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Purified ADPRT protein was inactivated by the histidine specific reagent diethylpyrocarbonate, binding to two histidine residues, or by a relatively

histidine selective photoinactivation method. Inactivation with up to 1.3 mM diethylpyrocarbonate was reversible by hydroxylamine. Enzymatic

inactivation coincided with the loss of binding capacity of the enzyme protein to benzamide affinity matrix but not to DNA cellulose. Labelled

diethylpyrocarbonate was identified exclusively in the 56 kDa carboxyl-terminal polypeptide where 2 out of 13 histidine residues were modified
by this reagent. It is proposed that histidine residues in the 56 kDa polypeptide may participate as initiator sites for polyADP-ribosylation.

ADP-ribosyltransferase; Diethylpyrocarbonate; Histidine residue; ADP-ribosylation; Photoactivation; Catalytic domain of ADPRT

1. INTRODUCTION

Extensive studies, primarily from the laboratory of
Hayaishi (reviewed in [1,2]) partially characterized the
mechanism of protein ADP-ribosylation reactions
catalyzed by ADP-ribosyl transferase (ADPRT; EC
2.4.2.30) by the identification of a glutamate carboxyl
ester bond [3] responsible for the covalent binding of
poly(ADP-ribose) to histone H1, and it was reasonably
assumed that this carboxyl ester is the chemical struc-
ture of any protein-(ADPR)n adduct. This ester bond
exhibits stability to pH 7-8 since (ADPR)n protein ad-
ducts can be quantitatively isolated at this pH [4,5], but
is unstable to alkaline hydroxylaminolysis, thus behaves
like a moderately stable ester. Some unsolved problems
remained, especially the ADP-ribosylation of proteins
other than ADPRT appeared obscure, since one has to
assume the transfer of an ADP-ribose moiety from an
ADPRT-ADPR adduct to other protein acceptors,
because it has been demonstrated that once an oligomer
chain is formed it can no longer be translocated from
ADPRT to secondary acceptors [6]. In pursuit of this
question we have identified a highly base unstable
mono ADPR-ADPRT adduct that is formed at
nanomolar concentrations of NAD [7] by its isolation
at pH 6.0. This mono ADP-ribose-ADPRT adduct
rapidly decays at pH 7.0 and above and is only detec-
table at nM NAD concentrations and exhibits propen-
sities that could be consistent with a postulated initia-
tion adduct that can be trans-ADP-ribosylated to the
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more stable glutamate carboxyl ester product [7], either
on the ADPRT molecule itself or on another protein
that binds to ADPRT. We report here that reagents
(diethylpyrocarbonate, abbr.DEP) and procedures
(light inactivation) that are known to exhibit a con-
siderable degree of selectivity towards histidine, inac-
tivate ADPRT and inhibit the binding of ADPRT to
benzamide affinity columns but not to DNA-affinity
matrices. We also show with the aid of labelled DEP
that covalent binding to histidine residues takes place
exclusively in the C-terminal polypeptide domain of
ADPRT [8], which is distinct from the blocked amino
terminal 29 kDa domain of the protein known to con-
tain Zn?* finger polypeptides [9-11]. From the coin-
cidence of this molecular topography of DEP binding
with the selective inhibition of binding to the
benzamide-Sepharose affinity column [8], that is
specific for the nicotinamide binding of NAD, we con-
clude that two histidine residues in the 56 kDa polypep-
tide domain are probable initiator sites of the base
unstable ADP-ribose-ADPRT initiator adduct forma-
tion.

