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Hormonal Stimulation of Eucaryotic Cell

ADP-ribosylation

EFFECTOF THYROTROPINONTHYROIDCELLS

SEBASTIANOFILETTI and BASIL RAPOPORT,The Medical Service, Veterans'
Administration Hospital and the University of California Medical Center,
San Francisco, California 94121

A B S T RA C T The effect of thyrotropin (TSH) on the
ADP-ribosylation of endogenous thyroid cell acceptor
proteins was examined. Cells were "permeabilized"
at 4°C in hypotonic medium and then exposed to
[32p] or [3H-adenine]NAD+. The net incorporation
of labeled ADP-ribose was measured by trichloroacetic
acid precipitation. TSH (100 mU/ml) enhanced ADP-
ribosylation with a maximum effect after 30-60 min in
the majority of experiments. TSH stimulation was ob-
served even when the incubation contained 1,000-fold
more exogenous NAD+than the amount of NAD+con-
tributed by the permeabilized cells, indicating an ef-
fect on enzymatic activity rather than an alteration
in NAD+pool size or specific activity. No incorpora-
tion of radioactivity from labeled NAD+was observed
in cells not rendered permeable to NAD+by hypotonic
shock. TSH did not increase the rate of disappearance
of trichloroacetic-precipitable radioactivity and did not
contain intrinsic NAD+glycohydrolase activity. Alkali
and snake venom phosphodiesterase, but not ribo-
nuclease or deoxyribonuclease digestion of trichloro-
acetic acid precipitable thyroid cell radioactivity, re-
vealed primarily 5'-AMP, consistent with an effect of
TSH on mono-ADP ribosylation. Nicotinamide and
thymidine (50 mM) inhibited both basal and TSH-
stimulated ADP-ribosylation of thyroid cell protein.
Dibutyryl cyclic (c)AMP (0.1 mM) inhibited en-
dogenous ADP-ribosylation by -35% but had no ef-
fect at lower concentrations. 0.5 mMisobutylmethyl-
xanthine inhibited this reaction by -60%.
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We suggest that TSH enhances thyroid cell ADP-
ribosylation by a mechanism independent of cAMP
as a second messenger, and that ADP-ribosylation
plays a role in the expression of TSH.

INTRODUCTION

Previous studies from this laboratory have provided
evidence that the desensitization of cultured thyroid
cells to thyrotropin (TSH)1 stimulation of cyclic (c)AMP
generation is NAD+dependent, and possibly related
to mono- or poly-ADP-ribosylation of unknown thyroid
cell acceptor proteins. Thus nicotinamide prevented
desensitization to TSH (1). In addition, thymidine,
bromodeoxyuridine, bromouridine, and methyl ana-
logues of nicotinamide, all of which are inhibitors of
poly(ADP-ribose)polymerase activity (2-4), and some
of which inhibit mono-ADP-ribosylation (5), similarly
blocked TSH desensitization (6). After removal of TSH
from cultured thyroid cells, recovery from TSH
desensitization was extremely slow (incomplete after
72 h) and hastened by nicotinamide, indicating fur-
ther that the desensitization process involved the
covalent modification of cellular molecules rather than
changes in rapidly turning-over substances such as
various ions and nucleotides (6).

While the poly-ADP-ribosylation reaction is known
to play a role in DNA replication and repair (7-9),
it has been speculated that poly-, and perhaps mono-
ADP-ribosylation may be important in regulating a
much wider variety of cellular functions. Evidence to
support this concept has been elusive. Eucaryotic
poly(ADP-ribose)polymerase (7) and mono(ADP-ribose)
transferase (5) have been highly purified and shown
to ADP-ribosylate numerous acceptor proteins. How-

1Abbreviations used in this paper: Bt2cAMP, dibutyryl
cAMP; TSH, thyrotropin.
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ever, the physiological significance of these reactions
remains poorly understood. This contrasts with the
well-known pathological role of ADP-ribosylation
reactions in the mediation of bacterial toxin actions on
eucaryotic cells (10, 11). In our study we have demon-
strated that TSH stimulates ADP-ribosylation of en-
dogeinous substrate in intact permeabilized thyroid
cells. The data support the previously obtained evi-
dence of a role for the ADP-ribosylation process in
TSH desensitization.

