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Abstract In the archaeon Sulfolobus solfataricus, protein ADPribosylation by free ADPribose was demonstrated
by testing both [adenine-14C(U)]ADPR and [adenine- 14C(U)]NAD as substrates. The occurrence of this process was
shown by using specific experimental conditions. Increasing the incubation time and lowering the pH of the reaction
mixture enhanced the protein glycation by free ADPribose. At pH 7.5 and 10 min incubation, the incorporation of free
ADPribose into proteins was highly reduced. Under these conditions, the autoradiographic pattern showed that, among
the targets of ADPribose electrophoresed after incubation with 32P-NAD, the proteins modified by free 32P-ADPribose
mostly corresponded to high molecular mass components. Among the compounds known to inhibit the eukaryotic
poly-ADPribose polymerase, only ZnCl2 highly reduced the ADPribose incorporation from NAD into the ammonium
sulphate precipitate. A 20% inhibition was measured in the presence of nicotinamide or 3-aminobenzamide. No
inhibition was observed replacing NADwith ADPR as substrate. J. Cell. Biochem. 66: 37–42, 1997. r 1997 Wiley-Liss, Inc.
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Protein glycation by free ADPribose (ADPR),
produced by NAD glycohydrolases (EC 3.2.2.5),
ADPribosyl cyclase, or the rapid turnover of
poly(ADPribose), is a well-documented phenom-
enon [Frei and Richter, 1988; Hilz et al., 1984;
Cervantes-Laurean et al., 1993]. This so-called
nonenzymatic mechanism flanks the enzymatic
ADPribosylation, the NAD-dependent reaction,
catalysed by specific enzymes: mono-ADPri-
bose transferases, ubiquitous in all known or-
ganisms [Masmoudi and Mandel, 1987; Ed-
monds et al., 1989; Moss et al., 1983; Althaus
and Richter, 1987], and poly-ADPribose poly-
merase (EC 2.4.2.30), only found in cells with
the nuclear compartment (Althaus and Richter,
1987; Lautier et al., 1993].
The nonenzymatic process leads to the modi-

fication of acceptor proteins through arginine
covalent linkage, or via Schiff base formation,
with single units of free ADPribose [Frei and

Richter, 1988; Hilz et al., 1984; Cervantes-
Laurean et al., 1993]. This ADPR-protein link-
age is the most resistant to treatment with 3 M
NH2OH [Frei and Richter, 1988]. A biological
meaning of the protein glycation in vivo was
also proposed by the same authors.
We demonstrated that a highly thermostable

ADPribosylating activity is present in Sulfolo-
bus solfataricus, a thermoacidophilic archaeon
[Faraone-Mennella et al., 1995]. This sulphur-
oxidizing microrganism, isolated from volcanic
hot springs [De Rosa et al., 1975], belongs to the
Sulfolobus species of the Crenarchaeota subdo-
main [Woese et al., 1990]. In the sulfolobal
ADPribosylating system, mono-ADPribose was
the main product of the reaction. Evidence was
obtained that part of the ADPribose-protein
complexes was stable to the treatment with 3M
NH2OH at 37°C for up to 17 h, as in the nonen-
zymatic mechanism [Faraone-Mennella et al.,
1995]. Since in this microrganism the enzy-
maticADPribosylation was demonstrated iden-
tifying the enzyme by means of anti-PARP and
anti-ADPRT antibodies [Faraone-Mennella et
al., 1996], the question of the nonenzymatic
reaction, previously proposed, was not fully ad-
dressed.

Abbreviations used: ADPR, ADPribose; ADPRT, ADPR
transferase; PARP, poly(ADPR)polymerase.
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In this paper we give further experimental
evidence supporting the previous results that
in S. solfataricus the protein glycation by free
ADPribose is actively operating under specific
assay conditions and can be clearly distin-
guished from the NAD-dependent process.

MATERIALS AND METHODS
Materials

All reagents were of the highest purity avail-
able. Enzymes, coenzymes, nucleotides, and
substrates were obtained fromSigma (St. Louis,
MO). [adenine-14C(U)]NAD (280mCi/mmol) was
acquired from the Radiochemical Center, Amer-
sham (Arlington Heights, IL); [adenylate-
32P]NAD (10–50 Ci/mmol) was purchased by
Dupont-NEN (Boston, MA). Molecular weight
markers were acquired from Pharmacia (Gai-
thersburg, MD).

