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ADP-ribosylation of proteins by the enzymalic transfer of ADP-ribose from NAD has been implicated in a number of biological processes. We

report that inhibitors of ADP-ribosylation, most notably the novel inhibitor of arginine specific cellular mono{ADP-ribosyl) transferase, mera-iodo-

benzylguanidine (MIBG) as well as nicotinarnide, L-arginine methy! ester (LAME) and guanyltyramine, inhibit histamine-induced endothelial

production of inositol phosphates, release of arachidonic acid and production of prostacyclin (PGI.). Those same responses were unaifected by

MIBG when triggered by thrombin or leukotriene C,. These findings suggest that ADP-ribosylation serves 4 role in histamine-induced preduction
ol prostacyclin and imply differences in transduction pathways employed by the different agonists.
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1. INTRODUCTION

ADP-ribosylation, i.e. posttranslational modification
of proteins by the enzymatic transfer of ADP-ribose
from NAD resulting in alteration of the functional
properties of the respective proteins has been implicated
in a number of biological processes [1,2]. ADP-ri-
bosyltransferase activity has been demonstrated in var-
ious tissues and cells from many different species [2,3].
Furthermore, glycohydrolases capable of removing
ADP-ribose from acceptor proteins have also been de-
scribed in eukaryotic cells [2,4]. However, in most in-
stances little is known about the physiological role of
endogenous ADP-ribosylation and investigations have
been hampered by the inability to introduce lateled
NAD into cells. Recently Briine and co-workers [5] were
able to demonstrate agonist-induced ADP-ribosylation
of a specific cytosolic 42-kDa protein in platelets and
suggested that inhibition and stimulation of platelet re-
sponses are closely related to the ADP-ribosylation of
different proteins. Smets and co-~workers have demon-
strated by the use of inhibitors that the cytolytic action
of glucocorticoid hormones in leukemic cells is nega-
tively controlled by mono-ADP-ribosylation while
poly-(ADP-ribose)polymerase is not involved [6]. In
cultured pulmonary endotielial cells ADP-ribosylation
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of actin induced by botulinum C, toxin modifies the
monomeric G-form of actin in such a way that its ability
to polymerase is inhibited resulting in increased perme-
ability of the pulmonary artery endothelial monolayer
[7]. While it has been demonstrated that cholera toxin
increases prostacyclin (PGI,) production in endothelial
cells [8] no published information is available about the
possible role of endogenous ADP-ribosylation in endo-
thelial signal transduction mechanisms like those in-
volved in production of PGI,. In chicken spleen mem-
branes [9] and in platelets [10] it has recently been dem-
onstrated that basal adenylyl cyclase activity is en-
hanced by endogenous ADP-ribosylation of the a-sub-
unit of the stimulatory GTP-binding protein Gs. The
implication is that basal adenylyl cyclase activity in
eukaryotic cells may be controlled via endogenous
ADP-ribosylation. Recently Nowicki and co-workers
observed that nicotinamide and 3-aminobenzamide at
high concentrations inhibited inositol phosphate gener-
ation and Ca®" mobilization in cytotoxic T-cells [11].
The high doses and relative potency of the inhibitors
suggested involvement of a mono(ADP-ribosyl) trans-
ferase rather than a poly-(ADP-ribose) polymerase 12].
Using inhibitors of ADP-ribosylation, we have started
to investigate the role of this form of modification of
regulatory proteins on endothelial production of inosi~
tol phosphates, release of arachidonic acid and the pro-
duction of PGI, in response to various stimuli including
thrombin, histamine and teukotriene C,.

Of particular value is the availability of the novel
inhibitor of cellular monc ADP-ribosylation, meta-
iodo-benzylguanidine (MIBG). It can be used at lower
concentrations than nicotinamide and L-arginine
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methyl ester (LAME) and has no effects on poly-(ADP-
ribose) polymerase activity [6].