METHODS

Thyroidl cell preparationi. Dog thyroids (1.5-3 g) were
obtainiedl fresh from animi'als sacrificed for other reasons.
Dispersedl thyroid follicles were obtained as described (12),
except that slices were chopped at 300 ,um, collagenase
digestion was in Ca+' anid Mg++-free saline, and liberated
follicles were separated from tissue chunks by sedimenta-
tioIn at 1 g. Dispersed follicles were rinsed free of collagenase
with Puck's saline A (two washes at 100 g for 5 min), and
then stored on ice until use a few minutes later. Thyroid
cell number could not be counlted because of their association
in follicles, but cellular protein was determined by the
method of Lowry et al. (13), using bovine serum albumin
as standard.

ADP-ribosylatiotI assay. The hypotonic shock method of
Skidmore et al. (14) for intact cells, based on previous
methods (3, 15), was used with minor modificationis. Thyroid
cells from 1.5-3 g of tissue were centrifuged for 5 min at
100g, suspended in 1.3 ml hypotonic buffer (9 mMHepes,
pH 7.8, 5 mMdithiothreitol, 1 mMEGTA, 4.5 mMMgCl2
4.5% dextran), and maintained at 4°C for 30 min. This hypo-
tonic shock procedure makes the cells permeable to sub-
sequently added substances, such as NAD+, which normally
enter intact cells with difficulty. The cells were then diluted
1:10 in a second buffer, pH 7.8, containing 40 mMHepes,
2.5 mMdithiothreitol, 130 mMKCl, 2 mMEGTA, 2.3 mM
MgCl2, 222 mMsucrose, 4% dextran, [32P]NAD+ or [3H]-
NAD+(1-2 x 106 cpm/0.2 ml), and NAD+to achieve the final
concentrations indicated for each experiment. In initial ex-
periments the buffer also included 1 mMATP, 6.6 mg/ml
creatine phosphokinase, and 20 mMcreatine phosphate. This
ATP-regenerating system was omitted in later experiments
l)ecause it did not influence the results obtained. Care was
taken to ensure that the buffering capacity of this solution
was sufficient for the various agents included, such as
dibutyryl (Bt2) cAMP. The reaction (0.2 ml final volume) was
begun by warming to 25°C. After the indicated periods of
time the reaction was stopped with 3 ml of 10% trichloro-
acetic acid. The precipitates were collected on 24 mmDiam
GFC filters using an Amicon Vacuum Filtration Manifold.
The filters were washed once with absolute ethanol and six
times with 10% trichloroacetic acid. After drying, the filters
were treated with 0.4 ml of NCS (Amersham, Arlington
Heights, Ill.) for 30 min, 8 ml of Scintiverse (Fisher
Scientific Co., Pittsburgh, Pa.) was added and the samples
were then counted on a liquid scintillation counter.

Identification of the digestion products of trichloroacetic
acid-insoluble mnaterial derived from labeled NAD+. Cells
permeabilized as described above were incubated in the
presence of [32P]NAD+ or [3H]NAD+ for 45 min. The reaction
was stopped by adding 50 ml of 10% ice-cold trichloro-
acetic acid. The precipitate was collected by centrifugation
(3,000 g for 20 min). To eliminate possible contamination
with free [32P]NAD+, the precipitates were washed six times

with 200 vol of 10% trichloroacetic acid and twice with
99% ethaniol. Between each wash the pellet was dispersed
bv sonication. For the high-pressure liquid chromatography
studies, the trichloroacetic acid-insoluble radioactive mlaterial
was solubilized in 200 M1 0.1 N NaOH for 4 h at 37°C.
After neutralizationi, samiiples (100 ,l) were treated with 40 Mg
of snake venom phosphodiesterase (5'-nucleotidase-free) in
the presenice of 50 mM/1 Tris-HCl (pH 7.8) 10 mMMgCl2, and
1 mMAMP(total vol 300 M1) for 2 h at 37°C. The digested
products were centrifuged in a Beckmiian Microfuge (10,000 g)
(Beckmani Instrumiienits, Inc., Fullerton, Calif.) for 3 mill and
portions (50 ,ul) were subjected to high-performance li(quid
chromatography (see below).

