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Abstract Poly-ADP-ribose polymerases (PARPs) use

NAD? as substrate to generate polymers of ADP-ribose.

We targeted the catalytic domain of human PARP1 as

molecular NAD? detector into cellular organelles. Immu-

nochemical detection of polymers demonstrated distinct

subcellular NAD? pools in mitochondria, peroxisomes

and, surprisingly, in the endoplasmic reticulum and the

Golgi complex. Polymers did not accumulate within the

mitochondrial intermembrane space or the cytosol. We

demonstrate the suitability of this compartment-specific

NAD? and poly-ADP-ribose turnover to establish intra-

organellar protein localization. For overexpressed proteins,

genetically endowed with PARP activity, detection of

polymers indicates segregation from the cytosol and con-

sequently intra-organellar residence. In mitochondria,

polymer build-up reveals matrix localization of the PARP

fusion protein. Compared to presently used fusion tags for

subcellular protein localization, these are substantial

improvements in resolution. We thus established a novel

molecular tool applicable for studies of subcellular NAD

metabolism and protein localization.
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Introduction

Two major strategies have emerged to determine the sub-

cellular localization of proteins. Cell fractionation has been

used to enrich organelles with subsequent identification of

the proteins present (‘‘Divide and identify’’) [1]. Alterna-

tively, a protein of interest is expressed in fusion with a

peptide tag or a fluorescent reporter protein (e.g., green

fluorescent protein, GFP). Subcellular localization of the

recombinant protein is based on immunocytochemical

detection of the peptide tag or the intrinsic fluorescence of

the detector protein (‘‘Tag and tell’’). Both approaches have

been successfully used for large-scale protein localization

[2–4]. Unfortunately, these methods do not discriminate

between an external association to an organelle and luminal

localization, because the detection is independent of sub-

organellar specifics. In eukaryotic cells, mitochondria pose

an additional challenge owing to their two surrounding

membranes [5]. To resolve suborganellar localization,

elaborate procedures are currently used including protease

protection assays following organelle isolation and electron

microscopy after immunogold labeling.

We reasoned that different metabolic conditions within

subcellular compartments could be exploited to facilitate

protein localization. That is, the protein itself would not be

detected, but a functional parameter such as enzyme

activity. When fused to a protein of interest, the enzyme

would be targeted to the native subcellular location of the

analyte protein. Application of such an approach would

require a readily detectable product which should not be

present endogenously at significant concentrations. More-

over, the substrate or any further conversions of the product

should have an organelle-specific distribution. As outlined

below, these criteria are met using poly-ADP-ribose poly-

merase-1 (PARP1) as marker enzyme.
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Poly-ADP-ribose polymerase-1 generates protein-bound

poly-ADP-ribose (PAR) using NAD? as substrate. It is a

nuclear enzyme which preferentially attaches PAR to itself

(automodification). The protein-bound PAR chains consist

of up to 200 ADP-ribose units and are most often branched

[6–8]. These biopolymers, but not NAD or single units of

ADP-ribose, are readily detectable by specific antibodies

[9]. Under physiological conditions, PAR is not detected in

cells, because the catalytic activity of endogenous PARP1

requires binding of the enzyme to DNA strand breaks.

Deletion of the DNA binding domain from full-length

PARP1 (Fig. 1a) results in a catalytically less, but consti-

tutively active, polymerase in the absence of DNA lesions

[6, 10]. PAR can be efficiently degraded to ADP-ribose by

PAR glycohydrolase (PARG) whose isoforms are pre-

dominantly located within the cytosol and the nucleus [11].

In mammalian cells, transport of NAD? across intracellular

membranes (except the nuclear and outer mitochondrial

membranes) has not been detected suggesting the existence

of independent, non-exchangeable pools. Therefore, we

considered that differential accumulation of PAR provides

a reporter system for subcellular protein localization.

On the other hand, the conversion of NAD? into

immunodetectable polymers would permit the visualizing

and study of the subcellular distribution of this nucleotide.

