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ABSTRACT: Poly(ADP-ribose) polymerase (PARP) is a multifunctional nuclear zinc finger protein which
participates in the immediate response of mammalian cells exposed to DNA damaging agents. Given the
complexity of the poly(ADP-ribosylation) reaction, we developed a large-scale screening procedure in
Escherichia colito identify randomly amino acids involved in the various aspects of this mechanism.
Random mutations were generated by the polymerase chain reaction in a cDNA sequence covering most
of the catalytic domain. Out of 26 individual mutations that diversely inactivated the full-length PARP,
22 were found at conserved positions in the primary structure, and 24 were located in the core domain
formed by twoâ-sheets containing the active site. Most of the PARP mutants were altered in poly-
(ADP-ribose) elongation and/or branching. The spatial proximity of some residues involved in chain
elongation (E988) and branching (Y986) suggests a proximity or a superposition of these two catalytic
sites. Other residues affected in branching were located at the surface of the molecule (R847, E923,
G972), indicating that protein-protein contacts are necessary for optimal polymer branching. This
screening procedure provides a simple and efficient method to explore further the structure-function
relationship of the enzyme.

Poly(ADP-ribose) polymerase (PARP,1 EC 2.4.2.30) is a
nuclear zinc-finger enzyme involved in the detection and
signaling of DNA strand breaks resulting either from the
direct action of genotoxins or as generated during excision
repair. In response to these breaks acting as an essential
cofactor, PARP catalyzes the covalent attachment of ADP-
ribose units from NAD+ to itself (automodification) and to
nuclear DNA-binding proteins such as histones and topo-
isomerases (heteromodification) (Althaus & Richter, 1987;
Lautier et al., 1993). Poly(ADP-ribose) glycohydrolase
(PARG) is the principal enzyme responsible for the polymer
catabolism [for review see Desnoyerset al.(1995)]. In ViVo,
the half-life of poly(ADP-ribose) is in the order of few
minutes (Alvarez & Althaus, 1989); therefore, poly(ADP-
ribosylation is an immediate, but transient, posttranslational
modification of nuclear proteins in response to DNA damag-
ing agents.

PARP (113 kDa) is a multifunctional enzyme containing
a N-terminal domain encompassing two zinc-finger motifs
which acts as a molecular nick-sensor and a bipartite nuclear
location signal, a 22 kDa central region bearing the auto-
poly(ADP-ribosylation) sites which serves presumably to
regulate PARP-DNA interactions, and a C-terminal 54 kDa
catalytic domain involved in the nick-binding dependent
poly(ADP-ribose) synthesis [for review see de Murcia and
Ménissier-de Murcia (1994)]. This domain, which is the
most conserved part of the enzyme, can be further restricted
to a 40 kDa C-terminal polypeptide without losing the basal
activity (Simoninet al., 1993b). It is responsible for the
catalysis of three chemically distinct enzymatic steps required
for poly(ADP-ribose) synthesis: (i) the specific attachment
of one ADP-ribose unit to a glutamate residue in an acceptor
protein (initiation reaction) (Kawaichiet al., 1980), (ii) the
characteristic (2′-1′′) ribose-ribose glycosidic bond forma-
tion (elongation reaction), and (iii) the (2′′-1′′′) ribose-
ribose bond between ADP-ribose units at branching points
(Miwa et al., 1979). While the initiation reaction occurs
via a distributive manner (Mendoza-Alvarez & Alvarez-
Gonzalez, 1993; Kawaichiet al., 1981), the last two steps
appear to take place via a processive mechanism (Naegeli
et al.,1989).
The nature and the function of poly(ADP-ribose) acceptors

are highly suggestive of a role of poly(ADP-ribosylation)
both in the modulation of chromatin structure at the vicinity
of a DNA break and in cell cycle check points. The
importance of PARP, as a multifunctional element of the
DNA damage surveillance network, has stimulated an interest
in the elucidation of its structure and function. In this
respect, the crystallographic structure of the chicken PARP
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catalytic domain (40 kDa), involved in the nick-binding-
dependent poly(ADP-ribose) synthesis, has been recently
solved at 2.4 Å resolution in the presence of the nicotinamide
analogue PD 128763 (Rufet al., 1996). Interestingly, the
catalytic site of PARP appeared structurally related to that
of ADP-ribosylating toxins; both constitute now a super-
family of ADP-ribosyl transferases.
Parallel to this structural approach, to derive structure-

