-NAD, as 
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Fig 1 ADP-nboslation of the a subumt of G, with DIG-NAD (A) G, 
(2 pmol) punfied from bovine brain was incubated with 10 PM DIG- 
NAD m the absence (lane 1) or presence of IAP (lane 2) at 30°C for 
40 mm G, (4 pmol) incubated with IAP plus DIG-NAD was further 
treated without (lane 3) or with (lane 4) phosphodlesterase as described 
m section 2 3 (B) a Subunit of G, (G,a, 1 pmol, lane l), /3r subunits 
(1 pmol, lane 2) or G,a plus /3r subunits (lane 3), which were purified 
from bovine brain. was incubated with IAP plus 5 PM DIG-NAD as 
described m section 2 3 (C) G, purified from bovine brain was mcu- 
bated with IAP plus 10 PM DIG-NAD m the presence of the indicated 
concentrations of native NAD for 40 mm at 30°C Samples were sub- 
Jetted to SDS-polyacrylamlde gel (12%) electrophoresls and then blot- 
ted to the polyvmyhdene dlfluorlde membranes Proteins ADP-nbosyl- 
ated with DIG-NAD were detected by the POD-lmmunostam set 
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Fig 2 Cellular dlstnbubon of IAP-substrate G protems (A) Membranes (20 pg protem, lane 1) or nuclear envelopes (40 pg protein. lane 2) prepared 
from rat hver were incubated with IAP plus 5 PM DIG-NAD as described m section 2 3 Western-blotting system with ECL was used to detect the 
ADP-nbosylated proteins (B and C) HeLa cells which had been cultured without (panel B) or with (panel C) IAP were permeablhzed with dlgltomn 
and then treated with DIG-NAD plus IAP as described m section 2 4 Bar = 10 firn 

well as ADP-ribosylation with [32P]NAD [7], was highly 
specific to a 40-kDa IAP-substrate G protein, since only 
a 40-kDa protein was ADP-ribosylated when rat liver 
membranes were incubated with DIG-NAD plus IAP 
(Fig 2A, lane 1) Under the same conditions, it was 
found that m the nuclear envelope fraction of rat liver 
a 40-kDa protein was ADP-ribosylated with DIG-NAD 
plus IAP, consistent with the idea that nuclei also con- 
tams an IAP-substrate G protein, as suggested previ- 
ously by us [7] (Fig 2A, lane 2) Highly specific ADP- 
ribosylation of the 40-kDa protein with DIG-NAD led 
us to study the cellular distribution of IAP-substrate G 
proteins by immunofluorescent assay As shown m Fig 
2B, the fluorescent signals were observed around plasma 
membranes as dispersed dots and around nuclear enve- 
lopes as a rim These fluorescent signals were almost 
completely abolished when the cells which had been cul- 
tured with IAP were subJected to the mnnunofluorescent 
assay (Fig 2C), mdicatmg that fluorescent signals repre- 
sent the location of the IAP-substrate The fluorescent 
rim around the nucleus seems to confirm the localization 
of IAP-substrate m the nuclei This image IS very similar 
to that of the bmdmg of fluorescent nuclear localization 
signal-containing proteins to the nuclei [9], supporting 
the idea describmg above In contrast, the fluorescent 
signals around plasma membranes were dispersed This 
result suggests that G, is located as clusters m plasma 
membranes Alternatively, dispersed dot signals of 
plasma membranes may be responsible for artifact per- 
meabihzation by digitonm before ADP-ribosylation may 
simultaneously solubihze some amount of plasma mem- 
brane G, and subsequent removal of digitomn solution 
also washes out the solubihzed G, In contrast to plasma 
membrane G proteins, IAP-substrate G protein m nuclei 

seems to be resistant to detergents, since 1% Triton X- 
100 failed to extract nuclear G protein [7]. Recently, it 
has been reported that IAP-sensitive G protem, G,, lo- 
cates at the endosome and Golgi body [lo], as well as the 
plasma membranes and nuclei In our conditions, how- 
ever, these organelles could not be detected by anti-di- 
goxigemn antibody 

In summary. we represented that non-radiolabeled 
DIG-NAD, serves as a substrate for IAP-catalyzed 
ADP-rtbosylation Using DIG-NAD, the existence of 
IAP-substrate G protein m nuclei was demonstrated, 
consistmg with the idea of our previous paper [7] 
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