Indeed, so far, detection of organellar NAD? has only been

achieved using cell disruption and fractionation followed

by nucleotide extraction and analysis. While cytosolic/

nuclear and mitochondrial matrix contents have been

measured, the presence of NAD in other compartments has

not been established, at least in part because of the ana-

lytical difficulties. The activities of NAD-dependent

dehydrogenases attest the presence of this nucleotide in

peroxisomes, while the membranes of these organelles

appear impermeable to NAD [12].

Recent research has revealed a tremendous array of

regulatory pathways which involve conversions of NAD?

in signaling reactions [13]. For example, NAD?-dependent

protein de-acetylation by sirtuins plays a major role in

lifespan regulation [14, 15] and energy metabolism [16,

17]. Poly-ADP-ribosylation has important functions in

DNA repair [8], telomere maintenance [18], cell division

[19], and apoptosis [20]. Several derivatives of pyridine

nucleotides including ADP-ribose, cyclic ADP-ribose, and

NAADP serve as second messengers in calcium signaling

[21, 22]. These signaling processes are compartmentalized.

To understand their functions and regulation, it is essential

to know the subcellular distribution of NAD? and the

dynamics of its individual pools. NAD(P)H fluorescence

has been used to estimate fluctuations of reduced pyridine

nucleotides in living cells [23]. However, the sensitivity

limits the method to pools of high NAD(P)H concentration,

such as mitochondria.

We show here that targeted expression of PARP activity

permits the visualizing of individual subcellular NAD?

pools, based on the conversion of the nucleotide to poly-

mers. Moreover, the differential, compartment-specific

stability of these polymers provides a novel, easily adapt-

able technique to establish intra-organellar localization of

proteins.

Materials and methods

Chemicals, reagents, and media

All chemicals and reagents were of analytical grade. The

following antibodies were used: mouse anti-FLAG and

mouse anti-b-Tubulin antibodies (Sigma-Aldrich), rabbit

anti-PAR (96-10-04; Alexis Biochemicals), chicken anti-

myc and rabbit anti-Pmp70 (Invitrogen), mouse anti-

GM130 (BD Biosciences), mouse anti-GFP (JL8;

Fig. 1 Mitochondrial, but not cytosolic overexpression of PARP1cd

results in immunodetectable PAR accumulation. a Molecular archi-

tecture of poly-ADP-ribose polymerase 1 and the generated PARP1cd

and EGFP fusion constructs. MTS Mitochondrial targeting sequence,

NLS nuclear localization signal. b Fluorescence micrographs of HeLa

S3 cells subjected to PAR immunocytochemistry 24 h after transient

transfection with vectors encoding cytosolic or mitochondrial EGFP-

PARP1cd (cPARP1cd and mPARP1cd). Protein expression was

monitored by the intrinsic fluorescence of the EGFP portion of the

constructs. Bar 10 lm. c PAR immunoblot analysis of lysates from

HeLa S3 cells expressing cPARP1cd or mPARP1cd or the respective

constructs lacking the PARP1cd portion (cEGFP and mEGFP).

Overexpression of the proteins was detected by the C-terminal myc-

tag. As observed in (b), PAR formation was only detected in cells

expressing mPARP1cd. Loading control: b-tubulin. d Addition of

NAD? (1 mM) to bacterially expressed human PARP1cd (amino

acids 652–1014) led to automodification of the protein as visualized

by PAR immunoblot analysis. The bottom part shows the immuno-

detection of the protein’s 6xHis-tag. e Stably transfected 293 cells

expressing cytosolic EGFP (293cEGFP) or cytosolic EGFP-PARP1cd

(293cPARP1cd). Protein expression as monitored by the intrinsic

fluorescence of the EGFP portion of the constructs is detectable in all

cells. f Immunoblot analyses of lysates from parental and stably

transfected 293 cell lines. Expression of cEGFP, cPARP1cd and

mPARP1cd was detected by the C-terminal myc epitope. Mitochon-

drial and cytosolic PARP1cd fusion proteins were expressed at similar

levels. PAR immunoblot analysis using 10H antibody revealed

detectable PAR formation only in cells expressing mitochondrial

PARP1cd. Loading control: b-tubulin. g Constitutive expression of

cPARP1cd does not affect cell viability. Cells were seeded into 96-

well plates and the viability was determined by MTT assay. Viability

of 293cPARP1cd was related to control 293cEGFP cells set to 100%.