For stu(lies (see Table II) in which the radiolabeled material
was subjected to (ligestioni with phosphodiesterase, ribo-
nuclease, or deoxyribonuclease without prior solubilization
of the precipitate in NaOH, the trichloroacetic acidl was
extractedl six times with 20 vol of water-saturated ether and
the samlple was then evaporated to dryness. The material
was then resuspended by sonication in 50 mMTris-HCl
(pH 7.4) containinlg 10( mMMgCl2. Where indicated, the
incubations conitained 20 ug rilbonuclease, deoxyribo-
nuclease, or snake venom phosphodiesterase in a final
volume of 0.2 ml. The reactions (37°C) were stopped at the in-
dicated times with 1 ml of 10% trichloroacetic acid. After
cenitrifugation at 10,000 g for 4 min in a Beckman Microfuge,
anl ali(luot (0.5 ml) of the superniate in Scintiverse was counted
for radioactivity.

ADP-ribosylatiotI by cholera toxin1. The procedure was a
modification (16) of that of Moss and Vaughan (17). Cholera
toxin (100 Mg) was incubated for 12 h at 370C in 400 mM
potassiumil phosphate, pH 7.0, containing 20 mMdithio-
threitol, 75 mM L-arginine, and 6 mMiNI NAD+ in a final
volume of 0.5 ml. After centrif'ugationi the supernate was
subjected to high-performance liquid chromatography, as de-
scribed l)elow.

High-performatnce liquid chromlatography. The reaction
mixtures described above, to which internal standardls were
added, were chromatographed on a C18-,uBondapak column
(30 cm x 4 mm; Waters Associates, Milford, Mass.) using a
Waters Associates M-6000 A solvent Delivery System, V6K
injector, and series 440 ultraviolet absorbance detector
(254 nm). The mobile phase was 5 mMtetrabutylammonium
phosphate with methanol concentrationis and flow rates as
indicated in the text.

Materials. Tissue culture media were obtained from the
University of California, San Francisco, Cell Culture Facility.
Bovine TSH (Thytropar) was from Armour Pharmaceutical
Co., Phoenix, Ariz.; [adenine-2,8-3HINAD+ (1-5 Ci/mmol)
and [adenylate-32P]NAD+ (10-50 Ci/mmol) were from New
England Nuclear, Boston, Mass.; tetrabutyl ammonium phos-
phate (reagent PIC-A) was obtained from Waters Associates.
Snake venom phosphodiesterase (Crotalus adamanteus) free
of 5' nucleotidase, and highly purified ribonuclease I (bovine
pancreas; catalogue number 05679) were purchased from
Worthington Biochemical Corporation, Freehold, N. J. Highly
purified bovine TSH (30 U/mg protein) was kindly supplied
by Dr. J. Pierce, University of California, Los Angeles. All
other reagents, including deoxyribonuclease I (bovine pan-
creas; DN-CL), were purchased from the Sigma Chemical Co.,
St. Louis, Mo.

RESULTS

Effect of TSH on ADP-ribosylation of endogenous
thyroid substrate. In 16 experiments using cells from
different dog thyroid glands, TSH stimulated ADP-
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ribosylation of endogenous thyroid substrate. In the
experiment shown (Fig. 1), TSH (100 mU/ml) stimula-
tion of the net formation of trichloroacetic acid-in-
soluble radioactivity from [32P]NAD+ was apparent
after 20 min of incubation. The degree of TSH stimula-
tion was similar at widely different NAD+ substrate
concenitrations (1 ,uM and 1 mM). In the majority of
experiments, maximum accumulation of acid-precipi-
table radioactivity occurred between 30 and 60 min.
In two of seven experiments maximum TSH stimula-
tion occurred after 15 min of incubation and then
declined even more rapidly than did control values.
In support of the previously demonstrated validity
of the assay in measuring endogenous ADP-ribosyla-
tion, similar kinetics of accumulation of trichloroacetic
acid-precipitable material was observed with [3H]-
NAD+ labeled in the adenine ring and [32P]NAD+.
As validation of the effectiveness of the hypotonic
shock process in making the cells permeable to NAD+,
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FIGURE 1 Time-course of inicorporation of [32P]ADP-ribose
into thyroid cellular protein. Cells (1.54 mg protein/tube)
were incubated in the presence or absence of 100 mU/ml
TSH as described in Methods. The inicubationi medium
contained either -1 ,(M NAD+ (upper panel; based on the
contributions of the isotope and endogenous cellular NAD+) or
was supplemiiented with NAD+ to a final conicentration of
1 mMn(lower panel). Each point represents the mean-±SE of
triplicate determinilations.

