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A new class of poly(ADP-ribose) (pADPr)-binding proteins,

heterogeneous nuclear ribonucleoproteins (hnRNPs), has been

identified by a proteomic approach using matrix-assisted laser-

desorption–ionization time-of-flight (‘MALDI-TOF’) MS.

Liquid-phase isoelectric focusing with a Rotofor2 cell (Bio-Rad)

allowed pre-fractionation of proteins extracted from HeLa cells.

Rotofor2 protein fractions were further separated by SDS}
PAGE and then transferred to a PVDF membrane. pADPr-

binding proteins were analysed by autoradiography of the protein

blot after incubation with $#P-labelled automodified pADPr

polymerase-1 (PARP-1). Peptide mass fingerprinting of selected

bands identified the most abundant pADPr-binding proteins as

hnRNPs, a family of proteins that bind pre-mRNA into func-

tional complexes involved in mRNA maturation and transport

to the cytoplasm. Sequence homology database searching against

INTRODUCTION

Poly(ADP-ribosyl)ation is a unique post-synthetic modification

catalysed by the growing poly(ADP-ribose) (pADPr) polymerase

(PARP) family of enzymes in response to DNA-damaging agents

[1,2]. Using NAD+ as a substrate, PARPs catalyse the formation

of pADPr with heterogeneous branched chain lengths of up to

200 units in �itro [3]. Some of these enzymes, such as PARP-1 and

PARP-2, are localized in the nucleus and some, such as PARP-

4 and PARP-5, are located in the cytoplasm, but pADPr synthesis

takes place mainly in the cell nucleus [3]. Recently, it has been

shown that PARP-1 activation is required for translocation of

apoptosis-inducing factor (‘AIF’) from the mitochondria to the

nucleus and that PARP-1-dependent cell death is caspase-

independent [4]. Also, post-translational poly(ADP-ribosyl)ation

of an oscillator component has been proposed to contribute to

setting the period length of the Arabidopsis thaliana (thale cress)

central oscillator [5].

More than 30 nuclear substrates of PARPs have been identified

[6]. However, the main acceptor of pADPr is PARP-1 itself, a

phenomenon known as ‘PARP-1 automodification’ [7]. In view

of the tremendous negative charge and size of pADPr, poly(ADP-

ribosyl)ation of proteins likely has a major impact on protein

structure and function.

In the present paper we report a proteomic approach to

identify some proteins that bind to pADPr. The most abundant
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a previously reported pADPr-binding sequence motif revealed

that the hnRNPs contain a putative pADPr-binding sequence

pattern [Pleschke, Kleczkowska, Strohm and Althaus (2000) J.

Biol. Chem. 275, 40974–40980]. pADPr-binding assays perform-

ed with synthetic peptides by the dot-blot technique and

with nitrocellulose-transferred recombinant hnRNPs confirmed

the pADPr-binding protein identification and the specificity of the

interaction. These results could establish a link between increased

levels of pADPr in DNA damaged cells and the modified protein

expression pattern resulting from altered mRNA trafficking.

Key words: heterogeneous nuclear ribonucleoprotein (hnRNP),

peptide mass fingerprinting, poly(ADP-ribose) (pADPr), proteo-

mic.

of these pADPr-binding proteins are predominantly hetero-

geneous nuclear ribonucleoproteins (hnRNPs), a large set of

proteins that bind mRNA in the cell nucleus. Although hnRNPs

presumably have several different functions, these are not yet all

well characterized for each member of the hnRNP family. It has

been proposed that hnRNPs help package the pre-mRNA into

functional complexes [8]. For example, several hnRNPs are

associated with the spliceosome complex [9]. In addition to RNA

binding, some hnRNPs are known to bind single-stranded,

duplex and triplex DNA [10]. hnRNPs are multifunctional

proteins that can influence gene expression through many cellular

processes. For example, interaction between hnRNP A1 and

inhibitory κBα (‘ IκBα ’) is required for maximal activation of

nuclear factor κB (‘NF-κB’)-dependent transcription [11]. There

is also considerable evidence that suggests a role for some

hnRNPs in the export of mRNA from the nucleus to the

cytoplasm [12–14]. The recent finding of telomere-bound

hnRNPs suggests that hnRNPs may be involved in the regulation

of telomere length [15].