2. MATERIALS AND METHODS

2.1. Materials

(*H]arachidonic acid, myoc-"H]inositol and [*Hl6-0x0-PGF |, were
obtained from Amersham international; Morgan’s medium 199, foetal
calf serum and antibiotics were from Gibco; collagenase, bovine serum
albumin, HEPES, LiCl, histamine, leukotriene C,, thrombin, nicotin-
amide and L-arginine methyl ester (LAME) were from Sigma; anion-
exchange resin was from Bio-Rad; tissue culture plates were from
Nung; rmeta-iodo-benzylamine (MIBA) was from Aldrict: Chemical,
Milwaukee, WI; Anti-(6-ox0-PGF,;) antiserum was donated by Dr.
Michael Dunn, Department of Medicine, Case Western Reserve Uni-
versity, Cleveland, OH, USA and meta-iodo-benzylguanidinge (MIBG)
was donated by Dr. L.A, Smets, Department of Experimental Ther-
apy, The Netherlands Cancer Institute/Antoni ¥. Leeuwenhockhuis,
Amsterdam, The Netherlands,

2.2, Endothelial cell culture

Endothelial cells were cultured from human unbilical veins by the
method of Jaffe et al. as previously deseribed [13]. Afier horvesting the
cells with 0.19% collagenase digestion, they were seeded on 35 mm
culture dishes in Morgan®s medium 199 containing 20% foetal calf
serum and antibioties {penicillin, 100 units/ml and streptomycin, 100
pg/ml). The mediwin was changed 24 h after seeding the cells and every
34 days thereaflter until the cell culture reached confluence.

2.3, Formation of inositol phosphates

Cell cultures that had reached confluence were incubated for 30--36
h in Morgan’s medium 199 containing 20% dialyzed foetal calf’ serum
und 3 4Ci of myo-PHlinositol/ml. Before experiments took place, cells
were washed twice with medium containing 20 mM LiCl. The celis
were then placed in 0.9 ml of medium, containing 20 mM LiCl with
inhibitors at the indicated concentrations. Twenty minutes later, 0.1
ml of concentrated agonist was added to reach the intended concentra-
tion and the cells incubated for additional 20 min. The medium was
then removed for measurement of PGI, and | ml of ice-cold trichlo-
roacetic acid (TCA) was added to terminate reactions. Inositol phos-
phates were separated as previously described [13] on columns of
anion-exchange resin and then quantitated by liquid scintillation
counting.

2.4, Prosiacyclin production

To measure the PGI, production of the cells, the medium was
subjected to a radioimmunoassay (RIA) for 6-oxo-prostaglandin F,,,
a stable catabolite of PGI,, as previously described [13).

2.5. Arachidonic acid release

Confluent cell cultures were incubated for 24 h in Morgan’s medium
199 containing 20% foetal calf serum, antibiotics and 1 uCi of [*H]ar-
achidonic acid/ml. Before experiments were carried out, cells were
washed twice with medium containing 0.1% bovine serum albumin
and kept in this solution. Twenty minutes later a portion of the me-
dium was removed and an equal volume of medium containing con-
centrated agonist added. After an additional 20 min another portion
of the medium was removed. Both portions were then counted in a
scintillation counter for quantitation of released activity.

3. RESULTS

The effects of the mono-ADP-ribosylation inhibitor
MIBG on endothelial inositol phosphate preduction in
response to histamine and thrombin are shown in Fig.
1. The response to histamine is almost totally inhibited
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Fig. 1. Effects of MIBEG (filled symbols) and MIBA (open symbols)

on inositol phosphate generation in response to thrombin (triangles)

or histamine (circles). The response is calculated as the increase in

inosito! phosphates as a fraction of the total acid-soluble counts. The

response without an inhibitor is expressed as 100% for each agonist

and was 3,264 cpm after thrombin stimulation and 3,442 cpm after
histamine stimulation.

by MIBG at 0.1 mM whereas the response to thrombin
is not affected. Figs. 2 and 3 show similar effects of
MIBG on thrombin and histamine-stimulated ara-
chidonic acid release and prostacyclin production, re-
spectively. While the responses to histamine are almost
totally inhibited, the thrombin-mediated responses are
unaffected except for arachidonic acid release which at
higher concentrations of MIBG is slightly inhibited.
Figs. 1-3 also show that MIBA, an analog of MIBG
that does not inhibit cellular ADP-ribosylation [14], has
no effects on inositol phosphate generation, or PGI,
production in response to either histamine or thrombin.
Arachidonic acid release is also unaffected except at the

-
n
(=]

-
(=]
o

[)

~

60 |-

40 =

arachidon'e aoid relpase (3)

20 -

PESUEE ST ST T W I 2 re

0 ——p—— 4
0 0.03 Q.1 0.3

Inhibitor concentration (mM)