the addition of [32P]NAD+ to cells not subjected to
hypotonic shock (Fig. 1), or 30 min after recovery from
hypotonic shock (data not shown), resulted in no ob-
servable cellular incorporation of radioactivity. To
confirm that bovine TSH and not an impurity in the
preparation was responsible for the observed stimula-
tion of ADP-ribosylation, the effectiveness of impure
TSH (Thytropar) was comppared with that of highly
purified TSH. Both preparations induced similar
stimulation (Table I).

There is preliminary evidence that TSHpreparations
are contaminated with NAD' glycohydrolase activity
(18). NAD+ hydrolysis by this means could lead to
nonenzymatic formation of radioactive Schiff-base ad-
ducts of ADP-ribose to lysine residues without an ef-
fect on thyroid cell enzyme activity. To examine fur-
ther this possibility, TSH was incubated with [32p]_
NAD+ under conditions identical to those shown in
Fig. 1, with the exception that no thyroid cells were
present. As determined by high performance liquid
chromatography of the reaction mixture, after 1 h no
free ADP-ribose was produced, indicating the absence
of detectable NAD+-glycohydrolase activity. Similar
data were found after 5- or 24-h incubations, and in
the presence of TSH concentrations as high as 1 U/ml
(data not shown). As validation of the system used to
analyze the reaction products, cholera toxin incubated
with [3H]NAD+ and 75 mMarginine, under optimum
conditions (17), generated free ADP-ribose and ADP-
ribose arginine, as reported (16, 17). Examinationi of
TSH for intrinsic NAD+-glycohydrolase activity under
these conditions also proved negative.

Atnalysis of radioactive material incorporated itnto
thyroid cells from labeled NAD+. To determine
whether TSH was stimulating incorporation of mono-
or poly-ADP-ribose into endogenous thyroid cell
substrate, high-performance liquid chromatography
analysis was performed on digestions of the trichloro-

TABLE I
Compparisoni of Imiipure and Highly Purified TSH on

[32P]ADP-ribose Intcorporationt in to
Thyroid Cellular Protein

Tiimie niim

TSH 0 15 30

100 InU/1Il pmol ADP-ribosel/ng) proteifl

Nonie 0 0.47±0.08* 0.76±0.01
Partially purified TSHI - 0.73±0.02 1.31±0.15
Highly purified TSH§ 0.75±0.05 1.32±0.29

* Mean±SD of triplicate determinationis; 1 mMNAD+; 1.0
mg cell protein/tul)e.
t Thytropar; -1 U/mg protein.
§ Approximlately 30 U/mg/proteini.
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acetic acid-precipitable material. After a 30-min in-
cubation in the presence of 1 mM[32P]NAD+, thyroid
cells previously subjected to the hypotonic shock
procedure incorporated more radioactivity in the
presence than in the absence of 100 mU/ml TSH.
After extensive washing in trichloroacetic acid and
ethanol the pellets were solubilized in 0.1 N NaOH
and were treated with snake venom phosphodiesterase
as described in Methods. In four experiments, in-
cluding one at 1 ,M NAD+, the primary (and in two
experiments the only) product was 5'-AMP (Fig. 2).
This peak was greater in the TSH-treated than in the
control cells. A small amount of radioactive material
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F1GURE2 High-pressure liquid chromatography of the
digestion products of radiolabeled material incorporated into
thyroid cells from radiolabeled NAD+. Trichloroacetic acid-
insoluble radiolabeled material obtained by incubating
permeabilized cells for 45 min 1 mM [32P]NAD+ in the
presence or absence of 100 mU/ml TSH was subjected to
alkali and phosphodiesterase treatment as described in
Methods. Recovery of soluble radioactivity for analysis was
>95% (see Table III). Equal aliquots (50 .ul) from "control"
(no TSH; top panel) and from TSH-treated cells (bottom
panel) were chromatographed on a C18-,uBondapak column
(Waters Associates, Inc., Milford, Mass.) after the inclusion of
internal, unlabeled standards (total volume injected 110 ,Iu).
The mobile phase was 5 mMtetrabutylammonium phosphate
and 20% methanol; the flow rate was 1.2 ml/min. Total radio-
activity in the 5'-AMP peak in the digestion from cells not
stimulated with TSH (upper panel) was 1,252 cpm, and in the
TSH-treated cells (lower panel) was 1,764 cpm. Recovery of
injected radioactivity was >95% in both instances. This
increment in 5'AMP induced by TSH (40.9%) was similar to
the degree of TSH stimulation (44%) in trichloroacetic acid
insoluble material, measured before digestion.