The functions of conserved domains of hnRNP A1 and other

hnRNPs have been extensively studied. hnRNP A1 is a 320-

amino-acid protein containing two copies of an RNA recognition

motif (RRM) at the N-terminus, known as the UP1 domain, and

a C-terminal glycine-rich domain (CT) that comprises an M9

nuclear localization signal (NLS) involved in bidirectional nuclear–

cytoplasmic transport [16] (Figure 1). RRMs are common and
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Figure 1 Structure of human hnRNP A1 conserved domains

Arrows indicate the putative consensus pADPr-binding domain. Numbers refer to the amino acid positions from the initiation codon. The positions of RRM and NLS are those specified by Vitali

et al. [41] and Izaurralde et al. [16] respectively. The UP1 and CT domains are also indicated below the structure.

evolutionary conserved RNA-binding modules. The two RRMs

of hnRNP A1 are closely related, but have distinct functions in

regulating pre-mRNA processing. The UP1 and C-terminal

domains of hnRNP A1 can independently bind nucleic acids,

although this binding is substantially weaker than that observed

with intact hnRNP A1 protein [17]. Both the UP1 and the

C-terminal domains of hnRNP A1 are required in alternative

splicing of mRNA [18].

Recent reports have also suggested the implication of hnRNPs

during apoptosis. The cleavage of hnRNP A1 by caspase-3

identified hnRNPs as apoptosis-associated proteins in human

Burkitt lymphoma cell line [19]. Subcellular proteome analysis

and differential protein expression of apoptotic cells has been

very informative regarding hnRNP processing resulting from

apoptotic events in the cell [19,20]. Little is known about the

physiological significance of the involvement of hnRNPs in

apoptosis, but translocation and cleavage of several other

hnRNPs have been identified [21].

In the present study we have shown that hnRNPs which bind

to pADPr contain a consensus sequence that is responsible for

the specific binding and that pADPr binding is a characteristic

distinct fromRNA binding. The implications of these interactions

in mRNA maturation and translocation will be discussed.

MATERIALS AND METHODS

HeLa cell sample preparation

The human cervical adenocarcinoma cell line HeLa-S3 was

cultured in suspension (air}CO
#
, 19:1 ; 37 °C) in Eagle’s minimal

essential medium (S-MEM; Sigma) containing 10% (v}v) fetal-

bovine serum, 100 units}ml penicillin and 100 µg}ml strepto-

mycin. Cell growth was produced in a sterile culture cell spinner.

Cell pellets containing 2.6¬10) cells were washed twice with

sterile Hepes buffer and stored at ®80 °C. They were then

resuspended in 15 ml of the Rotofor2 isoelectric-focusing

(IEF) buffer [0.2% Triton X-100}5 M urea}2 M thiourea}2%

CHAPS}2% Bio-Lytes pH 3–10 (Bio-Rad)}protease-inhibitor

cocktail (according to Boehringer’s instructions)]. The cell extract

was vortex mixed for 5 min to achieve complete cell disruption

and protein solubilization, then sonicated at 20 kHz with an

amplitude value of 3 for 1 min with a 550 Sonic Dismembrator

sonicator (Fisher Scientific). The cell extract was centrifuged at

15000 g for 15 min to remove extraneous cellular debris. The

volume of the cell-protein-extract supernatant was then adjusted

to 18 ml with the Rotofor2 buffer.

Liquid-phase IEF

A mini Rotofor2 preparative cell (Bio-Rad) was used to separate

proteins in the liquid phase according to their pI. The solubilized

cell pellet was loaded into theRotofor2 focusing chamber without

further treatment. A constant power of 10 W was applied to

the system, which was cooled to 10 °C with a water circulator. The

initial voltage of 450 V reached a plateau of 1800 V after approx.

4 h of focusing time. A total of 20 fractions were collected, and

their pH values measured with a microelectrode. Each of the

Rotofor2 fractions were analysed on 1.5 mm-thick SDS}10%-

(w}v)-polyacrylamide gels, which were silver-stained as described

by Mortz et al. [22].

pADPr-binding protein identification

Even-numbered Rotofor2 fractions were separated by SDS}
10%-PAGE. Proteins were transferred on to a 0.45 µm-thick

PVDF membrane (Bio-Rad) overnight at a constant voltage of

30 V in a system cooled to 4 °C. The membrane was incubated

for 1 h at room temperature with gentle agitation in TBS-T

[10 mM Tris}HCl (pH 8.0)}150 mM NaCl}0.1% Tween-20],

containing 250 nM of either $#P-labelled automodified PARP-1

or free $#P-labelled pADPr. It was then washed with the TBS-T

buffer until no radioactivity could be detected. The membrane

was subsequently air-dried and subjected to autoradiography on

Bio-Max (Kodak) films.

32P-labelled automodified PARP-1 synthesis

$#P-labelled automodified PARP-1 was synthesized essentially as

described by Me!nard and Poirier [23]. In a total reaction volume

of 900 µl [100 mM Tris}HCl (pH 8.0)}10 mM MgCl
#
}8 mM

dithiothreitol (DTT)}10% (v}v) glycerol}calf thymus activated

DNA (23 µg)}1 mM NAD+], 75 µCi of [$#P]NAD+ was added.

