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Tn human erythrocyte membranes incubted with [ndenylate-"PINAD the 36 kDa protein is predominamtly labeled, The labeling is greatly
stimulnted hy nitroprusside . the presence of dithiothreitol. We bave purificd the 36 kDu protein and identificd this modification as cysteine-specitic
mono(ADP-ribosylation) begnuse: (i) laheling occurred only when [“PINAD was replaced by adenine [U-"CINAD, but not by {carbonyl-"CINAD:
(i) treatment of the prelnbeled protein with snake venom phosphodicsterase led to relensing $-[“PJAMP: tiiiy the bond between the protein and
the nucleotide was hydvolyzed by HgClo, but was resistant to hydtokylamine, The 360 kDa protein reacted on Western blots with two different
monoclonal antibodics (MAbs) ngainst glycernhichyde-3-phosphate dehydrogenuse (GAPDH) and was immunoprecipitated by both MAhs,

Glycerenldehyde-3-phosphate dehydrogenuse; Human erythrocyte: ADP-ribosylution: Sedium nitroprusside

. INTRODUCTION

ADP-ribosylation is an important mechanism in the
post-trunslutional  medification of cellular proteins.
Mono(ADP-ribosylation) is involved in the effects of
cholera [1] and pertussis toxins {2]. Endogenous ADP-
vibosyl transferases, identified in various cukaryotic
celis, may use the same substrates as toxins do. Ar-
ginine-specific [3] and cysteine-specific [4] enzymes
sharc common substrates with cholera and pertussis
toxins, respectively. Other endogenous substrates of 36
and 39 kDa are not targets of bacterial toxins [5). The
cysteine residues of unknown membrane proteins arc
bound to ADP-ribose in vivo [6). The 39 kDa protein
of platelet cytosol is ADP-ribosylated only cn-
dogenously, This reaction is stimuiaied by NO-genetai-
ing substances [7].

Recently. we  found that humsn  ervthreeoyte
membrane proteins of 41 kDa and 37 kDa could be
endogenously ADP-ribosylated [8]. In the present study
we have investigated the stimulatory effect of nitroprus-
side on the cysteinc-specific ADP-ribosylation of the 36
kDa protcin. We purified the 36 kDa protein (the ap-
parent molecular mass of the labeled protein is 37 kDa),
identificd as  glyceraldchyde-3-phosphate  dehy-
drogenase (EC 1.2.2.12) (GAPDH).

2. MATERIALS AND METHODS

[adenylate-FPINAD  (i0-20 Ci/mmeol) was synthesized from
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[="PJATE (Amersham) as deseribed [9) {Carbonyl-"'CINAD (59,2
mCir mmet) and ndening [U-"CINAD (296 mCirmmol) were from
Amcrsham. Reagents for electrophoresiz and blotting were obtaingd
from BioRad, n molccutir mass marker protein kit was from Sigma,
mcleotides were purchased (rom Rochringer Mannheim. Afl other
chemicals were of wnalyticul grade, Protein was determined by staining
with Amida bluck [10], Preparations of GAPDH, purified from yeast
and E. cofi were the gift of Dr. E.V. Kuzminskaya am§ Dr. N.A.
Khoroshilova, respectively (Institute of AN, Belozerski, Moscow
State University),

2.1 Purification of GAPDH from hunan eryvthrocyte menbraites
Erythrocytle membrances were prepared from fresh human blood by
the method of Dodge ot al. {11] with slight modifications. Bricfly, cells
were lysed with § vols, of a hypotonic solution. containing § mM
sodium phosphate (pH 8.0). | mM S-mercaptocthano! and | mM
phenylmethylsutfonyl Quoride. the pellet was tysed three times with the
sume solution and mciwbrines (15 my of protcin‘ml) were use? *he
sume day. 20 ml of membranes were washad two times with 100 m)
of 20 mM HEPES-NaOH (pH 7.8) extracted in 18 ml of 20 mM
HEPES-NaOH (pH 7.8), comaining 0.2 M NaZTl _nd ¢ Afuecd m
10200 x g tor | k. The supecrnatant was coneenvirue | oinr e
Amicon PM-10 membrane to 0.7 ml and applicd on an Scphacry!
$-200 (Pharmacia) column (1.6 x 26 ¢m), oquilibrated with 20 mM
HEPES-NaOH (pH 7.8). containing $0 mM NaCl. The 36 kDa pro-
tein was eluted with the same buller and fractions with an apparent
moleeular mass of 70-75 kDa were pooled (data not shown),