(10% of total) was inconsistently observed in a position
corresponding to the expected location of phosphori-
bosyl-AMP (19), an unequivocal digestion product of
poly(ADP-ribose). No augmentation with TSH was
observed.

Because 0.1 N NaOH could itself hydrolyse any
residual "contaminating" NAD+ into 5'-AMP, the
efficacy of the washing procedure was monitored. With
the eight washes, with interspersed sonication of the
pellet, no radioactivity was detected in the super-
nate on the third wash and there was therefore no
soluble radioactivity left to analyze. This possibility
of NAD+contamination was therefore excluded.

An additional possible artifact was that TSH was
stimulating the incorporation into RNAof [32p] released
by radiolabeled NAD+ degradation. Digestion of this
material would yield 3'- or 2'-AMP which would not
be distinguishable from 5'-AMP under our high-
performance liquid chromatography conditions (see
above). Thyroid cellular protein radiolabeled following
incubation with [32p] NAD+ was therefore subjected
to ribonuclease digestion (Table II). Release of acid-
insoluble material was small (18% after 3 h) and was
no greater than in the absence of ribonuclease. In
contrast, phosphodiesterase or NaOHtreatment each
independently yielded -95% acid-insoluble radio-
activity after 3 h. The foregoing data therefore strongly
suggested that TSH stimulated predominantly mono-
ADP-ribosylation of endogenous thyroid substrate.

Effect of nicotinamide and thymidine on TSH-
stimulated ADP-ribosylation. Nicotinamide and thy-
midine are potent inhibitors of poly(ADP-ribose)poly-
merase and NAD+ glycohydrolase activity. As men-
tioned previously, these agents (at 50 mM)also prevent
TSH desensitization in cultured thyroid cells (6). Simi-

TABLE II
Digestion of Acid-insoluble 32P-labeled

Thyroid Cellular Protein

Generation of acid-soluble 32P-labeled material

Additives 1 h 3 h

cpm % released cpm % released

None 645 11.1 1,515 26.0
Ribonuclease 458 7.9 1,040 17.8
Deoxyribonuclease 679 11.6 1,500 25.7
Venom phospho-

diesterase 3,098 53.1 5,490 94.1
0.1 N NaOH 5,678 97.3 5,633 96.6

Permeabilized thyroid cells from 1.4 g of thyroid tissue were
exposed to 1 AuM [32P]NAD+ for 35 min at 37°C as described in
Methods. Aliquots (5,834 cpm) of trichloroacetic acid-insoluble
32P-labeled thyroid cellular protein were incubated for 1 or 3 h at
37°C with the indicated agents, and were then reprecipitated
with trichloroacetic acid as described in Methods.
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FIGURE 3 Effect of nicotinamide and thymidine on [32P]_
ADP-ribose incorporation into thyroid cells. Cells (1.12 mg
protein/tube) were incubated in 1 ,uM [32P]NAD' for 30 min
at 250C. When present, TSH was at a concentration of 100
mU/ml. Each bar represents the mean±SE of triplicate
determinations.
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lar concentrations of nicotinamide and thymidine
blocked both basal and TSH-stimulated ADP-ribosyla-
tion of endogenous substrate in permeabilized, intact
thyroid cells (Fig. 3).

Lack of effect of TSH on ADP-ribose degradation.
TSH could increase net ADP-ribosylation of en-
dogenous thyroid substrate either by increasing pro-
duction or by inhibiting degradation of ADP-ribose.
Permeabilized thyroid cells were therefore incubated
in [32P]NAD+ for 45 min at which point 75 mMnicotina-
mide together with 100 mU/ml TSH was added, the
former to inhibit further ADP-ribose synthesis (2, 5).
Control cells were treated with nicotinamide without
TSH. Degradation of trichloroacetic acid-insoluble
material was rapid (tY2 of -6 min) (Fig. 4). TSH was
without effect on this rate of disappearance.