Ethanol was added to this preparation dropwise at 10% (v}v)

final concentration, with constant mixing, and the reaction

mixture was incubated for 3 min at 30 °C. The reaction was

started by adding 20 units [24] of PARP-1 purified up to the
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DNA–cellulose step (600 units}mg of protein) as described by

Zahradka and Ebisuzaki [24]. After 30 min at 30 °C, during

which time the enzyme was modified by covalent linkage of

pADPr chains to its automodification domain, 100 µl of 3 M

sodium acetate, pH 5.2, and 700 µl of propan-2-ol were added as

described by Brochu et al. [25]. The reaction mixture was kept on

ice for 30 min and then centrifuged at 10000 g for 10 min at 4 °C.

The pellet was washed twice with ice-cold 80% (v}v) ethanol and

resuspended in 900 µl of TE buffer [10 mM Tris}HCl (pH 8.0)}
1 mM EDTA]. Calculating from the radioactivity count before

and after synthesis, the percentage of NAD+ incorporation was

16%. The final pADPr concentration was 162 µM.

32P-labelled free pADPr

Following $#P-labelled automodified PARP-1 synthesis, the pro-

tein-bound pADPr was hydrolysed by incubation with 1 ml of

1 M KOH and 50 mM EDTA solution at 60 °C. After 1 h, 9 ml

of AAGE9 buffer [250 mM ammonium acetate (pH 9.0)}6 M

guanidine}10 mM EDTA] was added and the pH was adjusted

to 9.0 with 4 M HCl. The free pADPr was isolated on a

dihydroxyboryl Bio-Rex (DHBB) resin synthesized as described

by Shah et al. [26]. A 0.5 ml portion of DHBB was packed into

a 10 ml Econo column (Bio-Rad) and washed with 5 ml of water

and 10 ml of AAGE9 buffer. The sample was loaded on the

DHBB, the flow-through was reloaded, and the resin was washed

with 20 ml of AAGE9 buffer, followed by 10 ml of 1 M am-

monium acetate, pH 9.0. The free $#P-labelled pADPr was eluted

with five portions of 0.5 ml of water at 37 °C. Fractions 2 and 3,

corresponding to the peak of radioactivity, were pooled.

Identification of pADPr-binding proteins by peptide mass
fingerprinting

Prior to the protein extraction and identification on the matrix-

assisted laser-desorption–ionization time-of-flight (MALDI-

TOF) mass spectrometer, the $#P-labelled pADPr was removed

from the proteins by incubating the PVDF membrane for 30 min

in a 0.1 M NaOH solution containing 20 mM EDTA. Bands

excised from the PVDF membrane were rinsed with de-ionized

water and cut into pieces of approx.imately 1¬1 mm#. To each

band, 100 µl of 25 mM ammonium bicarbonate in 10% aceto-

nitrile was added. Proteins in the PVDF membrane pieces were

reduced by adding 3 µl of 45 mM DTT and incubating for

20 min at 37 °C. Alkylation was accomplished by adding 3 µl of

100 mM iodoacetamide and incubating the mixture in the dark

for 20 min. This buffer was then removed, and 100 µl of 25 mM

ammonium bicarbonate in 10% acetonitrile and 0.1% octyl β-

-glycopyranoside was added. The samples were incubated at

37 °C for 20–24 h with 5 µl of 0.1 mg}ml trypsin (Promega

Sequencing Grade Modified Trypsin).

An α-cyano-4-hydroxycinnamic acid (HCCA) matrix solution

was prepared as a saturated solution in 50% acetonitrile and

0.1% trifluoroacetic acid (TFA). A 1 µl aliquot of the digestion

solution was pipetted directly on to a dried 0.8 µl spot of HCCA

on the sample plate. The spot was allowed to dry and then

another 1 µl was deposited. Finally, the crystallized sample spot

was washed twice with 2 µl of 0.1% TFA. An Applied Biosystems

Voyager-DETM PRO BiospectrometryTM Workstation was used

to acquire positive-ion mass spectra. Data were collected in

reflectron mode at an acceleration voltage of 20 kV and an

extraction delay time of 200 ns. Spectra were internally calibrated

using the [M (the molecular ion)H]+ peaks at 842.502 and

2211.097 Da resulting from trypsin autoproteolysis.

Peptide masses measured by MALDI-TOF MS were submitted

to PeptIdent (ExPASy Molecular Biology server) for searching

against the SwissProt database or to ProFound (Proteometrics)

for searching the NCBI (National Center for Biotechnology

Information, U.S. National Library of Medicine Bethesda, MD,

U.S.A.) non-redundant protein database. The mass-tolerance

parameter for matching monoisotopic [MH]+ ion masses was

set at 30 p.p.m. Protein molecular masses were constrained to

³100% of the measured molecular mass, and pI values were not

restricted (0–14 pH units). A maximum of 1 missed trypsin

cleavage was allowed in the search. Results were evaluated and

prioritized based on sequence coverage and matching of the

theoretical to the measured molecular mass and pI.