Data are shown as mean ± SE of four experiments, each performed

in triplicate. h Schematic representation of the observed differences in

PAR accumulation mediated by targeted overexpression of PARP1cd

fusion proteins. Cytosolic PARP1cd does not give rise to immuno-

detectable PAR. NAD and ADP-ribose are not recognized by the

PAR-specific antibodies. The presence of PARP1cd within mito-

chondria leads to extensive PAR formation

c
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Clontech) and mouse anti-PDI (ab2792; Abcam). Mouse

anti-myc (9E10) and mouse anti-PAR (10H) antibodies

were from hybridoma cell culture supernatants. Highly

cross-adsorbed fluorescent-conjugated secondary antibod-

ies were from Invitrogen/Molecular Probes. ECL reagents

and HRP-conjugated goat anti-mouse/goat anti-rabbit

antibodies were from Pierce or GE Healthcare/Amersham

Biosciences.

Cloning and generation of eukaryotic expression

vectors

To generate a vector encoding C-terminally myc-tagged

cPARP1cd, the cDNA fragment encoding amino acids (aa)

572–1014 of full-length PARP1 was ligated into pCMV/

myc/cyto (Invitrogen) via its PstI/SalI sites. Subsequently,

the cDNA encoding enhanced GFP (EGFP; Clontech
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Laboratories) was inserted into the vector via the PstI site.

A vector encoding only the EGFP portion was prepared by

replacing the GFP encoding cDNA from pCMV/myc/cyto/

GFP (Invitrogen) with the cDNA encoding EGFP using

PstI/NotI sites of the vector and PstI/Bsp120I sites for the

insert.

For expression of a protein of interest in fusion with

PARP1cd, the DNA sequence encoding the C-terminal cat-

alytic domain of PARP1 along with a C-terminal myc-

epitope was amplified from an existing vector [24] and

ligated into pcDNA3.1(?) (Invitrogen) via EcoRI/XbaI sites.

The open reading frames (ORFs) of the proteins of interest

were amplified and introduced into this vector via KpnI/

EcoRI restriction sites. In order to verify the localization of

the proteins of interest by indirect immunocytochemistry,

their corresponding cDNA sequences were inserted into

pFLAG-CMV-5a (Sigma). Peroxisomal constructs were

generated by PCR amplification of the full-length ORFs of

EGFP and EGFP-PARP1cd from the above described vector

and ligation via KpnI/EcoRI into pcDNA3.1(?); coding for

the peroxisomal targeting signal (SKL) was included in the

primer sequence. To generate a vector encoding matrix-

targeted AIF-PARP1cd, the ORF of AIF-PARP1cd was

ligated into pCMV/myc/mito (Invitrogen) using the SalI

restriction site. All cloned cDNAs were amplified using Pfu

DNA polymerase.

Cell culture

HeLa S3 cells were cultivated in Ham’s F12 medium

supplemented with 10% (v/v) FCS and penicillin/strepto-

mycin. Transient transfection of eukaryotic cells was

performed for 24–48 h using Effectene reagent (Qiagen)

according to the recommendations of the manufacturer.

Stably transfected monoclonal 293 lines expressing cEGFP

or cPARP1cd were generated as described previously [24]

using vectors encoding cEGFP or cPARP1cd. The cell

lines, termed 293cEGFP and 293cPARP1cd, were

maintained in Dulbecco’s modified Eagle’s medium sup-

plemented with 10% (v/v) FCS, 2 mM glutamine,

penicillin/streptomycin, and 100 lg/ml G418.

Cell viability was determined using an MTT [3-(4,5-

dimethylthiazol-2-yl)2 2,5-diphenyl tetrazolium bromide]

assay as described [24]. Viability was expressed as the

ratio of values obtained from cells cultivated for 48 h and

cells grown for 24 h. The data obtained for the control

293cEGFP cells were set to 100%.