2.2, AD®P-ribosyl transferase assay

The incubation mixture for ADP-ribosylation of membranes at a
tinal volume of 40 a4l contained $9 mM Tris-HCY (nH 7.8). 10 mM
DTT. | mM EDTA. 2 mM MgCl,. 10 mM thymidine, | M NADP,
1-2 aCi [CPINAD (1 4M). | mM sodium nitroprusside and 40 g of
membrane protein. Incubation mixture for ADP-ribosylation of the
purilied 36 kDa protein (2 gg/sample) did not contain thymidine and
NADP, concentration of sedium nitroprusside was reduced to 0.1
mM. Samples were incubated at 37°C for 1 h, the reaction was stopped
by the addition of 10 g1 of the denaturating mixture {8]. Samples were
boiled, and proteins were resalved by |1% polyacryiamide gels by the
method of Lacmmli {12} Dry gels wime exposad v d standand X-1ay
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film for 12-16 h (*P) or 2-3 weeks (C), The bands of interest were
excised from the gel, dissolved in 30% H,0,, 1% NH,OH and counted
by dioxanc scintillation. Bonds of proteins and ADP-ribose were
eleaved as deseribed elsewhere [13].

2.3, HPLC separation of nucleatides

Western  blotting was performed  using s BioTeeMed  ApS
{Denmark) apparatus for semi-dry eloctrophoretic transfer. Nitrocel-
lulose fiters were wreated with a solwion, contnining 1 mM Tris-HCI
(ph 7.9), 1% hovine serum albumin, 0.1% Tween 20; protein bands
of 36-37 kDa were cxelsed, nnd flter sheets were trentedd by snake
venom phosphodiesterase (50 pg/mh nt 30°C for 1 h. Sumples were
bpiled, lyophylized ‘and dissolved -in 100 g1 of 25 mM potassium
phosphate (pH 3.5), containing AMP, ADP. ADP-ribose and NALD.
at 0,1 mM concentration cnch, The solution was applied on the Ultra-
sphere-0ODS column, 4.6 X 250 mm (ALTEX. USA) cquilibrated with
25 mM potassium phosphate (pH 3.5), Nucleotides were eluted with
the same buffer at a how rate of 0.5 mlaain, Nugleotides were also
resolved by thin-lnyer chromatography on either celtulose or PEL-
cellulose plates (Merck) [14].

24, Immunoblotting

Mouse monoclonal antibodies (MAbs) C5 and G7 raised agninst
rabbit muscle GAPDH were kindly provided by Dr. A.G. Katrokha
{Moseow State University, Laboratory of Enzyme Chemistry ), MAbs
were affinity-purificd from sscitic Muid by chromatography on
GAPDH-Scpharose prepared by coupling the rabbit musele enzyme
to CH-activated Sepharose-dB (Pharmacin). Antibedy isolype was
determined using mouse hybridoma sub-isotyping kit {Cuibiochem),
The proteins were teanslerred to nitrocellulose, blots were incubated
in the solution containing 10 mM Tris-HCI, pH 7.8, 1% bovine serum
albumin, 0.16 Tween 20 and 10 ug of affinity-purificd MAbs/ml, and
GAPDH-corresponding bands were stnincd by the immunoperoxidase
method using goat rabbit anti-monse peroxidusc-conjugated antibod-
ies (Calbiochem) as described [18)

2.5, Imnnenoprecipitation

The ADP-ribosylation reaction was stopped by the addition of |
mM unlabeled NAD. t ml of the immunoprecipitation buffer, contain-
ing 1% Triton X-100, 0.i% SDS. 0.4 M NaCl, 10 mM EDTA, 0.1 M
potassium phosphate, 50 mM HEPES-NaOH. pH 7.2, and 40 gg of
affinity-purified MAbs were added to each sample and incubated
overnight at 4°C. After addition of 30 4 of Protecin A-Scpharose
(Pharmacin, 20 gl of packed peb). samples were incubated for | b at
30°C, centrifuged. the pellet was washed four times with the inwnuno-
precipitation solution. Denaturation mixture was sdded, samples were
boiled and applied to gel. When the G mAb was used. Protein A-
Sepharose was preincubated with an excess of rabbit anti-mouse anti-
bedies (Calbiochem).