Dot-blot analysis of the pADPr-binding domain

The amino acid sequences of histone H4, ribonucleoprotein 60

(RO60), hnRNP A1 and hnRNP A2 were searched for sequence

homology with the pADPr-binding sequence motif given by

Pleschke et al. [27]. Searching for this binding pattern was

accomplished using the ScanProsite tool on the ExPASy Mol-

ecular Biology server. Peptides corresponding to the putative

pADPr-binding domain of these proteins as well as alanine-

substituted peptide sequences from the original hnRNP A2 were

synthesized using fluoren-9-ylmethoxycarbonyl (‘Fmoc’) tech-

nology on an Applied Biosystems 433A peptide synthesizer. For

the dot-blot analysis, the following peptides were used:

histone H4: KRHRKVLRDNIQGITKPAIRRLARR

RO60: FKKDLKESMKCGMWGRALRKA

hnRNP A1: REDSQRPGAHLTVKKIFVGGIK

hnRNP A2: REESGKPGAHVTVKKLFVGGIK

hnRNP A2 substitution g1:

AAAAAAPGAHVTVKKLFVGGIK

hnRNP A2 substitution g2:

REESGKPGAAVTVAALFVGGIA

hnRNP A2 substitution g3:

REESGKPAAHATAKKAFVGGIK

hnRNP A2 substitution g4:

REESGKPGAHVTVKKAAAAAAK

negative control 1: CHRPLMRNQKSRDSS

negative control 2: HEGVYIEPEARGRLC

The dot-blot was performed essentially as described by Panzeter

et al. [28]. Peptides were dissolved in TBS-T and 2 µg of each

peptide was spotted on to a 0.05 µm nitrocellulose membrane

(Schleicher und Schu$ ll). The membrane was air-dried, rinsed

three times with TBS-T and incubated for 1 h at room tem-

perature (22 °C) with gentle agitation in TBS-T containing

250 nM $#P-labelled automodified PARP-1 or free $#P-labelled

pADPr. It was then washed with TBS-T buffer until no radio-

activity could be detected. The membrane was subsequently air-

dried and subjected to autoradiography on Bio-Max (Kodak)

films.

Immunological detection of pADPr-binding peptides

The TBS-T washing of the membrane was followed by a 1 h

incubation at room temperature with TBS-T containing 250 nM

free non-radioactive pADPr. The membrane was rinsed three
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times with TBS-T and incubated in PBS-MT (PBS buffer

containing 5% non-fat dried milk and 0.1% Tween-20) for 1 h.

The anti-pADPr antiserum 96-10 (1:10000 in PBS-MT) [29] was

applied overnight with gentle agitation at room temperature.

The membrane was washed several times with PBS-MT and

incubated for 30 min with a secondary anti-rabbit antibody

(1:2500 in PBS-MT) conjugated with peroxidase (Jackson Im-

munoResearch Laboratories). The membrane was washed and

revealed using the Renaissance chemiluminescence kit (NEN

Life Sciences, now PerkinElmer Life Sciences). One dot-blot

control membrane was stained with SYPROTM Ruby Red stain

(Molecular Probes) in order to evaluate the uniformity of pep-

tide retention on the membrane, as displayed by the integrated

density value of the fluorescence intensity on a UV-based charge-

coupled-device (CCD) camera (Alpha Innotech Corporation,

San Leandro, CA, U.S.A.).

SYPROTM Ruby Red protein blot stain

The nitrocellulose membrane was fixed in 10% (v}v) methanol

and 7% (v}v) acetic acid for 15 min. The membrane was rinsed

three times with water and covered for 30 min, with gentle

agitation, with SYPROTM Ruby Protein blot stain. The blot was

rinsed for 15 min with water and revealed using a fluorescence-

based CCD imaging system (Alpha Innotech Corporation).

Expression and purification of hnRNP conserved domains

Plasmids pGEX-A1 and pGEX-A2 were constructed by inserting

the mouse hnRNP A1 and hnRNP A2 cDNAs [30] into the

EcoRI site of pGEX-2T. The hnRNP UP1 fragment was

produced as described in LaBranche et al. [31] and was inserted

into the EcoRI site of pGEX-2T. pGEX-hnRNP A1∆RRM2

was produced by the deletion of the BglII–MscI fragment and

contains a linker element. hnRNP A1∆RRM2 therefore lacks

amino acids 107–171, but contains instead amino acids Ile-Ser-

Ser-Ser. The fragment hnRNP A1-CT containing amino acids

194–319 was produced by PCR and cloned in pGEX-2T.

All recombinant glutathione S-transferase (GST)–hnRNP

fusion proteins were expressed in Escherichia coli BL21. Bacteria

were grown for 2–3 h at 37 °C until reaching an attenuance (D
'!!