Immunocytochemistry

Cells grown on cover slips were fixed with ice-cold 4%

(v/v) formaldehyde in PBS for 45 min and subsequently

permeabilized for 15 min using 0.5% (v/v) Triton X-100 in

PBS. In some experiments, cells were treated with 0.2 lM

MitoTracker Red CMXRos (Invitrogen) in full medium for

30 min prior to fixation. PAR detection was performed

using PAR-specific antibody 96-10-04. Nuclei were stained

with DAPI. Images were taken using a Leica DMI6000B

epifluorescence microscope (Leica Microsystems) equip-

ped with a 9100 oil immersion objective (numerical

aperture, 1.40).

Protein determination, SDS-PAGE and western blot

analysis

Protein concentration of cell lysates prepared in 20 mM

Tris/HCl pH 7.4, 150 mM NaCl, 2% (w/v) sodium dodecyl

sulfate (SDS) and 1 mM EDTA was determined using the

bicinchoninic acid method (Pierce). SDS polyacrylamide

gel electrophoresis and immunoblotting were carried out

according to standard procedures; enhanced chemilumi-

nescence was used for detection.

Results and discussion

PAR accumulation can be observed in the

mitochondrial matrix, but not the cytosol

When artificially targeted to the mitochondrial matrix, the

catalytic domain of PARP1 (PARP1cd) fused to EGFP

gave rise to PAR within the organelles [24]. In contrast,

expression of the EGFP-PARP1cd construct in the cytosol

did not result in detectable PAR formation (Fig. 1b, c). As

a potential reason for the absence of PAR accumulation in

the cytosol, the requirement for an endogenous PAR

acceptor protein can be ruled out. As shown in Fig. 1d, a

bacterially expressed, purified PARP1cd-6xHis protein

encompassing amino acid residues 652–1014 of human

PARP1 (kindly provided by Dr F. Koch-Nolte, Hamburg,

Germany) strongly automodified itself, similar to a previ-

ously reported PARP1cd [10].

Poly-ADP-ribose was recently suggested to act as a

death signal when accumulating in the cytosol following

PARP1 activation during genotoxic stress [20, 25]. How-

ever, we can exclude a cytotoxic effect, which could

potentially mask PAR build-up by a PARP1cd fusion

protein expressed in the cytosol. As shown in Fig. 1b, c,

the expression level of cytosolic PARP1cd was at least as

high as that of the mitochondrial construct indicating that

PARP1cd was equally well tolerated in both compartments.

To further validate this point, we generated stably trans-

fected 293 cell lines expressing either just EGFP

(293cEGFP cells) or the EGFP-PARP1cd construct

(293cPARP1cd cells) in the cytosol. Expression of the

proteins was monitored by their intrinsic green
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fluorescence, which was detected in all cells (Fig. 1e).

Immunoblot analyses of 293cPARP1cd cell lysates verified

expression of the full-length cPARP1cd protein at a similar

level compared to the same construct targeted to mito-

chondria in stably transfected 293mPARP1cd cells

(Fig. 1f). Importantly, no PAR immunoreactivity was

observed in lysates from 293cPARP1cd cells, similar to

parental 293 or 293cEGFP control cells (Fig. 1f). In

addition to the successful generation of these cells per se,

the undiminished viability of the 293cPARP1cd cells

(Fig. 1g) strongly argues against a possible cytotoxic effect

exerted by the cytosolic PARP1cd. Measurements of the

total cellular NAD content in 293cPARP1cd cells revealed

a significant reduction by about 20% (from 4.8 to 3.9 nmol/

mg protein) compared to stably transfected control cells,

which constitutively expressed EGFP. This observation

further substantiates the notion that the cPARP1cd is cat-

alytically active. Most likely, the polymers synthesized by

cPARP1cd are subject to rapid degradation by endogenous

PARG, whose isoforms reside predominantly in the cytosol

[11]. The high turnover would lead to an overall non-

detectable PAR formation, but still cause an appreciable

reduction of cellular NAD.

The observations so far indicated that the presence of

PARP1cd fusion proteins in either the mitochondria or the

cytosol can be distinguished based on the accumulation of

PAR, as illustrated in Fig. 1h. Importantly, immunochem-

ical detection of PAR following expression of PARP1cd in

the mitochondrial matrix was equally conclusive using

western blotting or fluorescence microscopy (Fig. 1b, c).