activity information, in this work we have generated by PCR
a library of human PARP mutants expressed inEscherichia
coli, mutated specifically in the catalytic domain. Mutations
that inactivated to different extent PARP activity were
frequently found at highly conserved positions in the primary
structure; most of them were located within theâ-domain
containing the presumptive catalytic site (Rufet al.,1996).
The majority of the mutants were affected in chain elonga-
tion. Moreover, five of them were also affected in chain
branching, indicating an interdependence of the two func-
tions.

MATERIALS AND METHODS

Mutagenesis, Library Construction, and Transformation
into TGE 900 Cells.A 1 kb NcoI-DraIII cDNA fragment
(nucleotides 2056-3045) encoding the human PARP cata-
lytic domain was mutageneized by PCR performed under
standard conditions in 100µL volume consisting of 200µM
each dNTP, 10 mM Tris-HCl, pH 8.4, 50 mM KCl, 2.5 mM
MgCl2, 10% gelatin, 50 ng of pBS(-) SHT plasmid bearing
the full-length human PARP sequence (Gineret al., 1992),
5 units ofTaqpolymerase, and 1µg of each primer (sense
primer, ATTAACCCTCACTAAG; reverse primer, AG-
GCCTGCAGGGGAGGATGGC). The amplified sequence
(25 cycles: 95°C, 2 min; 50°C, 1 min; 70°C, 1 min in a
minicycler from MJ Research, Inc.) was restricted byNcoI
and DraIII and cloned back into the same sites of the
procaryotic expression vector pTG161 PARP (Simoninet
al., 1991) giving rise to the library of pTG161 PARP* in
which the catalytic domain only (amino acids 686-1014)
has been mutagenized (referred as PARP*) (Figure 1A). This
vector was used directly for transformation of theE. coli
TGE900 strain (Courtneyet al., 1984).
Colony Screening for the Loss-of-Function PARP* Mu-

tants. Colonies (grown at 28°C) were replica-plated on LB
plates containing 50µg/mL ampicillin. Nitrocellulose filter
lifts were then made, and the filters were laid, cells side up,
on LB plates containing ampicillin. Protein expression
induction was carried out for 5 h at 37°C. Then, poly-
(ADP-ribosylation) and immunoreactivity (using an antibody
raised against the second zinc finger of the human PARP)
were both measured on these same filters (Figure 1B) as
described previously (Simoninet al., 1991). Clones that
produced the full-size inactive PARP* were isolated and
sequenced in the mutagenized cDNA fragment.
Production and Analysis of Recombinant Proteins.Trans-

formedE. coli TGE900 cells were grown for 16 h in LB
medium at 28°C, and protein overproduction was obtained
following a temperature shift to 37°C for 5 h (Courtneyet
al., 1984). Cells were collected and sonicated; proteins were
subsequently separated on a 10% SDS-PAGE (Laemmli,
1970) and analyzed using the combined procedure of activity
blot and western blot described by Simoninet al. (1991)
(Figure 1C).

Determination of PARP ActiVity. Bacteria from a 5 mL
culture were lysed by stirring for 20 min at 4°C in 1 mL of
lysis buffer containing 100 mM Tris-HCl, pH 8.0, 100 mM
NaCl, 10 mM â-mercaptoethanol, 1 mM phenylmethane-
sulfonyl fluoride (PMSF), and 1 mg of lysozyme. Cells were
then sonicated using a Vibra-cell 72446 (one 60 s pulse at
180 V). The cell lysate was complemented with 0.2% Tween
20, 0.2% Nonidet P-40, and 0.5 M NaCl, stirred for 20 min,
sonicated again, and finally cleared by centrifugation (20000g,
20 min). To estimate the amount of PARP mutants in
cleared lysates, a standard curve was generated by immuno-
blotting, using purified PARP from the Sf9 insect cell/
baculovirus system (Gineret al., 1992) and a polyclonal
antibody raised against the second zinc finger of human
PARP (Simoninet al.,1991).