3. RESULTS AND DISCUSSION

Sodium nitroprusside is a hypotensive drug. It is
metabolysed in blood vessels and nitric oxide generated
is thought to cause the relaxation of smooth muscle cells
[16). Natural mechanisms involving NO as a plausible
cellular regulator are proposed [17]. Nitric oxide stimu-
lates the endogenous ADP-ribosylation of the 39 kDa
protein in many cell types [8]. Our results show the same
effect for the ADP-ribosylation of the 36 kDa protein
of human crythrocytes.

Human crythrocyte membranes were incubated with
[adenylate-“PJNAD. The predominant labeling of the
36 kDa protein was detected. Sodium nitroprusside
greatly (approximately 20-fold) stimulated tF> mo-
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Fig. 1. ADP-ribosylation of the 36 kDa protein of human cryth.
vocytes. Membranes (40 ag of protein: lnnes 1, 4-6) and the putified
36 kDa protein (2 ug: lanes 2, 7-9 and 20 gg: lane 3) were treated with
[*PINAD as deseribed in section 2.2, Gels were stained with Coomas.
sic R-250 (lancs 1-3) and autoradiographed (lancs 4-9). Incubation
was carried out in the absence of nitroprusside (lanes 4 and 7). with
nitroprusside (lancs § and B), with nitroprusside but in the absence of
dithiothreitol (lanes 6 und 9), Numbers on the lelt indicate molecular

s in kDa.

dification (Fig. 1). The 36 kDu protein was extracted by
treatment of membranes with 0.2 M NaCl and purificd
to apparent homogeneity by subsequeni concentration
and gel filtration. The polypeptide obtained was still
modificd by [“PJNAD and the reaction was stimulated
by sodium nitroprusside to the same extent (Fig. 1).
Sodium nitroprusside exhibited stimulatory efiect only
in the presence of dithiothreitol (Fig. 1). This is con-
sistent with the nitroprusside action on guanylate
cyclase (18}

Sodium nitroprusside is presumed to stimulate the
cysteine-specific mono (ADP-ribusylation) of he 36
kDa protein for the following reasons.

First. [YPINAD was replaced cither by adenine

1 2 3 4 5

Fig. 2. Specific removal of [PPJADP-ribose from the 36 kDa protein.
The purified 36 kDa protein (20 up/sample) was labeled with
[“PINAD in the presence of sodium nitroprusside. The reaction was
stopped by the addition of unlabeled t mM NAD and 1% bavine
serum albumin, protein was pelleted by cold 5% trichloroacetic acid,
the pellet was dissolved in 0.1 M HEPES-NaOH (pH 7.8) and in-
cubated at 37°C withowt additions for 3 h (lane 1Y, with 0.5 M hydrox-
ylamine {(pH 7.5) for 30 min (lanc 2) and 3 h (lane 3), with | mM HgCl,
for 30 min (lane 4), with snake venom phosphodiesterase (50 gg/ml)
and 1 mM MgCl, for 30 min (lane 5). The denaturing mixture was
added, samples were boiled and clectrophoresed. The autoradiograms
are presented.
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[U-HCINAD or [carbonyl-"CINAD at $§ mM con-
centration cach and spacific activity 40 mCi ;amol with
or without nitroprusside. The isotope was incorporated
only when adenine [U-"CINAD was used as a sub-
strate. but no labeling occurred with  [carbonyl-
“CINAD. Thus, the nicotinamide moicty of NAD is not
bound to the modified polypeptide. Incorporation of
adenine-{U-"CJADP-ribose was 8 mmolmol of poly-
peptide and was maximal for this preparation. because
preliminary results show that conditions described in
section 2.2. are optimal for the reaction.

Second. prelabeled 36 kDa protein was blotted to
nitrocellulose, the bound nucleotide was hvdrelyzed
by snake venom phosphedicsterase and identified as
5"{“PJAMP (Table ).