In mitochondria, PAR accumulation is specific

for matrix-localized PARP1cd

We then compared PAR accumulation for PARP1cd fusion

proteins localizing to the matrix or intermembrane space

(IMS) of mitochondria. Glutamate dehydrogenase (GDH)

is a well-established matrix protein [26] with a typical

N-terminal targeting sequence [27]. To direct PARP1cd

into the IMS, we used apoptosis inducing factor (AIF)

whose targeting is also mediated by its N-terminus [28].

AIF is anchored in the inner mitochondrial membrane

facing the IMS [29]. As expected, both GDH and AIF,

tagged by a FLAG epitope, similarly co-localized with the

mitochondria-specific dye MitoTracker (Fig. 2). However,

this common method does not resolve whether a protein is

located in the matrix.

We then transiently transfected HeLa S3 cells with

vectors encoding constructs consisting of PARP1cd

C-terminally fused to GDH or AIF. Immunodetection of

their C-terminal myc-tags demonstrated a cellular distri-

bution just as the FLAG-tagged constructs lacking

the PARP1cd (Fig. 3a). Importantly, expression of the

GDH-PARP1cd construct resulted in the accumulation of

PAR (Fig. 3b, left) confirming that PAR is readily detect-

able when PARP1cd is directed into the matrix (cf.

Fig. 1b, c). In contrast, PAR formation was virtually

undetectable in cells expressing IMS-targeted AIF-

PARP1cd (Fig. 3b, right). Only a minor portion of these

cells showed PAR immunoreactivity, however, and only at

the limit of detection and therefore clearly distinguishable

from the matrix-localized PAR generated by GDH-

PARP1cd.

To verify that matrix localization, and not the individual

protein fused to PARP1cd, was important for PAR accu-

mulation, the AIF-PARP1cd fusion construct was endowed

Fig. 2 Association of GDH- and AIF-FLAG constructs with mito-

chondria. HeLa S3 cells were transiently transfected with vectors

encoding GDH and AIF as FLAG tagged proteins. After 24 h cells

were stained with MitoTracker (MT) and subjected to FLAG-

immunocytochemistry. The fluorescence micrographs show nuclei

(DAPI), expressed recombinant proteins (FLAG), and mitochondria

(MT). Bar 10 lm
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with a bona fide matrix targeting sequence (mAIF-

PARP1cd; Fig. 3c). Conversely, a GDH-PARP1cd fusion

protein was expressed which lacked the N-terminal 53

amino acids harboring the matrix targeting sequence of

GDH (GDHD53-PARP1cd, Fig. 3c). Transiently expressed

mAIF-PARP1cd localized to mitochondria and now led to

accumulation of PAR (Fig. 3c, right). On the other hand,

the GDHD53-PARP1cd protein was distributed throughout

the cytosol and no PAR was detectable (Fig. 3c, left).

Consequently, fusion of mitochondrial proteins to

PARP1cd enables to discern their localization in the matrix

or IMS (Fig. 3f).

We also verified that the PAR immunoreactivity

observed for matrix-targeted PARP1cd indeed relied on the

Fig. 3 Submitochondrial localization of PARP1cd fusion proteins

based on PAR accumulation in the matrix, but not the intermembrane

space. a GDH-PARP1cd and AIF-PARP1cd fusion proteins localize

to mitochondria. HeLa S3 cells were transiently transfected with

vectors encoding the indicated mitochondrial PARP1cd fusion

proteins. After 24 h, cells were stained with MitoTracker (MT) and

subjected to myc-immunocytochemistry. The fluorescence micro-

graphs show nuclei (DAPI), expressed recombinant proteins (myc),

and mitochondria (MT). Bar 10 lm. b Robust PAR accumulation is

restricted to the mitochondrial matrix. After transient transfection of

vectors encoding GDH-PARP1cd and AIF-PARP1cd, HeLa S3 cells

were subjected to immunocytochemistry using myc- and PAR-

specific antibodies. The fluorescence micrographs show nuclei

(DAPI), expressed recombinant proteins (myc), and generated PAR.