Samples corresponding to 200 ng of wild-type or mutant
PARP proteins were incubated for 10 min at 25°C in assay
buffer (100µL) consisting of 50 mM Tris-HCl, pH 8.0, 4
mM MgCl2, 0.2 mM dithiothreitol, 2µg/mL total histones,
2 µg/mL DNase I-activated calf thymus DNA, 200µM
NAD+, and 5 µCi/mL [R-32P]NAD+. The reaction was
stopped by addition of 25µL of 100% trichloroacetic acid
(TCA) and 1% inorganic pyrophosphate, and the acid-
insoluble radioactivity was counted (Niederganget al., 1979).

Polymer Analysis. Samples were incubated as in the
standard enzymatic assay described above; the reaction was
stopped with 100µL of 40% ice-cold TCA. The TCA pellet
obtained by centrifugation at 12000g for 15 min was washed
2 times with 20% TCA and 2 times with diethyl ether and
dissolved in 30µL of 0.1 N NaOH containing 20 mM EDTA.
After incubation at 60°C for 2 h, the solution was neutralized
with 0.1 N HCl and loaded on a high resolution 20%
polyacrylamide gel [acrylamide/bis(acrylamide) in a ratio of
19:1], 100 mM Tris-borate buffer, pH 8.3, and 2 mM
EDTA, according to Alvarez-Gonzalez and Jacobson (1987).
Short gels (0.15× 16× 14 cm) were used to visualize AMP
(product of NaOH treatment of the protein-proximal ADP-
ribose), mono(ADP-ribose) and low molecular weight oligo-
(ADP-ribose) (n < 10). Long gels (0.02× 33 × 40 cm)
were used to visualize longer polymers of ADP-ribose (n >
10). Electrophoresis was carried out at 200 and 2000 V,
respectively, and the gels were autoradiographed.

To evaluate the polymer complexity, the radiolabeled
material was hydrolyzed by snake venom phosphodiesterase
(Worthington-Freehold) and analyzed by two-dimensional
thin-layer chromatography (2D TLC) on cellulose plates
(F1440; Schleicher and Schuell, Dassel, Germany) according
to the method of Keithet al. (1990). The chromatograms
were quantified by computerized PhosphorImager (Molecular
Dynamics) and ImageQuant software. The average polymer
size and the branching frequency were calculated according
to the method of Miwa and Sugimura (1982).

RESULTS

In Vitro Random Mutagenesis and Screening for Loss-of-
Function PARP* Mutants.To identify functionally essential
residues in the human PARP catalytic domain,in Vitro
random mutagenesis was achieved by PCR under standard
conditions, using theTaq polymerase. The rate of mis-
incorporation essentially due to the absence of the 3′-5′
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exonuclease activity of theTaqpolymerase ranges from 0.1
to 2 per 1000 nucleotides (Tindall & Kunkel, 1988; Eckert
& Kunkel, 1991; Speeet al.,1993). The difference between
these frequencies is due to the reaction conditions (number
of PCR cycles, MgCl2 concentration) but also to the sequence
of the amplified DNA (Eckert & Kunkel, 1991). Therefore,
the PCR procedure essentially induces transitions (GC to AT
and mainly AT to GC), a few deletions, insertions, and
transversions.
PARP* mutants specifically mutated in their catalytic

domain and expressed inE. coli TGE900 were obtained by
a two-step selection procedure involving (i) the selection of

colonies presenting a total or a partial loss of catalytic activity
as detected by thein situ colony screening assay (Simonin
et al., 1991) and (ii) the size determination of the mutated
proteins by western blotting (Figure 1). Therefore, only full-
length inactive PARP* mutants were selected for sequencing.
Twenty six inactive or partially active human PARP*
mutants, with a single base substitution, were finally selected
(Table 1). The residual catalytic activity of the mutants
expressed inE. coliTGE900 was confirmed in cleared lysates
(Table 1) under the optimalin Vitro conditions (18 nM
PARP; 200µM NAD+) defined by Mendoza-Alvarez and
Alvarez-Gonzalez (1993).