2. EXPERIMENTAL

The selective modification of histidinyl residues by diethylpyrocar-
bonate was carried out by standard procedures [12,13]. Photoinac-
tivation of histidinyl residues was performed by the Rose-Bengal
technique [12,14,15]. The ADPRT protein was isolated by a
modification of a published method [16], the modification described
as follows. The 35-65% ammonium sulfate cut was directly loaded
onto an Affigel 10 matrix without prior removal of DNA by the Reac-
tive Red and hydroxylapatite steps. This modification increased the
yield of ADPRT by two-fold and significantly reduced the time of
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operation. The Affigel 10 matrix was prepared by reacting 800 mg of
m-aminobenzamide with 25 ml Affigel 10 resin {BioRad Co.) over-
night, followed by extensive washing with 1 M KH;PQO; and K HPO,,
finally with buffer B [16]. The adsorbed enzyme was eluted with 1
mM methoxybenzamide, and coenzymic DNA subsequently removed
by hydroxylapatite [16] equilibrated with buffer A (10 ml column
volume, 200 ml buffer A). Methods of ADPRT assay and the isola-
tion of polypeptide fragments of ADPRT were the same as reported
[8,16]. C-labelled DEP (9.4 mCi/mmol) was purchased from Sigma
and %*ZnCl, from DuPont. The exchange of %°Zn?* in ADPRT was
assayed as follows. The $Zn?* (0.2 mM, 536 mCi/mmol) was incor-
porated into ADPRT by overnight incubation in 50 mM Tris-HCl, pH
8.1, 100 mM K1 at 6°C. The ADPRT concentration of the incubate
was 0.33 mg protein/ml. The buffer medium and unbound $Zn**
was then exchanged to 20 mM Tris-HCI, pH 8.1, 10 mM MgCh, 10
mM 2-mercaptoethanol, 20 mM KCl in a Centricon centrifugal filtra-
tion device, Incorporation of ®Zn** into ADPRT was determined by
a nitrocellulose filter (Schleicher & Schuell; 0.45 pm pore size) that re-
tained ADPRT, and %2Zn®* on the filter was assayed by
radiochemistry.

3. RESULTS

The rates of inactivation of ADPRT by increasing
concentrations (from 0.06 to 2.5 mM ) of DEP are il-
lustrated in Fig. 1A. Fig. 1B shows a logarithmic rela-
tionship between ¢, of inactivation and the concentra-
tion of DEP. Neutral hydroxylamine (pH 7.4) reac-
tivated ADPRT that was inactivated by pretreatment
with DEP up to 1.3 mM for 10 min (Fig. 10).
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Photoinactivation of ADPRT in the Rose-Bengal
system exhibited a dye concentration and time of ir-
radiation dependence (Fig. 2).

ADPRT was labelled with [**C]DEP (see legend of
Fig. 3) and component polypeptides of ADPRT obtain-
ed by plasmin digestion were isolated by gel elec-
trophoresis [8]. Fig. 3 shows the Coomassie stained
polypeptides (A) and the autoradiography of labelled
polypeptides (B). The unhydrolyzed purified ADPRT
protein contained traces of labelled polypeptide
degradation impurities, but plasmin digestion and elec-
trophoresis clearly identified two main polypeptides, 56
kDa and 42 kDa, as the polypeptides containing
covalently bound DEP residues (Fig. 3B). We have
shown earlier that the 42 kDa polypeptide is the pro-
teolytic product of the 56 kDa carboxy-terminal peptide
[8], thus results given in Fig, 3 indicate that labelled
histidine residues are present in the carboxy-terminal
polypeptide domain of ADPRT. The histidine contain-
ing Zn>* finger polypeptides reside in the 29 kDa basic
blocked terminal polypeptide [9-11], vet no labelled
DEP residue was detectable in this polypeptide domain.
In order to ascertain the unreactivity of the histidine
present in the Zn®* finger polypeptide towards DEP,
we assayed the stability of incorporated Zn®** in
ADPRT following DEP inactivation. The ®Zn** con-
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Fig. 1. Inactivation of ADPRT by diethylpyrocarbonate (DEP) and its reversal by hydroxylamine. (A) Inactivation. ADPRT (18 g in 23 al of
0.1 M phosphate buffer, pH 6.0) was incubated at 4°C for various times with an ethanolic solution of DEP at varying concentrations {0-2.5 mM
DEP). At given times 4 ] aliquots were withdrawn, quenched with«4 gl of 12 mM imidazole and assayed for polymerase enzymatic activity (see
Fig. 1C, [7,8]). (+— +} 0.06 mM DEP; {(0—0) 0.31 mM DEP; (&—#) 0.62 mM DEP; (D) 0.82 mM DEP; (=—u) 1.25 mM DEP;
(4—4) 2.5 mM DEP. (B) Correlation between the time required to obtain 50% enzyme inhibition and the concentration of DEP, plotied on a
semilogarithmic scale. Results were calculated from (A). (C) Reversal by hydroxylamine. First ADPRT was inactivated by varying final concentra-
tions of DEP {up to 1.3 mM) by adding 1 al of ethanolic DEP solution to each 24 ul aliquot of ADPRT solution, consisting of 20 ug ADPRT/24
#lin 0.1 M phosphate buffer, pH 6.0, and incubation for 10 min at 4°C. At this time 2 ul of imidazole were added to quench DEP and incubation
continued for another 10 min. Then two 10 ul aliquots were withdrawn from each test system and treated with either 10 sl phosphate buffer or
10 pl of 500 mM hydroxylamine, adjusted to pH 7.4, for 22 h at 4°C. 2 pl aliquots were withdrawn and the assay volume increased to 200 ul with
assay buffer in order to avoid the ADPRT inhibitory effects of hydroxylamine and imidazole, whick was found to be only 10% under given condi-
tions. In Fig. 1C the remaining ADPRT activities of DEP-treated ADPRT samples are shown, (01} with, or (+— +) without hydroxylamine
treatment, as a function of varied DEP concentrations. The ADPRT activities determined in the controls (taken as 100%) were determined after
incubation with ethanol only instead of ethanolic DEP and further treatment as described above.
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Fig. 2. Photoinactivation of ADPRT in the presence of Rose-Bengal.
To an ADPRT solution containing 25 ug of protein in 50 pl of Tris-
HCI buffer (pH 8.0), 6 ul of aqueous Rose-Bengal dye solution was
added. The final concentration of the dye varied between 0-160
u#g/ml. The samples were placed onto ice and illuminated from a 20
cm distance with a 500 W spotlight. After different times of irradia-
tion 2 pl samples were withdrawn to determine remaining ADPRT ac-
tivities. Controls were either a system which was illuminated without
the dye, or a solution of ADPRT containing 150 ug/ml of Rose-
Bengal but kept in dark throughout. {(+—— +) control (no dye or no
irradiation); (C—1{1) 40 ug/ml Rose-Bengal; (=—a) 80 ug/ml Rose-
Bengal; (O—0) 120 pg/ml Rose-Bengal; (e——e) 160 pg/ml Rose-
Bengal.