Bar 10 lm. c Artificial re-targeting of mitochondrial PARP1cd fusion

proteins confirms matrix localization to be essential for PAR

accumulation. HeLa S3 cells were transfected with vectors encoding

the indicated PARP1cd fusion constructs (matrix-targeted mAIF-

PARP1cd and GDHD53-PARP1cd lacking the mitochondrial

targeting sequence) and subjected to immunocytochemistry as in

(b). Bar 10 lm. d PAR accumulation requires PARP1cd catalytic

activity. HeLa S3 cells transiently transfected with a GDH-PARP1cd

encoding plasmid were cultured in presence (?) or absence (-) of the

PARP1 inhibitor PJ34 (5 lM). Cells were subjected to PAR- and

myc-immunocytochemistry 24 h post transfection as in (b). Bar
10 lm. e Co-expression of matrix-targeted PARG (mPARG) elimi-

nates GDH-PARP1cd-mediated PAR accumulation. HeLa S3 cells

were co-transfected with vectors encoding GDH-PARP1cd and a

FLAG-tagged mitochondrial PARG construct (mPARG). The fluo-

rescence micrographs show nuclei (DAPI), GDH-PARP1cd (myc),

mPARG (FLAG), and polymers (PAR). Bar 10 lm. f Schematic

representation of the principle to distinguish between mitochondrial

matrix and intermembrane space protein localization. If PARP1cd

fusion proteins are directed into the matrix, PAR accumulation

(aggregates of red spheres) is readily observed, whereas PAR is

virtually not detectable (dotted spheres) for fusion proteins residing in

the intermembrane space

438 C. Dölle et al.



enzymatic activity borne by PARP1cd. As exemplified for

GDH-PARP1cd, the presence of the PARP inhibitor PJ34

[30] precluded PAR accumulation (Fig. 3d).

Matrix-targeted expression of PARG eliminates PAR

accumulation

Poly-ADP-ribose glycohydrolase degrades PAR to ADP-

ribose, thereby preventing accumulation of PAR. Indeed,

when GDH-PARP1cd was co-expressed with a matrix-

targeted PARG [24], the PAR signal was essentially

eliminated (Fig. 3e). Therefore, targeted PARG expression

provides an additional tool to verify the suborganellar

localization of PARP1cd fusion proteins.

PAR accumulation reveals NAD? pools and luminal

localization of PARP1cd fusion proteins in other cell

organelles

We then investigated whether the localization assay could be

extended to other membrane-coated compartments. This would

require availability of the PARP substrate, NAD?, which could

be anticipated for peroxisomes. However, whether NAD? is

present in other organelles has remained unknown, but was

suggested for the endoplasmic reticulum (ER) [31].

To direct PARP1cd into the ER, it was fused to the

N-terminal 100 amino acids of the luminal ER marker

binding immunoglobulin protein [32]. As shown in Fig. 4a,

this hybrid protein indeed localized to the ER (left) and led to

robust accumulation of PAR (right). Interestingly, the

C-terminal retention signal (KDEL) was dispensable to

retain the fusion protein within the ER, while its presence did

not influence localization or PAR formation (not shown).

To direct an EYFP-PARP1cd construct to the Golgi

complex we used the N-terminal targeting sequence of b1-4

galactosyltransferase [33]. As expected, the fusion protein

exhibited a subcellular distribution similar to an established

Golgi-targeted EYFP carrying the same targeting sequence

(Fig. 5a). Golgi localization of the overexpressed EYFP-

PARP1cd was further verified by co-localization with the

endogenous marker protein GM130 (Fig. 4b). Strikingly,

the overexpressed PARP1cd fusion protein led to PAR

accumulation within the Golgi complex (Fig. 4b, right). We

noted, however, that only in less than 20% of the transfected

cells did the PAR signal coincide with the protein location.

More often, the PAR signal was observed in cytoplasmic

vesicles of unknown nature (Fig. 5b). Possibly, these vesi-

cles represent post-Golgi compartments (such as

lysosomes) in which the protein, but not the polymers, had

already been degraded. Importantly, the visualization of

PAR, which was generated in living cells, for the first time

conclusively demonstrated the presence of NAD? in the ER

and the Golgi complex.