Fig. 2. Effects of MIBG (filled symbols) and MIBA {open symbaols)

on arachidonic acid release in response to thrombin (triangles) or

histamine {circles). The response is calculated as the fraction of incor-

porated counts ihui are released in response O agonists, The response

withoul inhibitor is expressed as 100% for each agonist and was 10,565

cpm after thrombin stimulation and 19,805 cpm after histamine stim-
ulation.
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Fig. 3. The effects of MIBG (filled symbols) and MIBA (open sym-
bols) on prostacyelin (PGI) production in response to thrombin (tri-
angles) or histamine (circles). The response without inhibitor is ex-
pressed as 1009 for each agonist and was 71.4 ng/ml after thrombin
stimulation and 41.2 ng/ml after histamine stimulation.
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highest dose of MIBA which inhibits the thrombin and
histamine responses to z similar extent.

To further examine the possibility that the effects of
MIBG are unrelated to inhibition of cellular ADP-ri-
bosylation, the effects of several other known inhibitors
of ADP-ribosylation on inositol phosphate generation
were tested. The results are summarized in Table L.
Guanyltyramine is commonly used as a substrate for
the arginine-specific ADP-ribosylation of cholera toxin
[15]. At 3 mM it causes 65% inhibition of histamine-
mediated inositol phosphate generation, but has negligi-
ble effects on the response to thrombin and leukotriene
C,. Nicotinamide, which at the high concentration used
(100 mM) is an inhibitor of all ADP-ribosylation reac-
tions [12}, has similar effects. The arginine analog
LAME at 50 mM inhibits the response to both hista-
mine and thrombin, but has no effect cn inositol phos-
phate generation in response to leukotriene C,.
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Fig. 4. The effects of guanethidine on inositol phosphate generation

(circles) and prostacyelin production (triangles) in response to hista-

mine (open symbols) or thrombin (closed symbols). The results are
calculated and expressed as in Figs. | and 3.
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Table I

Effects of several inhibitors of ADP-ribosylation on inositol phos-
phale generation in response to histamine, thrombin or leukotriene C4

Stimulus Inhibitor

Control Nicoti-  Guanyl-  Arginine

(no inhibi- namide tyramine methyl ester
tor) (100mM) G mM) (50 mM)

Histamine (11 #M) 100 24 35 17
Thrombin (1 U/ml) 100 87 86 8
Lenkotriene C, 100 85 94 99
(150 ng/ml)

The results are expressed as 9 of conirol for each agonist and are

calculated as described in the legend to Fig. 1. Each number is the

mean of duplicate cultures from a representative of several eaperi-
ments that gave essentially the same results.

Apart from being an inhibitor of cellular ADP-ri-
bosylation, MIBG is a functional analog of noradre-
nalin, derived from the neuron blocking agents guan-
ethidine and bretyllium. We therefore studied the effects
of isoprenalin and guanethidine on the response to
thrombin and histamine. Isoprenalin at doses up to 1
mM had no effect on the response to either agonist (data
not shown) whereas guanethidine at 1 mM almost to-
tally inhibited both the inositol phosphate generation
and prostacyclin production in response to histamine,
but had little effect on the responses to thrombin (Fig.
4).

4. DISCUSSION

This study demonstrates that inhibitors of ADP-ri-
bosylation, most notably MIBG the novel inhibitor of
arginine specific cellular mono(ADP-ribosyl) trans-
ferase, but also guanyltyramine, nicotinamide and
LAME, inhibit histamine-induced endothelial produc-
tion of inositol phosphates, release of arachidonic acid
and production of PGl,. In contrast, those same re-
sponses were unaffected by the inhibitors when trig-
gered by thrombin or leukotriene C,, except for LAME
inkibiting the response to thrombin. Since LAME is an
inhibitor of the protease activity of thrombin [16] which
is necessary for the activation of the thrombin receptor,
the effects of LAME on celiular responses to thrombin
probably are unrelated to its activity as an ADP-ribosyl
transferase inhibitor and are in no contradiction to the
lack of effects of MIBG and nicotinamide on thrombin-
induced endothelial responses. MIBG is a functional
analog of norepinephrine and since it is selectively accu-
mulated in storage granules of chromaffin tissues and
chromaffin tissue-related tumors its radio-iodinated de-
rivative has been used as a tumor-seeking radio-phar-
maceutical for diagnosis and treatment of neuro endo-
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crine tumors {17]). Recently Loesberg and co-workers
{14] demonstrated that MIBG is an high-affinity sub-
strate for the cholera toxin-catalyzed transfer of ADP-
ribose from NAD to arginine-like residues. Further-
more, they showed that MIBG is a substrate for argin-
ine specific mono(ADP-ribosyl) transferase which accu-
mulates in intact mammalian cells and effectively com-
petes with intracellular acceptors for endogenous en-
zymes [6). It is metabolically stable and does not affect
endogenous poly(ADP-ribose) polymerase. As sug-
gested by Loesberg and co-workers, this agent appears
to be a powerful tool to investigate the physiological
function of mono(ADP-ribosyl)transferases in various
cells. However, other effects of this agent on cellular
functions, although possibly related to its ability to in-
hibit endogenous mono-ADP-ribosylation may intro-
duce complexities into interpretation of experiments
such as those presented in this paper. MIBG has been
shown to inhibit mitochondrial respiration in several
cell lines and consequently stimulate glucose consump-
tion and lactic acid production [18]. It is possible that
such changes affect inositol phosphate metabolism.
However, the specificity of the inhibition, limited to the
histamine responses, speaks against the possibility that
such general phenomena are responsible for the inhib-
itory effects of MIBG reporied in this paper.