tent of native ADPRT was 2240 + 120 dpm and that of
the DEP treated enzyme 2480 + 130 dpm per ug
ADPRT (duplicates). These results confirm the ap-
parent selectivity of histidine labelling by DEP in the 56
kDa polypeptide.

We determined the biochemical consequences of
histidine modification by DEP on the DNA and ben-
zamide binding ability of ADPRT [8]. The technique
employed is described in the legend of Fig. 4 which
shows the gel electrophoretic identification of ADPRT
under varying conditions. It is apparent that covalent
modification of histidinyl residues in the 56 kDa
polypeptide domain inhibited the binding of ADPRT to
the benzamide column but not to the DNA-affinity
matrix. The small amount of ADPRT eluted by
methoxybenzamide (lane 12) represents the DEP
unreacted portion of the protein (see Fig. 1A).

From the labelling and spectral analyses of ADPRT
it was calculated that 2 mol of histidine were covalently
modified per mol of ADPRT, coinciding with enzyme
inactivation and inhibition of binding to the benzamide
matrix.
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Fig. 3. The labelling of ADPRT with [*“C]DEP and isolation of
polypeptides containing labelled DEP. To 100 ul of a solution of
ADPRT (80 ug protein in 0.1 M phosphate buffer, pH 6.0), [“C]DEP
(final concentration 0.68 mM, 10 xCi dissolved in ethanol) was added
and the mixture incubated for 20 min at 4°C. At the end of the in-
cubation 10 gl of 120 mM imidazole was added and incubation con-
tinued for 10 min at 4°C. The sample was filter-dialysed through an
Amicon cartridge, the buffer changed to 50 mM Hepes buffer, pH
7.4, containing 100 mM NaCl and 7 mM 2-mercaptoethanol. 20 ug of
the DEP modified protein was digested with plasmin (1 gg) for 20 min
as described earlier [8]. At the end of the incubation an equal volume
of sample buffer (Laemmli) was added, and the sample loaded onto
a 10% acrylamide SDS-PAGE gel. After electrophoresis the gel was
fixed with 20% trichloroacetic acid, stained with Coomassie brilliant
blue, destained in acetic acid, dried, and autoradiographed for one
week at —40°C. (A) Coomassie-stained profile of the elec-
tropherogram. Lane 1 = DEP-modified ADPRT; lane 2 = plasmin
digested DEP-modified ADPRT; lane 3: molecular weight markers.
(B) Autoradiogram of the same gel.