)

between 0.5 and 1.0. Induction with 100 µM isopropyl 1-thio-β-

-galactopyranoside (‘IPTG’) was performed for 4 h. Cells were

washed with cold Rec-Buffer [50 mM piperazine}HCl (pH 9.8)}
500 mM NaCl}1 mM DTT}1 mM EDTA}0.5 mM PMSF}
1 mM benzamidine}bacitracin (20 mg}ml)] and resuspended with

10 ml of Rec-Buffer}100 ml of culture. Lysozyme (0.4 mg}ml)

was added 30 min before sonication. Cells were sonicated for

15 s and left on ice for 30 s. The cycle was repeated another three

times. Triton X-100 was added to a final concentration of 1%,

and the mixture was incubated for 30 min at room temperature

on a rotating device. After a 10 min centrifugation at 12000 g at

4 °C, 600 ml of GSH–Sephadex (from a 50% slurry in Rec-

Buffer) was added to the supernatant. The mixture was incubated

for 30 min at 4 °C, then centrifuged 20 s at 500 g and washed

four times with Rec-Buffer containing 0.1% Triton X-100.

GST-proteins were eluted with 300 ml of a buffer comprising

20 mM GSH, 200 mM piperazine, pH 9.8, 1 mM DTT, 1 mM

EDTA and 500 mM NaCl. Eluted material was dialysed in Buffer

D [20 mM Hepes}KOH (pH 7.9)}100 mM KCl}20% (v}v)

glycerol}0.2 mM EDTA}1 mM DTT}0.5 mM PMSF]. A 1 µg

portion each of recombinant hnRNPs, core histones and GST–

protein was separated by electrophoresis on 0.75-mm-thick

SDS}12% -polyacrylamide gel. The proteins were transferred on

to a 0.05-µm-thick nitrocellulose membrane (Schleicher und

Schu$ ll). A constant voltage (125 V) was applied for 1 h to the

system, which was cooled to 4 °C. Membranes were washed three

times with TBS-T before incubation with $#P-labelled auto-

modified PARP-1. Competition assays using RNA and NAD+

were also performed in order to evaluate specificity of pADPr

binding to hnRNPs. A 100-fold excess of yeast RNA (Ambion)

or NAD+ (Boehringer Mannheim) over pADPr was added to the

incubation buffer. Again, the membranes were washed until no

radioactivity could be detected in theTBS-T buffer. On occasions,

membranes were washed under high-stringency conditions (1 M

NaCl in TBS-T). The membranes were air-dried and subjected to

autoradiography on Bio-Max (Kodak) films.

RESULTS

Identification of pADPr-binding proteins

Liquid-phase IEF followed by SDS}PAGE was used to frac-

tionate proteins from a HeLa-cell protein extract. Pre-

fractionation by liquid-phase IEF decreases considerably the

sample complexity prior to SDS}PAGE. Moreover, preparative

IEF permits much higher protein load than does a conventional

two-dimensional gel, ranging up to the milligrams of protein.

Twenty Rotofor2 fractions of HeLa-cell proteins were collected

over an almost linear pH range from 2 to 10 (Figure 2). Rotofor2
fractions analysed by SDS}PAGE (Figure 3) illustrate that most

of the proteins do not focus in only one pH fraction, but rather

spread over two or more pH fractions with a clear enrichment

pattern in some of these fractions. The goal of this two-step

separation is to minimize the number of co-migrating proteins.

Although MALDI-TOF MS can deal with multiple protein

identification within a band, it is desirable to obtain a single

protein per band.

After transfer of the PAGE-separated proteins to a PVDF

membrane and exposure to $#P-labelled automodified PARP-1,

autoradiography reveals the putative pADPr-binding proteins

(Figure 4). On comparison of the very different patterns obtained

from silver-stained gel and autoradiography obtained with $#P-

labelled automodified PARP-1, one can observe that cellular

proteins do not bind the pADPr in proportion to their abundance.

As expected, the pADPr-binding patterns obtained from SDS}

Figure 2 pH evaluation of Rotofor2 fractions harvested from a pH 3–10
electrofocusing chamber
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Figure 3 Silver-stained SDS/PAGE of Rotofor2 fractions

The fraction numbers are indicated over each lane. M is molecular mass.

Figure 4 Analysis of pADPr-binding proteins

Even-numbered fractions harvested from the Rotofor2 cell were transferred on to PVDF

membrane. Incubation with 32P-automodified PARP-1 or free [32P]pADPr followed by

autoradiography reveals a binding-protein pattern. Numbered bands were excised for

identification by peptide mass fingerprinting. Rotofor2 fraction numbers are indicated over each

lane. M is molecular mass.

PAGE-separated Rotofor2 fractions using either automodified

PARP-1 or free pADPr are identical (results not shown). This

observation indicates that the interaction is a protein–pADPr

contact rather than a protein–protein interaction. Considering

that most of the cellular pADPr is protein-bound and that

PARP-1 is the most important pADPr acceptor, the use of

automodified PARP-1 is more likely to be representative of the

interaction.