Cell Culture and Sample Preparation

Sulfolobus solfataricus (strain MT-4, DSM
5833) was isolated from a volcanic hot spring in
Agnano (Naples). Cell culture, all procedures to
obtain the homogenate and ammonium sul-
phate precipitate, and protein concentration
were as described in Faraone-Mennella et al.
[1995].

Synthesis of ADPR

LabelledADPR was prepared as described by
Payne et al. [1985] by alkaline incubation of a
mixture of cold and [14C]- or [32P]-labelled NAD
with specific radioactivity of 104 cpm/nmol and
4.5 3 105 cpm/nmol, respectively. The product
was purified by RP-HPLC on a C18 column
[Faraone-Mennella et al., 1995].

ADPribosylation of Sulfolobal Proteins

Forty percent ammonium sulphate precipi-
tate (200 µg protein) was incubated under stan-
dard conditions (80°C, pH 7.5), already de-
scribed [Faraone-Mennella et al., 1995], in the
presence of 0.64 mM [adenine-14C(U)]NAD
(10,000 cpm/nmol) or 0.64 mM [adenine-
14C(U)]ADPR (10,000 cpm/nmol). The reaction
was stopped by adding ice-cold 50% trichloroace-
tic acid (v/v). [14C] incorporation into the 25%
CCI3 COOH-insoluble fraction was measured
by liquid scintillation after treatment of the
pellet as in Faraone-Mennella et al. [1995]. The
blank for the enzymatic assay was obtained by
incubating the S. solfataricus 40% ammonium
sulfate precipitate, previously heated at 110°C

for 24 h, with [adenine-14C(U)]NAD or [adenine-
14C(U)]ADPR under the incubation conditions
described for each experiment. Changes of the
assay conditions or of the reactionmixture com-
position are reported in the figure legends. The
thermal stability (80°C) of all compounds used
was tested over the indicated times.

SDS-15% PAGE of the 32P-Labelled Proteins

Sulfolobal 40% ammonium sulphate precipi-
tate (200 µg), incubated with 0.64 mM [adenyl-
ate-32P]NAD (4.5 3 105 cpm/nmol) or 0.64 mM
[adenylate-32P]ADPR (4.5 3 105 cpm/nmol) un-
der standard conditions, was analysed by SDS-
PAGE, followed by autoradiography [Faraone-
Mennella et al., 1995].

RESULTS
ADPribosylation of the Sulfolobal Proteins

The time dependence of the protein glycation
was first evidenced bymeasuring the radioactiv-
ity incorporation from increasing concentra-
tions of [14C]ADPR at two different incubation
times (10 min and 40 min (Fig. 1). Appreciable
levels of labelling were observed above 30 µM
[14C]ADPR for both times, but the maximal
radioactivity was measured at 0.64 mM sub-
strate after 40 min.
The uptake of [14C] in the (NH4)2SO4 precipi-

tate incubated either with [14C]ADPR or with
[14C]NAD, under standard conditions (80°C, pH

Fig. 1. ADPribose incorporation in the sulfolobal ammonium
sulphate precipitate. The sample (200 µg protein) was incubated
under standard conditions in the presence of increasing concen-
trations of [14C]ADPR for 10 or 40 min. Mean values of two
different experiments are shown.
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7.5), is shown in Figure 2. The incorporation of
radioactivity in the presence of the substrate
[14C]ADPRwas lower than with [14C]NAD up to
20 min incubation. When the incubation was
carried over this time, an increase of the label-
ling from freeADPribose was evidenced.
The same experiment then was performed by

adding 0.64 mM unlabelled ADPR to the reac-
tion mixture and incubating the sample for a
fewminutes at 80°C before completing the mix-
ture with the radioactive substrate (Fig. 3).
While the labelling measured with [14C]ADPR
was always lowered to 50%, indicating an isoto-
pic dilution with the unlabelled compound (Fig.
3A), the decrease of radioactivity incorporated
from [14C]NADwas evidenced only after 20 min
(Fig. 3B). This result suggested that the initial
rate of the NAD-dependent reaction is unaf-
fected by the unlabelled ADPR (or affected at a
not detectable extent) and that the protein gly-
cation by free ADPribose takes place slowly, its
contribution being better measurable at long
incubation times (.20 min).