Finally, we targeted the PARP1cd into peroxisomes

using peroxisomal targeting signal 1, the tripeptide

Ser-Lys-Leu (SKL) [34]. We designed a potential per-

oxisomal fusion protein consisting of EGFP N-terminally

fused to PARP1cd which, in turn, was followed by

the SKL sequence (pexEGFP-PARP1cd). As shown in

Fig. 4c (left), the recombinant protein indeed co-localized

with the peroxisomal marker Pmp70 [35]. Moreover,

expression of pexEGFP-PARP1cd led to the formation of

readily detectable PAR within peroxisomes (Fig. 4c,

right). As exemplified before for mitochondrial matrix-

targeted PARP1cd (Fig. 1c), PAR formation within per-

oxisomes was also readily visualized by western blotting

(Fig. 6a). Expression of a peroxisomal EGFP control

protein lacking the PARP1cd portion did not confer

immunoreactivity for antibodies recognizing PAR, as

expected (Fig. 6a, b). Collectively, these results support

the conclusion that the ER, the Golgi complex and

peroxisomes contain sufficient NAD? for PARP1cd-

mediated PAR synthesis. In addition these organelles

contain only low, if any, PAR degrading activity

thereby enabling protein localization based on PAR

accumulation.

Partial luminal localization of PARP1cd fusion proteins

is readily detected, even if most of the overexpressed

protein resides in the cytosol

It is not uncommon that addition of tags to proteins may

affect subcellular localization. Indeed, an almost identical

pexEGFP-PARP1cd fusion protein, which was extended

by just a myc epitope immediately upstream of the

SKL tripeptide, did not exhibit an apparent peroxisomal

localization, but was rather distributed throughout the

cytoplasm (Fig. 4d). Strikingly, overexpression of this

construct still caused PAR immunoreactivity, but only in

structures resembling a peroxisomal pattern (Fig. 4d),

which was verified by co-localization with Pmp70 (not

shown). Possibly, the negatively charged myc-tag had

weakened the recognition of the peroxisomal targeting

signal, thereby leading to a preferential cytosolic accu-

mulation of the protein. Nevertheless, the presence of the

PARP1cd moiety permitted to reveal an only partial intra-

organellar localization which, most likely, would have

been overlooked using any of the currently available

localization techniques. These observations also strongly

reinforce the notion that PAR accumulation is only

detectable, if the PARP1cd fusion protein resides within

membrane-coated organelles, but not in the cytosol. Here,

the protein present in the cytosol was identical to that

within the peroxisomes.

In conclusion, we have developed a PAR-Assisted

Protein Localization AssaY, PARAPLAY, which is based
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Fig. 4 Targeted expression of

PARP1cd to the lumen of the

endoplasmic reticulum, the

Golgi apparatus or peroxisomes

results in detectable PAR

formation within these

organelles. a HeLa S3 cells

transfected with a vector

encoding the first 100 amino

acids of binding

immunoglobulin protein (BiP)

N-terminally fused to PARP1cd

(BiP-PARP1cd) were subjected

to immunocytochemistry after

24 h. The overexpressed protein

(myc) co-localized with the ER

marker protein disulfide

isomerase, PDI (left), and

mediated PAR accumulation

(right). Bar 10 lm. b HeLa S3

cells were transfected with a

vector encoding a Golgi-

targeted EYFP-PARP1cd fusion

construct, gEYFP-PARP1cd.

The intrinsic EYFP-

fluorescence of the

overexpressed recombinant

protein localized to the Golgi

complex as revealed by

immunostaining of the Golgi-

specific marker protein GM130

(left). PAR accumulation (right)
was observed in cells

overexpressing gEYFP-

PARP1cd. Bar 10 lm. c HeLa

S3 cells were transiently

transfected with a vector

encoding EGFP-PARP1cd

harboring the C-terminal

tripeptide SKL for peroxisomal

targeting. Cells were subjected

to immunocytochemistry after

24 h using antibodies against

the peroxisomal marker protein

Pmp70 (left). The overexpressed

protein led to PAR

accumulation within

peroxisomes (right). Expression

of the recombinant protein was

monitored by its intrinsic EGFP

fluorescence. Bar 10 lm.

d An additional myc epitope,

immediately preceding the

C-terminal SKL signal,

perturbed peroxisomal

localization and led to

predominant cytoplasmic

distribution of the

overexpressed protein.