FIGURE 1: Strategy used to generate a library of human PARP catalytic domain mutants. (A) PARP cDNA is indicated by a box in each
vector used. Random mutations are represented by asterisks (*) on the plasmid or insert. The primers used for PCR are indicated by two
arrows on pBS(-)SHT plasmid. (B)E. coli colonies induced to express recombinant human PARP were lifted onto nitrocellulose (see
Materials and Methods) and were incubated with [R-32P]NAD+ (activity blot). The same blot was immunostained (Western blot) with
anti-PARP antibody to confirm the production of recombinant PARP. Triangles or circles correspond to colonies expressing an inactive
enzyme; nonexpressing colonies are indicated by squares. (C) Crude extracts from PARP expressing colonies were separated by a SDS-
PAGE, transferred on nitrocellulose, and processed for activity blot followed by a Western blot. The same symbols as in panel B are used:
squares correspond to nonexpressing colonies, triangles refer to full-size but inactive PARP, and circles represent truncated inactive PARP.

Table 1: Sequence Analysis and Characterization of PARP Mutants Obtained by Random Mutagenesis of the Human PARP Catalytic Domain

mutated
nucleotide

enzymatic
activity (%)

reaction product
(gel electrophoresis)

average
polymer size
(2D TLC)

branching
frequency
(2D TLC)

branching
compared to
wild-type

wild type 100 polymer 37.5 0.36 normal
G699R GGGf AGG 10 - 30.7 0.19 normal
R704Wa AGGf TGG 40 - 36.3 0.3 normal
L797P CTCf CCC 1.5 - ND
S808P TCTf CCT 20 - 32.3 0.26 normal
R847C CGTf TGT 75 - 40 0.28 2× lower
N868S AACf AGC 4 - ND
F869Sa TTT f TCT 25 - 23.9 0.18 normal
G871R GGGf AGG 17.5 - 35 0.3 normal
L877P CTT f CCT 2.5 - ND
M890Va ACA f GCA <0.5 - ND
F897S TTCf TCC 10 - 17.8 0.1 normal
F897Y TTCf TAC 25 - 28.6 0.21 normal
D899Na GAC f AAC 0.6 - ND
C908R TGCf CGC <0.5 - ND
E923G GAA f GGA 20 - 48 0.26 3× lower
L926F CTT f TTT 1.5 - ND
L964P CTGf CCG 75 - 37 0.33 normal
G972R GGGf AGG 16 - 15.1 0.027 3X lower
L984Pa CTA f CCA 6 - ND
Y986H TAT f CAT 14 - 14.6 1.15 15X higher
Y986S TAT f TCT 11 oligomer 10.8 0.05 normal
E988Ka GAG f AAG 1.25 monomer ND
Y989H TAC f CAC 65 polymer 38.6 0.36 normal
L999P CTGf CCG 30 - 42 0.25 2X lower
Y1001C TAT f TGT 13 - 27.6 0.24 normal
L1003P CTGf CCG 1.5 - ND
aMutants obtained by subcloning of double mutants. Enzymatic assays were performed as described in Materials and Methods. Enzymatic

activities are expressed as percentages relative to the wild type (100%) and estimated using values from two to five experiments. The average
polymer size and branching frequency were calculated according to Miwa and Sugimura (1982) from 2D TLC results which were similar when
repeated. The branching frequency values were compared to the plot of polymer lengths versus number of branching points established by Keith
et al. (1990) for the wild-type synthezized polymer. ND, not determined.
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Amino Acid Substitutions.The rate of PARP* mutants
as expressed by the ratio of inactive mutated colonies over
colonies expressing an active PARP* was 2%. Twenty-six
point mutants were obtained; in most cases the sequenced
substitutions were transitions leading to a missense mutation
at the amino acid level (Table 1). Six among 26 inactive
mutants initially contained a double substitution; each of
them was individually examined following a subcloning
procedure which gave six single point mutated inactive
PARP* (Table 1) and six noncontributing mutations: Q722H,
S724G, N820D, H909R, H937R, and A995V. Four non-
sense mutations were also obtained leading to C-terminal
truncated inactive mutants,∆973-1014,∆994-1014,∆996-
1014, and∆999-1014, thus confirming the inability of the
extreme C-terminal region to tolerate even short deletions
(Simoninet al., 1990; Kimet al., 1997). Interestingly, the
insertion of two amino acids (Thr-Tyr) at position 987 also
inactivated the recombinant PARP, further demonstrating the
importance of this region for catalysis.
The distribution of single amino acid substitutions, in-