pH Dependence of the ADPribosylation Reaction

The pH of the incubation mixture was found
to highly influence the incorporation of radioac-
tivity into the (NH4)2SO4 precipitate. The effect
of the pH was measured following the incuba-
tion of the sample with either [14C]NAD or
[14C]ADPR over the pH range 2.4–9.5 under
conditions less favourable to protein glycation
(10 min at 80°C) (Fig. 4). The incubation of the
precipitate with 0.64 mM [14C]ADPR showed
the maximum percentage of [14C] uptake at pH
3.6, whereas at basic pH the values were re-
duced to less than 20%; the [14C] incorporation
from [14C]NAD was optimal in the pH range
7.5–9.4. Therefore, free ADPribose was prefer-
entially bound to proteins, even at short incuba-
tion times, under acidic conditions. This obser-
vation is in line with previous reports that low
pHs favour the nonenzymatic ADPribosylation
mechanism in eukaryotic systems [Frei and
Richter, 1988; Hilz et al., 1984] and that the
ketoamines derived fromanAmadori rearrange-
ment between ADPribose and aminoacid resi-
dues, mainly lysine, are highly unstable at alka-
line pH [Cervantes-Laurean et al., 1993].

Effect of Some Chemical Compounds on the [14C]
Labelling of 40% Ammonium Sulfate Precipitate

Table I shows the radioactivity incorporation
into the sulfolobal precipitate in the presence of
several chemicals, which are known to affect
the poly-ADPR polymerase activity [Althaus
and Richter, 1987]. The analysed compounds
were chosen among purine analogs (theophyl-
line) and molecules sharing structural similari-
ties with the piridynic ring of nicotinamide
(3-aminobenzamide).
3-aminobenzamide and nicotinamide, known

to inhibit both PARPandADPRT, gave a compa-
rable low inhibition (about 20%–25%). No effect
was obtained in the presence of either 4 mM
teophylline, which causes 92% inhibition of the
eukaryotic enzyme, or 2 mM NADP. On the
other hand, DTT, a component of the reaction
mixture to assay PARP, induced a dose-depen-
dent decrease in radioactivity. ZnCl2 highly in-
hibited the reaction, even at very low concentra-
tions (,250 µM), as reported for PARP.
It is noteworthy that, when [14C]ADPR was

used as substrate, neither ZnCl2 nor 3-amino-
benzamide or nicotinamide showed any inhibi-
tory effect (Table I). This result might be ex-
plained by considering that the binding ofADPR
to proteins, taking place through a nonenzy-

Fig. 2. Time courses of ADPribose uptake from NAD and
ADPR in the sulfolobal ammonium sulphate precipitate. The
same sample as in Fig. 1 was incubated under standard condi-
tions in the presence of 0.64 mM [14C]NAD or 0.64 mM
[14C]ADPR to measure, respectively, the NAD- and ADPR-
dependent ADPribosylation (six determinations in duplicate on
two different sulfolobal preparations; % error 5 3–8%). Analy-
sis of the variance, calculated for the points at 10 min and 40
min, indicated that the difference between the values for NAD
and ADPR was significant with P 5 0.01 (10 min) and P 5 0.05
(40 min). Unspecific binding of radioactivity was taken into
account by subtracting the value of the corresponding blank
(see Materials and Methods).
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matic reaction, was not affected by these com-
pounds.

SDS-PAGE of the ADPribosylated Sulfolobal
Proteins

With either NAD or ADPR as substrate, dif-
ferent patterns of modified proteins were ob-
tained. S. solfataricus proteins, labelled in the
presence of [32P]NAD or [32P]ADPR at pH 7.5
for 10 min, were analysed by SDS-PAGE fol-
lowed by autoradiography (Fig. 5). The protein
targets of free ADPribose (Fig. 5, lane 2) repre-
sented only part of the whole autoradiographic
pattern of the sample incubated in the presence
of [32P]NAD (Fig. 5, lane 1). This result indi-
cates that the proteins modified in the ADPri-
bose-dependent reaction might be specific to
the glycation mechanism, which preferentially
involves lysine or arginine residues. A right
comparison of the autoradiographic patterns
from the NAD andADPR reactions at acidic pH
was not possible as the incorporation from
[32P]NAD under these conditions was not
enough to give clear results.