Third. the band between the 36 kD3 protcin and
ADP-nibose was cleaved by siake venom phesphodicst-
erase and HgCl., but not by hydroxylamine (Fig. 2). It
is known that bonds between protein and ADP-ribose

Table 1

Chromatographic analysis of nuctectides. released after snake venom

phosphedicsterase treatment of the prefabeled 36 kDa protein. Protein

was treated with phosphodiesterase and nucleotides woie anaiysed as
described in section 2.3,

Methed of resotution Relative amount of “P-containing

nucleotides (% of total)

AMP ADP  ADP-ribose NAD

HPLC 23 3 2 2
TLC on PEl-cellulose 99 - 1 -
TLC on celtulose 95 - 5 -
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Fig. ). Immunoblotting of GAPDH. Proteins were clectrophoresed on 11% polyscrylamide gels and stained by Coomassic (lames |-$)or transferred

to nitroceiiutose Giters, treated by MAb CS (Ianes 6-10) or G7 (11-15). as described in section 2.4, 1.6 11 1 g of rabbit muscle GAPDH: 2,

7. 12: 10 yg of human erythrocyte membrane proteins: 3, 8, 13 1 ug of the purificd 36 kDa protein, 4. 9, 14 | pg of yeast GAPDH, §, 10, 13,
! 4 of GAPDH from E. cofi. Numbcers on the Iefl indicate moleculat mass in k.
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are hydrolyzed by scveral specific reagents. Cysicing-
ADP-ribosc is cleaved by HgCl.. arginine-ADP-ribose
by hydroxylamine and both by snake venom
phosghodicsterase (13}

Such characteristics of the 36 kDa protein as well as
its apparent molecular mass. relative amount in

5
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Fig. 4. Immunoprecipitation of GAPDH. Immunoprecipitation was
performed as & wribed in section 2.5, Gels were stained with Coomas-
sie blue Janres i 7 wd autoradiopraphed (lanes 4 8y E 4 contiol
sample. not suhiected to immuanoeprecipitation: 2. §: immunoprecipita-
tion of ADP-ribosylazod protein by mAb C3: 3. 6: immunoprecipita-
tion of ADP-ntosviate! protein by mAb G7: imnmmopreapitation
was carried Ot i iHC pasSeac «F 58 22 of rabbit muscle GAPDH with
MAbs C5 (7) or G7 {8). Numburs on the left indicate molecular mass
n kDa.
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membranes and ability to be extracted by solutions with
increasing ionic strength, made it possible to suggest
this protein to be GAPDH, We used two mouse MAbs
raiscd against rabbit muscle GAPDH, and determined
by immunoblotting that both MAbs, C5 and G7 (1gG2b
and IgM respectively) recognized only the 36 kDa pro-
tein in human crythrocyte membranes and the purified
36 kDa protein (Fig. 3). Both MADbs reacted with rabbit
muscle GAPDH, only MAb G7 reacted with GAPDH
from yeast, and none of the MAbs reacted with the
enzyme from E. coli (Fig. 3), Hence, these MAbs are
probnbly reacting with different sites of the GAPDH
molecule. Moreover, both MAbs were able to immuno-
precipitate the ADP-ribosylated. protein from the
purified 36 kKDa protein preparation, and this reaction
was inhibited in the presence of excess of rabbit muscle
GAPDH (Fig. 4). Tanaka et al. described a non-cn-
zymic ADP-ribosylation of the 36 kDa protein
(appeared to be GAPDH) in the cytosol of rat skeletal
muscle, although the direct identification of endogenous
36 kDa protein as GAPDH was not shown [5]. In the
present paper we obtained a strong cvidence that the 36
kDa substrate of nitroprusside-stimulated ADP-ri-
bosylation it human erythrocytes is GAPDH (Figs. 3
and 4).

The functional rolc of ADP-ribosylation of GAPDH
is unknown, The low level of label incorporation
(§ mmol/mol of GAPDH monomer) suggests that such
a modification may affect the enzyme activity in the
entire cell insignificantly. It is possible that the cysteine
residue had been already endogenously modified, thus
decreasing the observed value of label incorporation. It
is important to determine whether the contaminating
proteins, such as cysteine-specific ADP-ribosyl trans-
ferase might be a target of NO, although we have found
no contaminations in our preparation of GAPDH (Fig.
1). More likely, nitric oxide exerts its action on GAPDH
directly.
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