4. DISCUSSION

The coincidence of selective and hydroxylamine
reversible inactivation of ADPRT by DEP, and the
simultaneous imidazole specific photoinactivation pro-
vide chemical evidence for the participation of histidine
residues in the ADPRT catalyzed polyADP-
ribosylation reaction. It is known from the cDNA se-
quence [17] that out of 19 histidine residues per
molecule of ADPRT 5 reside in the 29 kDa amino ter-
minal polypeptide that contains 2 Zn fingers [9-11], one
in the 36 kDa polypeptide [8] and 13 in the carboxy ter-
minal 56 kDa polypeptide. It is of interest that DEP
reacts with only two histidine residues of the 56 kDa
polypeptide but not with imidazole molecules present in
the 29 kDa polypeptide domain. This apparent selectivi-
ty is unexplained, unless one considers macromolecular
structural factors such as dimerization [18] that may
determine this selectivity towards DEP under given ex-
perimental conditions. Our results thus provide
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Fig. 4. The effect of modification of ADPRT by DEP on its binding to DNA-cellulose and benzamide-Sepharose affinity columns. Solutions of
ADPRT (50 ug ADPRT in 100 ul 50 mM phosphate buffer, pH 6.0) were treated with either 1 pl ethanol (native ADPRT) or 1 ul of ethanolic solu-
tion of 66 mM DEP (DEP-modified ADPRT) for 40 min at 4°C. Then 20 ul of 120 mM imidazole was added to quench excess DEP, and incubation
was continued for 15 min at 4°C. The samples were then diluted with 1 ml of chromatographic buffer (50 mM Tris-HCl, pH 7.4, 200 mM NaCl,
10 mM 2-mercaptoethanol) and 0.47 ml aliquots were loaded onto either DNA-cellulose or benzamide-Sepharose columns (0.5 ml bed volume each)
that were equilibrated with the same buffer [8]. The rest was saved for gel electrophoresis (lanes 1 and 2). The columns were washed with 2 x
2 ml of buffer and the flow-through and washing eluates combined (lanes 4, 9, 6 and 11 in the electropherogram). The matrix-bound proteins were
eluted in the case of DNA cellulose with 1 M NaCl dissolved in the buffer, or with 1 mM of methoxybenzamide in the case of the benzamide-
Sepharose matrices (lanes 5, 10, 7 and 12). The volume of the eluents was 4 ml. The collected fractions were concentrated in Centricon C30 car-
tridges, volumes adjusted to 100 pl, and aliquots (25 ul) mixed with the sample buffer of the Laemmli SDS-PAGE system and loaded onto a 10%
acrylamide SDS-PAGE gel (cf. [16]). After electrophoresis the gels were stained with Coomassie blue and destained in 10% acetic acid. Lane 1
= native ADPRT; lane 2 = DEP modified ADPRT; lane 3 = molecular weight markers (myosine, 8-galactosidase, phosphorylase B, bovine serum
albumin, ovalbumin, carbonic anhydrase from top to bottom); lane 4 = native ADPRT, DNA-column flow-through and wash; lane 5 = native
ADPRT, DNA-column 1 M NaCl eluate; lane 6 = DEP-modified ADPRT, flow-through and wash of DNA column; lane 7 = DEP-modified
ADPRT, 1 M NaCl eluate of DNA column; Lane 8 = molecular weight markers; Lane 9 = native ADPRT, flow-through and wash of benzamide-
Sepharose column; lane 10 = native ADPRT, 1 mM methoxybenzamide eluate of benzamide-Sepharose column; lane 11 = DEP modified
ADPRT, flow-through and wash of benzamide-Sepharose column; lane 12 = DEP modified ADPRT, 1 mM methoxybenzamide eluate of
benzamide-Sepharose column.

preliminary evidence for the localization of the catalytic
site of ADPRT in the 56 kDa carboxy-terminal
polypeptide domain, coinciding with a previous sugges-
tion [19], which is based on specific thiol labelling of
ADPT. The participation of both SH and histidyl
residues in the formation of an unstable ADPR-histidyl
adduct appears reasonable and provides the first indica-
tion of the chemical nature of the previously observed
highly base unstable mono ADPR adduct [7]. However,
exact localization and definition of catalytic function of
the two histidinyl residues in the 56 kDa polypeptide
probably involved in the first step of the polyADP-
ribose polymerase reaction require more detailed
studies involving site-oriented mutations in ADPRT at
various histidine residue sites, and our results only
point to the amino acid residues where these genetic ex-
periments may prove successful.
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