DISCUSSION

The results reported here indicate that glyca-
tion by free ADPribose can be an active process
in S. solfataricus.
In addition to the preliminary evidence indi-

cating both the uptake of radioactivity from

[14C]ADPRand a high resistance of some sulfolo-
bal ADPR/protein adducts to hydrohylamine
[Faraone-Mennella et al., 1995], in this paper
we demonstrate that some features of the non-
enzymatic reactionmake it distinguishable from
NAD-dependent ADPribosylation. Protein gly-
cation, which increases with the concentration
of ADPribose, preferentially takes place with
incubation for longer than 20 min. Further-
more, the reaction is highly enhanced under
acidic conditions. This is in line with a previous
report [Hilz et al., 1984], indicating the acidic
pH as the preferential condition for the nonen-
zymatic reaction in rat liver mitochondria.
Cold ADPR does not affect incorporation of

radioactivity from [14C]NAD at short times,
whereas it induces a isotopic dilution when
incubated with [14C]ADPR. On the other hand,
chemicals like nicotinamide, 3-aminobenza-
mide, and ZnCl2, which inhibit the enzymatic
reaction to different extents, do not influence
the protein glycation.
These observations further support the find-

ing discussed above that in this microrganism a
part of the ADPribose-protein adducts was
highly stable after treatment with 3 M NH2OH
but very easily released by incubation in either
0.33MNaOH or CHES buffer, pH 9.0 [Faraone-
Mennella et al., 1995]. In this regard the reaction
detected in S. solfataricus seems to follow the
experimental conditions (pH and time depen-

Fig. 3. [14C] uptake in the (NH4)2SO4 precipitate in the presence and absence of cold ADPR. Samples were
incubated for 5 min at 80°C in the absence (control) or presence of 0.64 mM unlabelled ADPR for 5 min, followed by
a standard assay with equimolar [14C]ADPR (A) or [14C]NAD (B).Mean of four determinations; standard error in the
range as in Fig. 1.
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dence, chemical stability) described for eukaryotic
systems, except for the incubation temperature.
The ADPribose molecule has the potential

reactivity for protein glycation through Schiff
base formation with lysine residues, leading to
ketoamine products which result from an Ama-

dori rearrangement [Cervantes-Laurean et al.,
1993]. The occurrence in vitro of histone or
polylysine glycation byADPribose was reported
[Kun et al., 1976], and specific mitochondrial
proteins were also shown as acceptors [Frei and
Richter, 1988; Hilz et al., 1984]. Previous stud-
ies indicated that the mitochondrial nonenzy-
matic ADPribosylation involves specific accep-
tor proteins, regulating the import/export of
Ca21 [Frei and Richter, 1988; Hilz et al., 1984].
It is known that in the mitochondrial system
the efflux of Ca21, as induced by organic perox-
ides, uses the activation of NAD glycohydrolase
andnonenzymicADPribosylationof a30kDapoly-
peptide to promote the release or transport of the
bivalent cation. It was proposed that the potential
for the glycation process is related to the formation
andcatabolismratesof freeADPribose [Cervantes-
Laurean, 1993]. However, in vivo protein glyca-
tion, although postulated, was not clearly dem-
onstrated [Kreymeyer et al., 1984].
In view of the proposed biological functions of

this process in eukaryotes, the evidence that
free ADPR modifies archaeal proteins might

Fig. 4. Effect of pH on [14C] uptake in the sulfolobal precipi-
tate. Proteins (200 µg) were assayed under standard conditions
at different pH values in the presence of 0.64 mM [14C]NAD or
0.64 mM [14C]ADPR. Buffers (0.1 M) were glycine-HCl (pH
2.4), sodium acetate (pH 3.6–5.6), potassium phosphate (pH
5.6–7.5), and Tris-HCl (pH 7.5–9.4). The maximum value mea-

sured over the pH range was taken as 100% (220 pmoles of
incorporated ADPR for the experiment with ADPR as substrate
at pH 3.6; 60 pmoles for NAD at pH 8.0). Mean values of two
determinations, except for pH 3.6 (three assays in duplicate;
error % 7.5 for ADPR, 2.0 for NAD) and pH 8.0 (four assays in
duplicate; error % 2.0 for both substrates).

TABLE I. Effect of Some Chemicals on [14C]
Uptake in S. solfataricus Proteins*

Compound mM

% radioactivity

[14C]NAD [14C]ADPR

None — 100 100
3-aminobenzamide 10.0 80 100
Nicotinamide 10.0 75 100
Dithiothreitol 2.0 63 ND
NADP 2.0 100 ND
Teophylline 4.0 100 ND
ZnCl2 0.2 ,10 100

*The ammonium sulphate precipitate (200 µg) was incu-
bated under standard conditions in the presence or absence
of the reported compounds at concentrations giving the
maximal effect on the eukaryotic systems. ND, not deter-
mined.
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represent an interesting result, although no
information is available today about the pres-
ence of an archaeal NAD glycohydrolase activ-
ity. This enzyme was demonstrated in most
eukaryotic species, including yeast andmoulds,
but not in prokaryotes, where the NAD cata-
bolic pathway involves a pyrophosphatase
rather than a glicohydrolase activity (Olivera
and Ferro, 1982).
Therefore, in S. solfataricus, study of the

occurrence of such an enzyme and how both the
enzymatic [Faraone-Mennella et al., 1996] and
nonenzymaticADPribosylationmechanisms in-
fluence the turnover and the endocellular levels
of NAD is needed to identify the specific biologi-
cal functions of the ADPribosylation process in
this microorganism.