Effect of Bt2cAMP on ADP-ribosylation. Desensiti-
zation of the cAMP response to TSH stimulation is
one of the few effects of TSH not mediated by cAMP
as a second messenger (20). Indeed, preexposure of
thyroid cells to 0.1 mMBt2cAMP enhanced the sub-
sequent cAMP response to TSH (20). It was therefore
important to test whether Bt2cAMP altered ADP-
ribosylation of endogenous thyroid substrate. Not only
did 0.1 mMBt2cAMP not mimic the effect of TSH,
but significant inhibition of enzyme activity was
observed (Fig. 5). At 0.5 mM, 3-isobutyl-1-methyl-
xanthine has little effect on ADP-ribosylation (albeit
of the poly variety) in 3T3 cells (13% inhibition at
1 mM) (4), but is a potent inhibitor of thyroid cell
cAMP catabolism (12). This agent inhibited thyroid
cell ADP-ribosylation by 60% (Fig. 5), providing
further support that cAMP inhibits, rather than stimu-

FIGURE4 Lack of effect of TSH in altering the degradation
rate of NAD+-derived, trichloroacetic acid-insoluble radio-
labeled material. Cells made permeable to [32P]NAD' were
incubated for 45 min at 25°C, as described in Methods.
After adding nicotinamide (75 mMfinal concentration) to
block the reaction, aliquots were incubated in the absence
(0) or in the presence of TSH(100 mU/ml) (0). At the indicated
times 0.2 ml portions were taken and trichloroacetic acid-
precipitable radioactivity was measured as previously de-
scribed. Each point represents the mean+SE of triplicate
determinations. The insert indicates a semilogarithmic plot
of the data.
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FIGURE 5 Effect of Bt,cAMP and isobutyl-methylxanthine
on ADP-ribosylation in thyroid cells. Cells (0.8 mg protein/
tube) were incubated at 250C for the indicated time periods
in the presence of 0.1 mM [32P]NAD'. Dibutyryl cAMP
was present at a concentration of 10-4M, and isobutyl-
methylxanthine at 0.5 mM. Each point represents the
mean± SE of triplicate determinations.
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TABLE III
Dose-related Effect of Bt2cAMP ont ADP-ribose

Incorporation into Thyroid Cellular Proteini

Bt2cAMP ADP-ribose incorporation Change

pmolI15 min/mg protein N

0 0.52±0.07*
0.1 mM 0.39+0.02 -25
10 ,uM 0.48+±0.06 -8
1 ,uM 0.51+0.03 -2

Cells (1.6 mg/tube) were incubated with
for 15 min.
* Mean±SD of triplicate determinations.

1 sM [32P]NAD+

lates, ADP-ribosylation in the thyroid. Because this
standard concentration of Bt2cAMP may have been
excessive for permeabilized cells, perhaps masking a
stimulatory affect at a more "physiological" concen-
tration, the dose-response relationship of Bt2cAMP
on ADP-ribosylation was examined (Table III). Inhibi-
tion was not observed at lower Bt2cAMP concentra-
tions. Most important, however, at all concentrations
Bt2cAMP was unable to mimic TSH stimulation of
thyroid cellular ADP-ribosylation.

DISCUSSION
Our data demonstrate that the ADP-ribosylation proc-
ess is, at least in part, under polypeptide hormone
control-in this case, TSH. Previous data (21) have
indicated that progesterone and estrogen alter poly-
(ADP-ribose) polymerase activity in the quail oviduct.
Similar effects of other polypeptide hormones on their
respective target tissues are clearly possible and
amenable to investigation. The effect of TSH on ADP-
ribosylation is not mediated by cAMP, raising the
possibility of an alternative second messenger. TSH
enhances ADP-ribose formation rather than decreases
ADP-ribose degradation. Of interest is that the product
t1/2 of 6 min is similar to that reported by Gill (22) for
(22) for poly(ADP-ribose).

The reason for the variability in the time of maximum
TSH stimulation of ADP-ribosylation is not presently
clear. It does not appear to be dependent on NAD+
substrate concentration (Fig. 1). Possible explanations
include variable activity in different thyroids of the
deribosylation mechanism that is proceeding un-
checked simultaneously with increased ADP-ribosyla-
tion activity. The duration of cell permeability to
NAD+ after reconstitution of the cells in isotonic
medium may also vary from one experiment to another.