activating PARP to various extents, is displayed with respect
to the primary and the secondary structures of the human
PARP catalytic domain (Figure 2) as taken from the crystal
structure of the chicken enzyme (Rufet al., 1996). A

nonrandom distribution of substitutions can be clearly
observed: (i) most of the mutations (24/26) fall in the core
domain formed by twoâ-sheets (residues 785-1010)
containing the putative active site; (ii) 9/26 substitutions were
found located at the most conserved region of the enzyme
(residues 859-908) (de Murcia & Ménissier-de Murcia,
1994; Lepiniecet al., 1995) now considered as the “PARP
signature” and containing the amino acids homologous to
those involved in NAD+ binding in diphtheria toxin (DT)
(Bell & Eisenberg, 1996; Rufet al., 1996); (iii) 5/26 were
located at or near the site of glutamic acid 988, an essential
residue for polymer formation (Marsischkyet al., 1995). It
is also interesting to note the occurrence of the Leuf Pro
mutations (6/26) due to the preference of theTaqpolymerase
for inducing Tf C transitions (Tindall & Kunkel, 1988),
resulting probably in dramatic structural changes.
QuantitatiVe and QualitatiVe Analysis of the Reaction

Products. To characterize the reaction product of the PARP*
mutants, the radiolabeled material synthesized in the presence
of [R-32P]NAD+ was removed from the acceptor proteins
by alkali treatment and fractionated by electrophoresis on
short (Figure 3A) or long (Figure 3B) 20% polyacryl-
amide gels. In contrast to the wild-type enzyme which
synthesized high molecular weight polymers, most of the
mutants were affected in chain elongation as indicated both
by the accumulation of AMP produced during the degrada-
tion by NaOH of the protein-proximal ADP-ribose (Hilz
& Stone, 1976) and by the amount of synthesized mono-
(ADP-ribose) (Figure 3A). This effect is marked for the

FIGURE 2: Distribution of the mutations altering the poly(ADP-
ribosylation) function on the primary and secondary structures of
the human PARP catalytic domain. The randomly mutagenized
sequence starts at codon 686 (NcoI site) and ends at the stop codon
1015. Amino acid substitutions obtained by random mutagenesis
are indicated in bold, above the wild-type human PARP sequence
(Uchida et al., 1987). Inactivating mutations obtained by site-
directed mutagenesis (Simoninet al., 1990, 1993a) are indicated
in italic. Residues photolabeled by 2′-azido-NAD (K893, W1014)
(Kim et al., 1997) are circled. The human PARP primary structure
has been superposed onto a schematic representation of the
secondary structure of the chicken PARP catalytic domain [taken
from Ruf et al., (1996)]: R-helices (A to L) are represented by
boxes andâ-strands (a to n) as arrows. The shadowed box (residues
859-908) represents the most conserved region of PARP. The
amino acids structurally conserved and homologous to those
contacting directly NAD+ in DT (Bell & Eisenberg, 1996) are
underlined. F* corresponds to the gain-of-function mutation (L713F)
(Alves Mirandaet al., 1995).

FIGURE 3: Size distribution of ADP-ribose polymers synthesized
by wild-type PARP and PARP* mutants. Assays (100µL)
containing 18 nM recombinant PARP protein and 200µM [R-32P]-
NAD+ were incubated 10 min at 25°C. The protein-bound ADP-
ribosylation products were released by 0.1 N NaOH and 20 mM
EDTA. Neutralized samples were run on a 20% polyacrylamide
gel. The same amount of Cerenkov counts was loaded for the wild-
type and each PARP* mutant. Panel A: short-size polymer analysis.
Some hydrolysis of ADP-ribose to form AMP occurred during
treatment with alkali. NaOH-treated [R-32P]NAD+ was loaded to
visualize the adenosine derivatives, ADP-ribose and AMP. Panel
B: long-size polymer analysis. The electrophoretic mobilities of
xylene cyanol (XC) and bromophenol blue (BB) are shown for
reference.
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mutant G972R and more dramatically for E988K, which
catalyzed exclusively the mono(ADP-ribosylation) reaction,
a result in full agreement with the work of Marsischkyet
al. (1995) demonstrating the necessity to have a side chain
carboxylate at this precise spatial location to ensure polymer
elongation activity.
Codon 986 was mutated twice, giving the mutants Y986S

and Y986H. The mutant Y986S, also affected in chain
elongation, produced mainly oligomers of ADP-ribose
(Figure 3A), whereas the mutant Y986H synthesized both
low and (apparently) high molecular weight material. This
particular distribution of ADP-ribose polymers was better
visualized using long polyacrylamide gels. Figure 3B shows
again the predominant synthesis of oligomers associated with
the substitution Y986S, whereas in the case of Y986H, the
accumulation of high molecular weight material on the top
of the gel as well as a smear (forn > 20) was clearly
observed.
The reaction products were further characterized by 2D