However, accumulation of PAR

in peroxisomes revealed that the

protein was still partially

localized within the organelles
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on intra-organellar poly-ADP-ribosylation of PARP1cd

fused to a protein of interest. The principle of this new

method is illustrated in Fig. 7. It is also shown how

targeted PARG expression can be applied to verify the

localization of the PARP1cd fusion protein. The useful-

ness of this additional tool has been demonstrated for

mitochondrial matrix localization of GDH-PARP1cd

(Fig. 3e).

The method we propose is based on a qualitative rather

than quantitative detection of polymers. It was compre-

hensively tested for submitochondrial protein localization,

but is also applicable to other organelles, provided they

contain NAD?. Technically, the assay relies only on

standard procedures of molecular and cellular biology,

similar to the use of peptide tags or GFP-fusion proteins.

However, it provides significant improvement in resolution

and sensitivity compared to current standard methods.

First, PARAPLAY enables to demonstrate intra-organellar

residence of proteins (rather than just co-localization with

an organelle). Second, once the organellar association of a

protein is known, its luminal residence may be established

simply by western blotting following overexpression of a

PARP1cd fusion construct (Figs. 1c and 6a). Detection of

the polymers by western blotting increases sensitivity and

accuracy, because it reveals the cumulative signal from

many cells, not just individual cells as in fluorescence

microscopy. Third, even only partial luminal localization is

revealed as experienced with a modified peroxisomal

Fig. 5 Golgi-targeted PARP1cd fusion proteins give rise to PAR-

positive cytoplasmic vesicles. a The Golgi-targeted EYFP-PARP1cd

fusion protein exhibits the same subcellular distribution as an

established Golgi-EYFP construct carrying the same targeting

sequence. The proteins were detected by their intrinsic fluorescence,

nuclei were stained with DAPI. b HeLa S3 cells expressing a Golgi-

targeted PARP1cd fusion construct displayed consistent PAR immu-

noreactivity as revealed by immunocytochemistry. While the protein

was detected in Golgi structures by its intrinsic EYFP fluorescence,

the PAR signal most often did not co-localize with the EYFP signal,

but was detected in cytoplasmic vesicles. Note that in part of the

transfected cells both the protein and the PAR co-localized within the

Golgi complex (cf. Fig. 3b). Bar 10 lm

Fig. 6 Detection of peroxisomal protein localization. a PAR immu-

noblot analysis of lysates from HeLa S3 cells transiently expressing

EGFP or EGFP-PARP1cd targeted to peroxisomes as indicated. PAR

accumulation was detected only in lysates from cells expressing the

pexEGFP-PARP1cd protein. Each lane was loaded with 70 lg of total

protein. The overexpressed proteins were detected using an antibody

recognizing the EGFP portion, b-tubulin served as loading control.

b HeLa S3 cells transiently expressing EGFP targeted to the

peroxisomes by a C-terminal SKL sequence were subjected to

immunocytochemistry to detect the endogenous marker Pmp70 (left)
or PAR (right). As monitored by its intrinsic EGFP fluorescence the

protein co-localized with peroxisomal structures (Pmp70). However,

the cells were negative for PAR immunoreactivity. Bar 10 lm
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construct, which localized predominantly to the cytosol

(Fig. 4d).

Another major achievement of the present study is the

unveiling of distinct subcellular NAD? pools in living

cells. The detection of NAD? in the ER and the Golgi

complex suggests that the subcellular distribution of

NAD?-dependent processes may be even more complex

than so far thought. Recent discoveries of NAD?-depen-

dent signaling pathways have prompted detailed

investigations of NAD? metabolism and its subcellular

compartmentation. However, determination of NAD? and

its changes in cells, let alone organelles, is very demand-

ing. Targeted overexpression of PARP1cd, thereby

converting the dinucleotide into immunodetectable PAR in

vivo, provides a promising approach to study NAD?-

dependent processes. Future studies will be aimed at

extending this new experimental tool to detect changes in

individual NAD? pools in response to metabolic

alterations.
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