The kinetics of the TSH-induced stimulation of net
ADP-ribosylation are difficult to understand. Thus the
TSH effect is seen primarily when the rate of accumu-
lation of radiolabeled ADP-ribosylated material in the
control cells is very low. Contributing to these com-

plicated kinetics are, (a) (there is a high rate of degrada-
tion of ADP-ribosylated material simultaneous with its
synthesis), (b) the reaction is conducted in isotonic
medium after intracellular introduction of NAD+under
hypotonic conditions, and is therefore not at equilib-
rium, and (c) there may be a lag-phase in the initiation
of TSH action. Further studies will be necessary to
elucidate these complex kinetics.

The question arises as to whether TSH stimulates
the net formation of poly(ADP-ribose), mono-ADP-
ribose, or both. Although the hypotonic shock method
to introduce NAD+ into cells, as used in this study,
has been used extensively to measure poly(ADP-
ribose)polymerase activity (3, 14, 15), we observed that
the major alkali and phosphodiesterase digestion
product of cellular trichloroacetic acid-insoluble radio-
activity (and the product whose concentration was in-
creased by TSH) was 5'-AMP. Having determined that
no residual labeled NAD+ remained after extensive
washing, the source of this 5'-AMP is likely to be
mono(ADP-ribose). However we cannot exclude the
possibility that mono(ADP-ribose) was a product of
poly(ADP-ribose) broken into subunits during the
analytical procedure. Phosphoribosyl-AMP was incon-
sistently observed in small amounts (<10%), and its
concentration was not affected by TSH stimulation.
Consistent with our data, Maayan (23) demonstrated
nearly 20 yr ago that nicotinamide in concentrations
similar to those we used, inhibited NAD+ glyco-
hydrolase activity in thyroid homogenates. The most
likely explanation for our data is that TSH stimu-
lates thyroid NAD+ glycohydrolase and ADP-ribosyl
transferase activity in the thyroid by a cAMP-inde-
pendent mechanism.

In coming to this conclusion it is important to
consider an effect of TSH on the specific activity of
cellular NAD+, or substrate availability, rather than
on enzyme activity. Fortunately, as shown in previous
studies (3), these complexities are avoided by the
use of the permeabilized cell system that eliminates
separate intra- and extracellular pools. The perme-
abilized cells contribute very little NAD+ to the re-
action mixture, and, as confirmed herein, formation
of precipitable ADP-ribose is dependent upon the
amount of NAD+ added to the incubation mixture
and not on endogenous cellular NAD+content. Thus,
addition of NAD+to the incubation at a concentration
of 1 mMis -1,000-fold greater than the estimated
NAD+ contribution by the cells to the medium (3).
TSH also does not enhance transport of labeled NAD+
into cells not subjected to hypotonic shock, as evi-
denced by a complete lack of incorporation of radio-
activity into cellular material in the presence of TSH
(Fig. 1).

Another important consideration in interpreting our
data was that TSH-induced ADP-ribosylation was due
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to intrinsic TSH NAD+ glycohydrolase activity, for
which there is preliminary evidence (16). However,
despite much effort we have not been able to observe
such activity in our cell-free system. In addition, as
previously mentioned, in the presence of cells not
made permeable, TSH does not increase incorporation
or radioactivity from labeled NAD+ (Fig. 1). The
reasons for this difference are unclear, but may relate to
different TSH preparations used, different incubation
conditions, and a different system of analysis.

These data are consistent with previously obtained
evidence using inhibitors of ADP-ribosylation reac-
tions that the ADP-ribosylation process plays a role
in TSH desensitization in thyroid cells. The time-
course of TSH enhancement of ADP-ribosylation is
also similar to the onset of TSH desensitization (12).
Both phenomena also appear to be cAMPindependent.
It should also be noted that ADP-ribosylation (albeit
poly-) is of importance in the modulation of nuclear
and translational activities, whereas TSH desensiti-
zation is dependent on new protein synthesis (20). The
scenario is now unfolding of hormonal modulation of
cellular function by a variety of cAMP-independent
mechanisms, now including ADP-ribosylation.
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