TLC following polymer hydrolysis by snake venom phos-
phodiesterase according to Keithet al. (1990). Measure-
ments of label in phosphoribosyl-AMP (PRAMP, main chain
product), AMP (present at the polymer termini), and diphos-
phoribosyl-AMP (PR2AMP, found at the branching points)
provided the basis for polymer size, chain length, and
branching frequency calculations (Miwa & Sugimura, 1982).
Due to the low amount of incorporated radioactivity, mutants
displaying less than 10% of the wild-type enzymatic activity
were not analyzed. The results summarized in Table 1
indicate that most of the PARP* mutants synthesized
polymers of ADP-ribose with various efficiency, but with
the same branching frequency as the wild-type; the variation
of branching frequency as a function of the polymer size
being taken from Keithet al.(1990). However, in five cases,
a loss- (R847C, E923G, G972R, L999P) or a gain-of-function
(Y986H) in terms of branching frequency was detected.
Representative chromatograms corresponding to the amino
acid substitutions at positions 972 and 986 are shown in
Figure 4. Compared to the wild-type PARP treated under
the same experimental conditions, the relative amount of
PR2AMP is normal for the mutant Y986S, decreased for the
mutant G972R, but dramatically increased for the mutant
Y986H. Therefore, the presence of a smear observed for
polymers longer than 20 ADP-ribose units (Figure 3B) and
the accumulation of highly branched polymers at the top of
the 20% acrylamide gels (Figure 3B) together with the very
high proportion of PR2AMP detected by 2D TLC (Figure
4) strongly argue for a critical role of the amino acid Y986
in the elongation and/or the branching reaction of poly(ADP-
ribose).

DISCUSSION

The goal of an analysis of structure-function relationships
in a protein is to specify how different parts of the
polypeptide give rise to the form and function of the
molecule. Deletion experiments (Simoninet al., 1990;
Cherneyet al., 1991), site-directed mutagenesis (Simonin
et al., 1993a; Marsischkyet al., 1995), and photolabeling
(Kim et al., 1997) have given complementary information
to identify regions and residues that are important for
catalytic activity of PARP. To pinpoint unexpected residues
involved in the complex mechanism of the poly(ADP-

ribosylation) reaction, in this study we have generated a
random library of PARP mutants affected in the catalytic
domain. Using this technique, mutations affecting the
catalytic activity but not its DNA binding capacity were
identified recently in the amino-terminal domain of PARP
(Truccoet al., 1996). The chief advantages of this procedure,
compared to other methods, are its technical simplicity and
its potential capacity to screen both for rescue mutations
(using a PCR library of cDNA encoding inactive PARPs)
and for gain-of-function mutations. Such an engineered
PARP mutant (L713F) affected in thekcat value (9-fold
increase) but not in the Michaelis constant for NAD+ was
isolated by the same procedure (Alves Mirandaet al., 1995).
Out of the 26 missense point mutations characterized, 22

occurred at conserved positions in a multiple alignment of
PARP sequences from human toArabidopsis thaliana
(Lepiniecet al., 1995). The crystal structure of the chicken
PARP catalytic domain has been recently solved at 2.4 Å
resolution in the presence or in the absence of the nicotin-
amide analogue PD128763 (3,4-dihydro-5-methylisoquino-
linone; Parke-Davis) (Rufet al., 1996). It is composed of
two parts: (i) an N-terminal region formed by a bundle of
six R-helices (A-F in Figure 2; residues 662-784) and (ii)
a C-terminal region made of twoâ-sheets surrounded by five
R-helices (residues 785-1014) containing the presumptive
NAD+-binding cavity suggested by the presence of the
inhibitor PD128763 in the cocrystal. This C-terminal part
includes a highly conserved block of 50 amino acids (residues
859-908) folded in aâ-R-loop-â-R motif structurally
similar to the NAD+-binding fold of mono(ADP-ribosylating)
toxins like diphtheria toxin (DT) (Bell & Eisenberg, 1996),
exotoxin A fromPseudomonas aeruginosa(ETA) (Li et al.,
1996), pertussis toxin (PT) (Steinet al., 1994), cholera toxin