Since histamine H, receptor antagonists are known to
inhibit endothelial inositol production and PGI, pro-
duction [13] the question arises if the inhibitory effects
of MIBG found in the present study are mediated
through histamine H, receptor antagonism. Such a
mechanism is highly improbable. The MIBG analog,
MIBA, in which an amine group has been substituted
for the ADP-ribosyl-accepting guanidine group had no
effects on the histamine-induced endothelial responses
thus supporting the notion that ADP-ribosyl trans-
ferase activity serves a role in those respo:ises. Further
support is derived from the effects of the other inhib-
itors of ADP-ribosylation, nicotinamide, LAME and
guanyltyramine none of which is known to be a hista-
mine H, receptor antagonist.

G-proteins involved in signal transduction are the
major natural substrates of pertussis- and cholera toxin-
induced ADP-ribosylation. The latter toxin ADP-ri-
bosylates arginine in Gs. GTP binding proteins gener-
ally have been thought to be the most important sub-
strates of endogenous ADP-ribosyl transferases. How-
ever, in view of the multitude of unique mono-ADP-
ribosyl transferases that have been purified it is possible
that mono-ADP ribosylation plays a role in many dif-
ferent cellular functions. Actin is a substrate for argin-
ine specific ADP-ribosylation induced by clostridial
toxins [7). A member of the 70 kDa heat shock family
of stress proteins has been shown to be reversibly ADP-
ribosylated during glucose starvation of mouse
hepatoma cells [19]. Several other proteins have been
found to be ADP-ribosylated in various in vitro prepa-
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rations {1]. Studies are presently being carried out in our
laboratory attempting to identify specific substrates of
ADP-ribosyl transferases that may be activated during
exposure of endothelial cells to histamine.

The selective effects of inhibitors of ADP-ribosyla-
tion on the endothelial responses to histamine are of
particular interest. This suggests interference with spe-
cific steps in the signal transduction pathway. Jacobson
and co-workers [20] have recently found differences in
the protein phosphorylation in human umbilical vein
erdothelial cells stimulated by histamine compared to
those stimulated with thrombin. In platelets, differences
in signal transduction between thrombin and histamine
were also suggested by the finding that antiserum
against the Sy subunits of G-proteins inhibit the hista-
mine response but not the thrombin response. Several
reports have recently been published of different ag-
onists mediating phospholipid breakdown through dif-
ferent G-proteins in the same cell type [22-24]. We have
shown that histamine-induced production of inositol
trisphosphate in human umbilical vein endothelial cells
is more rapid than that induced by thrombin [13]. We
have also found that pertussis toxin affects the re-
sponses to different agonists in different ways. There
was amplification of both leukotriene C, induced inosi-
tol phosphate production and PGI, production,
whereas the responses to thrombin and aluminium fluo-
ride were not affected [25]. Finally we have observed
differences in the calcium dependency of arachidonic
acid release induced by different agonists. While the
response to AIF, was strictly calcium dependent, the
leukotriene C, induced arachidonic acid release was cal~
cium independent [26).

The different etfects of inhibitors of ADP-ribosyla-
tion on the responses to histamine compared to throm-
bin or leukotriene C, fit into this maze of observations
that suggest that different agonists employ different sig-
nal transduction pathways, involving different G-pro-
teins, a variable role of calcium and possibly a variable
role of endogenous mono-ADP-ribosylation.