ACKNOWLEDGMENTS

We thank the Servizio di Fermentazioni of
Istituto di Chimica M.I.B. for technical assis-
tance. This work was supported by the Consiglio
Nazionale delle Ricerche (Project Biotechnology
and Molecular Biology, ‘‘Extremophiles,’’ 1995).

REFERENCES

Althaus FR, Richter C (eds) (1987): ‘‘ADP-Ribosylation of
Proteins.’’ Berlin: Springer-Verlag.

Cervantes-Laurean D, Minter DE, Jacobson EL, Jacobson
MK (1993): Protein glycation by ADPribose: Studies of
model conjugates. Biochemistry 32:1528–1534.

De Rosa M, Gambacorta A, Bulock JD (1975): Extremely
thermophilic bacteria convergent with S. acidocaldarius.
J Gen Microbiol 86:154–164.

Edmonds C, Griffin GE, Johnstone AP (1989): Demonstra-
tion and partial characterization ofADPribosylation in P.
maltophilia. Biochem J 261:113–118.

Faraone-MennellaMR, De Lucia F, DeMaioA, Gambacorta
A, Quesada P, De Rosa M, Nicolaus B, Farina B (1995):
ADPribosylation reaction in the thermophilic archaeon
S. solfataricus. Biochim BiophysActa 1246:151–159.

Faraone-Mennella MR, Gambacorta A, Nicolaus B, Farina
B (1996): Immunochemical detection of ADPribosylating
enzymes in the archaeon S. solfataricus. FEBS Lett 378:
199–201.

Frei B, Richter C (1988): Mono-ADPribosylation in rat liver
mitochondria. Biochemistry 27:529–535.

Hilz H, Kock R, Fanick W, Klapporth K,Adamietz P (1984):
Non enzymic ADPribosylation of specific mitochondrial
polypeptides. Proc Natl Acad Sci U SA81:3929–3933.

KreymeyerA,Wielckens K,Adamietz P, Hilz H (1984): DNA
repair-associated ADPribosylation in vivo. J Biol Chem
259:890–896.

Kun E, Chang AC, Sharma ML, Ferro AM, Notecki D
(1976): Covalent modifications of proteins by metabolites
of NAD. Proc Natl Acad Sci U SA73:3131–3135.

Lautier D, Lagueux J, Thibodeau J, Menard L, Poirer GG
(1993): Molecular and biochemical features of poly-
(ADPR) metabolism. Mol Cell Biochem 122:171–193.

Masmoudi A, Mandel P (1987): ADPribosyl transferase and
NAD glycohydrolase activities in rat liver mitochondria.
Biochemistry 26:1965–1969.

Moss J, Yost DA, Stanley SJ (1983): Amino acid specific
ADPribosylation. J Biol Chem 258:6466–6470.

Olivera BM, FerroAM (1982): Pyridine nucleotide metabolism
andADPribosylation. InHayaishiO,UedaK(eds): ‘‘ADPribo-
sylationReactions.’’NewYork:Academic Press, pp 19–40.

Payne DM, Jacobson EL, Moss J, Jacobson MK (1985):
Modification of proteins bymono-ADPribosylation in vivo.
Biochemistry 24:7540–7549.

Woese CR, Kandler O, Wheelis ML (1990): Towards a natu-
ral system of organisms: Proposal for the domains Ar-
chaea, Bacteria and Eukarya. Proc Natl Acad Sci U S A
87:4576–4579.

Fig. 5. Autoradiography of electrophoresed archaeal proteins.
The [32P]-labelled precipitate (200 µg) was electrophoresed on
SDS-PAGE (12%) and exposed for autoradiography. Lane 1:
40% ammonium sulphate precipitate after 10 min incubation in
the presence of 0.64 mM [32P]NAD (4 days exposure). Lane 2:
The same sample after 10 min incubation with 0.64 mM
[32P]ADPR (8 days exposure).
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