A total of 30 of the higher-intensity bands were cut from the

membrane and analysed by peptide mass fingerprinting after

trypsin digestion. The mass spectrum shown in Figure 5 is a

tryptic digest from the band number 29 (see Figure 4) in which

hnRNP A2}B1 and annexin II co-migrated. In this particular

band, the use of recombinant hnRNP A2 showed that hnRNP

A2 is actually the pADPr-binding protein, even if the relative

intensity of hnRNP A2 peptides is considerably lower compared

with annexin II. There were 15 tryptic peptides identified from

hnRNP A2}B1 and eight peptides from annexin II. MALDI-

TOF MS identification reveals many hnRNPs as pADPr-binding

proteins (hnRNP A2}B1, hnRNP C1}C2, hnRNP E1, hnRNP

G, hnRNP H, hnRNP K and hnRNP M) as well as previously

reported pADPr-binding proteins such as lamins and histones

(Table 1). Note that the majority of these proteins have a basic

pI. The identity of the proteins in other bands will be the subject

of further study. In general, no identifications were obtained

from bands having a molecular mass higher than 90 kDa,

probably because the higher-molecular-mass proteins are not

efficiently transferred to the membrane. Most of the pADPr-

binding proteins were localized in a single protein band, but

some hnRNPs co-migrated with other proteins.

Characterization of pADPr binding on synthetic peptides by dot-
blot analysis

In order to characterize further this pADPr affinity, we attempted

to localize the pADPr-binding site of hnRNPs on the basis of a

previously reported pADPr-binding consensus sequence [27] (see

Figure 6). This consensus pattern consists of approx. 20 amino

acids: a N-terminal cluster rich in basic residues (lysine}arginine)

and a C-terminal region containing alternating hydrophobic and

basic amino acids (Figure 6A). A search with the PATTINPROT
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Figure 5 Tryptic-peptide mass map of the proteins in band number 29

Peptides from two proteins, hnRNP A2/B1 (g) and annexin II (°), were identified in this band. Trypsin autolysis products (t) are also labelled.

Table 1 pADPr-binding proteins from a HeLa-cell extract identified by peptide mass fingerprinting

Bands were excised from the membrane shown in Figure 4.

Band no. Tentative protein identification SwissProt or GeneBank2 accession no. Sequence coverage (%)

pI/molecular mass (Da)

Theoretical Estimated

4 hnRNP C1/C2 (2 isoforms) P07910 20 5.11/33299 ; 5.10/31966 6/39000

6 hnRNP K (2 isoforms) Q07244 19 5.39/50976 ; 5.19/51028 6.5/57000

8 Lamin A/C P02545 40 6.57/74139 8/66000

9 Lamin A/C (second isoform) P02545 30 6.4/65135 8/60000

16 hnRNP A2/B1 (isoform) and Annexin II P22626 ; P07355 37 ; 31 8.67/36006 ; 7.56/38473 9/35000

20 hnRNP A2/B1 P22626 19 8.97/37430 10/38000

21 Histone H1C P16402 22 11.02/22219 8.5/20000

22 hnRNP H P31943 17 5.9/49229 8/50000

24 hnRNP G (RNA-binding motif protein)

and phosphoglycerate kinase 1

P38159 (11421425) ;

P00558 (6456828)

40 ; 37 10.02/42404 ; 8.3/44597 10/42000

25 hnRNP C1/C2 (2 isoforms) P07910 19 5.11/33299 ; 5.10/31966 6.5/39000

27 hnRNP M (2 isoforms) P52272 31 8.94/77470 ; 9.03/73575 10/66000

29 hnRNP A2/B1(2 isoforms) and annexin II P22626 ; P07355 46 ; 25 8.97/37430 or 8.67/36006 ; 7.56/38473 9/35000

30 hnRNP C1/C2 (2 isoforms) and hnRNP E1

(α-CP1)

P07910 ; Q15365 (2134737) 25 ; 20 5.11/33299 (5.10/31966) ; 6.66/37526 8/39000

tool on the NPS! server (Network Protein Sequence !nalysis,

http:}}npsa-pbil.ibcp.fr}) [32] revealed that all of the identified

hnRNPs may contain such a pADPr-binding site, it being borne

in mind that the pADPr-binding domain does not contain

invariant amino acids at a given position within the consensus.

Multiple sequence alignment of related hnRNPs with the con-

sensus sequence reveals a closely matching pattern (Figure 6B).