REFERENCES

f1] Jacobson, M.K. and Jacobson, E.L, (Eds.) (1989) ADP-ribose
Transfer Reactions: Mechanisms and Biological Significance,
Springer-Verlag, Heidelberg.

[2] Williamson, K.C. and Moss, J. (1990) in: ADP-Ribosylating Tox-
ins and G-proteins. Insights into Signal Transduction (Moss, J.
and Vaughan, M. Eds.) pp. 493-510, American Sociely for Mi-
crobiology, Washington, DC.

[3] Moss, J. and Vaughan, M. (1978) Proc. Natl). Acad. Sci. USA 75,
3621-3624.

[4] Moss, J., Jacobson, M.K. and Stanley, S.1. (1985) Proc. Nall.
Acad. Sci. USA 82, 5603-5607.

[5] Brilne, B., Molina y Vedia, L. and Lapetina, E.G. (1990) Proc.
Matl, Acad, Sei, USA 87, 3304-3308.

[6] Smets, L.A., Loesberg, C., Janssen, M. and Yan Rooij, H. (1990)
Biochim. Biophys. Acta 1054, 49-55,

[7] Suitorp, M., Polley, M., Seybold, J., Schaitter, H., Seeger, W.,

325



Yolume 314, number 3

Grimminger, F. and Aktories, K. (1991) J. Clin. Invest. 87, 1575~
1584,
[8] Pirotton, S., Erneux, C. and Boeynaems, J.M. (1987) Biochem.
Biophys. Res. Coiamun, 147, 1113--1120,
[9] Obara, S., Yamada, K,, Yoshimura, Y. and Shimoyama, M.

(1991) Eur. J. Biochem. 200, 75-80.

[10] Inageda, K., Nishina, H. and Tanuma, S. (1991) Bicchem. Bio-
phys. Res. Commun. 176, 10141019,

[11} Novwicki, M., Landon, C., Sugawara, S. and Dennert, G. (1991)
Cell. Immunol. 132, 115-126.

[12] Rankin, P.W., Jacobson, E.L., Benjamin, R.C., Moss, J. and
Jacobson, M.K. (1989) J. Biol. Chem. 264, 4312-4317,

[13] Hallddrsson, H., Kjzld, M. and Thorgeirsson, G. (1988) Arlerio-
sclerosis 8, 147154,

{14] Loesberg, C., Van Rooij, H. and Smets, L.A. (1990) Biochim.
Biophys. Acta 1037, 92-99.

[15] Mekalanos, J.J., Collier, R.J. and Romig, W.R. (1979) J. Biol.
Chem. 254, 5849-5854.

[16] Cole, E.R., Koppel, J.L. and Olwin, J.H. (1267) Nature 213,
405-406.

326

FEBS LETTERS

December 1992

[17] Hoefnagel, C.A., Voite, P.A., De Kraker, J. and Marcuse, H.R.
(1987) 3. Nucl. Med. 28, 308-314.

[18] Loesberg, A.J. and Smets, L.A. (1990) Int. J. Cancer 46, 276-281.

(191 Leno, G.H. and Ledford, B.E. (1990) FEBS Lell. 276, 29-33.

[20} Jacobson, B.M., Pober, J.S., Fenton II, J.W. and Ewenstein,
B.M. (1992) J. Cell. Physiol. 152, 166-176.

211 Murayama, T., Kajiyama, Y. and Nomura, Y. (1990) J. Biol,
Chem. 265, 4290-4295,

[22) Tkachuk, ¥.A. and Voyno-Yasenetskaya, T.A. (1991) Am. J.
Physiol. Suppl (Qct) 261, 118-122,

[23] Raymond, J.R., Alberts, F.J., Middleton, J.P., Lefkowitz, R.J.,
Caron, M.G., Obeit, L.M. and Dennis, V.W. (199]) J. Biol.
Chem, 266, 372-379.

(24] Perney, T.M. and Miller, R.J. (1989) J. Biol. Chem. 264, 7317-
7327,

[25] Halldérsson, H., Nobel, G., Magnisson, M.K. and Thor-
geirsson, G. (1989) Biology of Cellular Transducing Signals.
Ninth International Washington Spring Symposium: Washing-
ton DC, May 8-12, A193,

[26] Magnisson, M.K., Halldorsson, H. and Thorgeirsson, G. (1990)
20th Meeting of FEBS: Budapest, August 19-24, A P-Th 118.