FIGURE 4: Thin-layer chromatography on venom phosphodi-
esterase-hydrolyzed polymers of ADP-ribose synthesized by the
wild-type and PARP* mutants. Wild-type and PARP* mutants (200
ng) were incubated under the standard conditions for 10 min at 25
°C. Radiolabeled ADP-ribose polymers were hydrolyzed with snake
venom phosphodiesterase, and the polymer constituents obtained
were analyzed by 2D TLC (see Materials and Methods). Abbrevia-
tions: PRAMP, phosphoribosyl-AMP; (PR)2AMP, diphosphoribo-
syl-AMP.
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(CT) (Zhanget al.,1995), and heat-labile enterotoxin (LT)
(Sixmaet al., 1991). As displayed in Figure 5A, 35% (9/
26) of the inactivating substitutions obtained by random
mutagenesis are located in the crevice delineated by the motif
â-R-loop-â-R, thus confirming the importance of this
supersecondary structure in NAD+ binding and/or catalysis
(Ruf et al., 1996; Kimet al., 1997).
Many of the mutations may affect the thermodynamic

stability of the mutated enzyme by disrupting the hydropho-
bic core of the enzyme (i.e., L797P, C908R, L926F,
L1003P). The implication of proline in protein flexibility
and therefore activity could also explain the occurrence of
the Leuf Pro mutations (6/26). Some other mutations have
a location in the crystal structure which is suggestive of a
role in catalytic activity. First, theR-helical domain (residues
662-784) absent in ADP-ribosylating toxins appears to be
specific for poly(ADP-ribose) synthesis. This region, lining
the active site pocket with helix F (Figure 5A), has been
suggested to relay the activation signal issued on binding to
damaged DNA, giving rise presumably to a more favorable
NAD+-binding mode (Rufet al., 1996). It is worth
mentioning that a major change of mobility of the active
site loop has been observed in ETA (Liet al., 1995) and
DT (Bell & Eisenberg, 1996), supposedly favoring the
binding of the acceptor substrate EF-2 following NAD+

binding. In PARP, the gain-of-function mutation L713F
located in helix D, 7.1 Å from the active site loop (Figures
2 and 5A), was shown to increase the catalytic constant by
a factor of 9 (Alves Mirandaet al., 1995), suggesting that,
similarly, a loop movement may have been induced by this
substitution, increasing presumably the access of the cleft
to the substrate.
Conversely, the substitutions G699R and R704W located

at the surface of theR-helical domain (Figure 5B) decrease
the catalytic activity, indirectly perhaps, through a modifica-
tion of inter- or intramolecular contacts by altering the surface
charge. Second, some of the mutations affecting the branch-
ing function (R847C, E923G, G972R) are located in the
external face of the catalytic fragment (Figure 5B). These

residues, together with Y986H and L999P (Figure 5C) also
affected in branching, are not close enough to constitute a
site for branching; they may form an additional interface
region for protein-protein contacts required for optimal
polymer branching. The same is true for the substitutions
at positions 808, 964, and 1001 which are also located in
the external face but are affected in chain elongation.
Noncontributing residues (see Results) were found to be
localized at the surface of the protein, out of the two regions
defined above comprising residues G699 and R704 in the
R-helical domain or S808, R847, G923, L964, G972, and
Y1001 respectively (Figure 5B). Interestingly, all of these
residues are absent in ADP-ribosylating toxins, suggesting
that they participate to an additional mecanism to catalyze
elongation and branching of poly(ADP-ribose).
The majority of the PARP* mutants that we have