To verify whether the putative pADPr-binding domain of

hnRNPs does indeed bind to pADPr, a pADPr-binding dot-blot

analysis was performed on synthetic peptides that display the

consensus sequence. The Western blot shown in Figure 7(B)

clearly demonstrates that the putative pADPr-binding domain of

histone H4, RO60, hnRNP A1 and hnRNP A2 mediates pADPr

binding. The use of different approaches to characterize the

pADPr-binding affinity of dot-blotted synthetic peptides results

in approximately the same pattern of binding affinities. Using

either radiolabelled automodified PARP-1 and free pADPr or

the immunological detection of pADPr with the 96-10 antibody
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Figure 6 (A) Sequence alignment of the putative pADPr-binding sequence for closely related hnRNPs corresponding to the dot-blot peptide synthesis and
(B) putative pADPr-binding site and similarity with the consensus sequence for all hnRNPs identified by peptide mass fingerprinting

(A) The basic amino acids (b) are lysine, arginine and histidine, and the hydrophobic amino acids (h) are alanine, cysteine, glycine, valine, isoleucine, leucine, methionine, phenylalanine, tyrosine

and tryptophan. Positions indicated by ‘ x ’ can be any amino acid. Positions in bold are consensus amino acids common to both sequences. The sequence of the hnRNP A2 peptides modified

by replacement with alanine is aligned with the pADPr-binding consensus sequence. Substituted amino acid positions are underscored. (B) The given similarity percentages are those calculated

from the PATTINPROT algorithm [32].

Figure 7 pADPr-binding dot-blot analysis

Different peptides that comprise the putative pADPr-binding site (see the text) were blotted on

to nitrocellulose membrane. (A) SYPRO Ruby Red blot stain. (B) Immunological detection of

pADPr-binding peptides in the presence of 250 nM automodified PARP-1. Detection was

accomplished by using the anti-pADPr rabbit polyclonal antibody 96-10 in a Western-blot assay.

did not modify the observed pADPr-binding affinity. Moreover,

the use of high-stringency buffers (TBS-T with 1 M NaCl) did

not abolish pADPr-binding (results not shown). The immuno-

logical detection of protein-bound pADPr is presented in

Figure 7.

In addition, we have verified by SYPRO Ruby Red blot

staining that the quantity of each peptide retained on the

membrane was the same (Figure 7A). Uniformity of the peptide

retention on the nitrocellulose membrane allows a direct com-

parison between the pADPr-binding efficiencies of each peptide.

To obtain the same amount of each peptide bound to the

nitrocellulose membrane, we evaluated the fluorescence intensity

of a standardized blot stained with Sypro Ruby Red. The

integrated density value of the fluorescence intensity for each of

these peptides was approximately the same, indicating an equal

amount of peptide retained on the membrane.

It has been proposed that the hydrophobic amino acids in the

binding motif are necessary for pADPr binding, whereas

the basic residues are less critical [27]. To test this hypothesis, the

hnRNP A2 peptide sequence was selectively modified by alanine

substitution of all basic and hydrophobic amino acids. The

substituted peptides are listed in Figure 6(A). As shown in Figure

7, when the N-terminal tail of the consensus sequence is replaced

by alanine (substitution 1), the peptide does not significantly

decrease the binding to pADPr. Consequently the consensus

could be localized to the hydrophobic}basic region of the

consensus without the lysine}arginine-rich cluster at the N-

terminus. Replacement by alanine of all the basic residues in the

consensus sequence (substitution 2) completely inhibits pADPr

binding, as does replacing the hydrophobic residues (substitution

3). Finally, replacement by alanine of the C-terminal residues

also abolishes pADPr binding. That the two most hydrophobic

residues of the putative pADPr-binding sequence (leucine and

phenylalanine) are replaced with residues of much lower hydro-

phobicity could explain the complete loss of pADPr binding. In

contrast with what has been proposed, both interspersed hydro-

phobic and basic amino acids seem to be important in achieving

pADPr binding. Also, preliminary results with random-generated
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Figure 8 pADPr-binding pattern of the conserved hnRNP domain

Recombinant purified hnRNP protein constructs (1 µg) were separated on SDS/12%-PAGE, followed by transblot on to nitrocellulose membrane. Membranes were stained with SYPRO Ruby Red

protein blot stain (A), incubated with 250 nM 32P-automodified PARP-1 in TBS-T (B), 250 nM 32P-automodified PARP-1 with a 100-fold excess of NAD+ (C) or 250 nM 32P-automodified PARP-

1 with a 100-fold excess of RNA (D). Lanes : 1, core histones ; 2, GST–hnRNP A1∆RRM2 ; 3, GST–hnRNP A1 UP1 domain ; 4, GST–hnRNP A1 C-terminal domain ; 5, GST–hnRNP A2 full length ;

6, GST–hnRNP A1 full length ; 7, GST protein ; 8, molecular-mass standards (molecular masses are given in kDa on the extreme right).

hnRNP A1 mutants did not allow us to point out single critical

amino acid positions within the pADPr-binding site.

Characterization of pADPr binding on hnRNP conserved domains

Recombinant purified hnRNP–GST hybrid proteins were used

in a pADPr-binding assay in order to characterize further the

binding specificity of hnRNPs (Figure 8). A SYPRO Ruby Red

blot stain of purified hnRNP conserved domains is shown in

Figure 8(A). Recombinant hnRNPs constructs migrated at

their expected molecular mass, but some proteolysis is apparent. As

expected, GST constructs of hnRNP A1 and hnRNP A2 strongly

bound pADPr (Figure 8B). Core histones and purified GST were

used as positive and negative control samples respectively.

Indeed, histones are strong binders of pADPr in this system,

while no binding is observed for the GST protein. Specific

domains of hnRNP A1 were also expressed as a hybrid protein

with GST. No binding is observed for either part of the UP1 or

CT domains of hnRNP A1. However, a GST construct exhibiting

hnRNP A1 protein with a deletion of the RRM2 does bind to

pADPr. This result reveals that RRM2 is not involved in pADPr

binding, because the complete deletion of this RRM did not

decrease the apparent affinity. However, the UP1 and CT

domains constructs failed to bind pADPr. Such a result was

expected with the glycine-rich CT domain, as it does not contain

the putative pADPr-binding site. Surprisingly, the UP1 domain

construct that contains the two intact RRMs and the putative

pADPr-binding site did not bind any pADPr. Apparently, the

glycine-rich CT domain could be required for adequate position

and availability of the pADPr-binding site within the UP1

domain, since pADPr-binding is restored when hnRNP con-

structs containing both the CT domain and pADPr-binding site

are present [full-length hnRNP A1 and hnRNP A1∆RRM2].

Unfortunately, structural information is not available for the

intact hnRNP A1 protein, and therefore the possible structural

effect of the CT domain on pADPr-binding is not known.

The unchanged pADPr-binding affinity of the hnRNP A1

lacking a RRM2 sequence is interesting, because it segregates

RNA binding from pADPr binding. This observation is also

confirmed by competition assays using excess RNA or NAD+

over pADPr (Figures 8B and 8C). Exactly the same binding

pattern and intensity was observed, indicating that there is no

change in pADPr-binding affinity. These interactions are very

specific, because they are observed under physiological or high-

stringency conditions (1 M NaCl). Moreover, the inability of

competitive RNA or NAD+ to affect the binding efficiency is also

a strong indication that pADPr binding to hnRNPs is a specific

process.

DISCUSSION

Using a proteomic approach, we have identified a new family of

proteins that bind to pADPr, namely hnRNPs. Prasad et al. [33]

have previously reported the ADP-ribosylation of hnRNP A1

and hnRNP A2}B1. At that time, it was impossible to determine

whether these hnRNPs were modified by single or multiple

covalently linked ADP-ribose units. In view of our results it is

clear, however, that hnRNPs can establish a strong non-covalent

link with pADPr. We demonstrate for the first time that hnRNPs

have specific affinity to pADPr resulting from a non-covalent

interaction mediated by a consensus motif within the amino

acids sequence. Although the function of non-covalent interac-

tions between free pADPr and proteins is poorly understood, it

has been demonstrated that non-covalent interactions between

the pADPr nuclear proteins such as p53 and histones are very

stable and could modify the functional properties of these and

other proteins in living cells [34–36]. Therefore, these previous

results substantiate our finding that hnRNPs are specific non-

covalent pADPr binders.

The interaction between hnRNPs and pADPr could play

several cellular functional roles. Given the fact that poly(ADP-
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ribosyl)ation is an early response to DNA damage, the affinity of

hnRNPs to pADPr, which plays important roles in RNA

maturation and translocation, is intriguing. For instance, the

interaction of hnRNPs with pADPr could be a mechanism for

controlling RNA maturation, because hnRNPs are involved in

RNA splicing [8].

PARP-1 translocation to the nucleoplasm during DNA dam-

age and apoptosis [37,38] could affect RNA maturation through

the interaction of automodified PARP-1 with hnRNPs. The

interaction proposed with PARP-1 is consistent with the nuclear

distribution of hnRNPs. The previous finding that hnRNP A1 is

specifically cleaved by caspase-3 proteases also supports the link

between hnRNPs and apoptosis events [19].

PARP-1 has been shown to be involved in DNA damage

signalling through its interaction with p53, p21 and other proteins

[39]. Indeed, PARP-1−/− cells are extremely sensitive to γ-

irradiation [40]. Part of this signalling mechanism could be the

retention of hnRNPs in the nucleus during the peak of pADPr

synthesis by PARP-1 in response to DNA-damaging agents.

Thus, pADPr synthesis could affect cytoplasmic shuttling during

apoptosis and DNA damage. Also, because there is a very large

increase of pADPr levels during apoptosis, hnRNP packaging

and transport out of the nucleus could be affected by pADPr

binding.

We hope that our results will provide important insights into

the potential modulation role that pADPr binding to hnRNPs

may play in mRNA processing and trafficking into the cell,

especially during apoptosis-related cellular events.

This work was supported by the Canadian Institute of Health Research. We thank
Isabelle Kelly for peptide synthesis. We also thank Dr Eric Winstall for informative
discussions.
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