characterized are altered in the ratio initiation/elongation as
demonstrated by an accumulation of the first ADP-ribose
residue (Figure 3A). Only one mutant (Y986S) presented a
size-limited synthesis of ADP-ribose oligomers as shown in
Figure 3B. However, complete loss-of-function mutants (i.e.,
affected in the initiation reaction) were never obtained.
E988K, located near the NAD+-binding pocket, was by far
the most severe mutation obtained, demonstrating a crucial
role of this highly conserved residue in catalysis of polymer
elongation (Marsischkyet al., 1995). The remarkable
conservation of the nicotinamide subsite in PARP, DT, ETA,
and PT and the similar spatial location of their respective
active site glutamate are suggestive of a common mechanism.
For bacterial ADP-ribosylating toxins it has been proposed
to proceed via an SN1 attack, leaving a positively charged
oxocarbonium intermediate stabilized by the essential
glutamate, the ADP-ribose being docked in the NAD+ cavity
until it is transferred to the acceptor. A SN2 displacement
mechanism has been proposed also with nucleophilic attack
on NAD+ by an incoming nucleophile (the diphthamide
moiety of EF-2 in the case of DT) activated by the glutamate
residue acting as a general base. In PARP, the substitution
at position E988 has no effect on NAD+ binding (Marsischky

FIGURE 5: Distribution of the mutations inactivating the ADP-ribosylation reactions on the crystal structure of the chicken PARP catalytic
fragment [taken from Rufet al. (1996), residues 662-1010, human numbering]: (A and C) front view of the CR backbone; (B) back side
of the molecule. The block of conserved residues (859-908) is indicated by a black ribbon. Panel A represents the 26 residues (in red) hit
by random mutagenesis and affecting PARP activity. The gain-of-function mutant L713F is shown in green. Panel B represents mutated
residues located at the surface of the catalytic fragment. Panel C shows the amino acids (in red) involved in polymer branching. The active
site glutamate E988 is shown in blue.
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et al., 1995), but it strongly affects chain elongation, a
transfer reaction in which the newly produced ADP-ribose
is linked to the 2′-OH of the adenine ribose, at the distal
end of the growing polymer. It is likely that a similar
mechanism of ADP-ribose transfer exists in PARP and
bacterial toxins in which a glutamate residue located strictly
at the same spatial position in the NAD+-binding cavity, 4
Å from the anomeric C1′N atom of the nicotinamide ribose
(Bell & Eisenberg, 1996), activates and/or stabilizes the
incoming ADP-ribose acceptor substrate for chain elongation.
Interestingly, the substitution at position Y986, close to

the glutamate active site, increased dramatically the branch-
ing frequency (15-fold), suggesting either a close proximity
of the elongation and the branching sites or a dependence
of the periodic occurrence of branching points (every 40
ADP-ribose units; Keithet al., 1990), upon the correct
progression of the elongation reaction. During polymer
synthesis, the ADP-ribose acceptor site is switched from the
2′-OH of the adenine ribose in linear portions to the 2′-OH
of the ribose relative to the nicotinamide to initiate regular
branching points; in both cases, however, the sameR(1f2)
linkage is catalyzed (Miwaet al., 1981). The capacity of
the mutant Y986H to produce highly branched but short
polymers of an average chain length of 4.4 units (Table 1)
indicates that the branching function of PARP is not
dependent upon a given polymer size, permitting enough
flexibility of the linear chain for a switch of ribose at regular
intervals. A steric hindrance between two facing PARP
molecules acting in an intermolecular reaction cannot be also
invoked to explain the branching periodicity since very short
distances can separate two successive branches (Table 1).
This intriguing property of PARP to catalyze branched poly-
(ADP-ribose) could be due to the intrinsic helical nature of
this polymer (Minaga & Kun, 1983), allowing a better
accessibility of the nicotinamide ribose after a linear synthesis
of 40 units. In that case, the substitution Y986H would
introduce enough distortion at the polymer termini to expose
this “wrong” ribose for chain elongation.
The branched nature of the polymer has been evoked to

explain the selective electrostatic binding of histones in an
in Vitro shuttle mechanism leading to chromatin depletion
following DNA damage (Realini & Althaus, 1992; Althaus
et al., 1995). The possibility of transfecting constructs
expressing some of the PARPmutants described in this study,
in PARP-deficient cell lines obtained by homologous re-
combination (Me´nissier-de Murciaet al., 1997), opens new
lines of investigation to further explorein ViVo the structure-
function relationship of poly(ADP-ribose).
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