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Abstract Protein mono-ADP-ribosylation is a reversible
post-translational modification of cellular proteins. This
scheme of amino-acid modification is used not only by
bacterial toxins to attack host cells, but also by endogenous
ADP-ribosyltransferases (ARTs) in mammalian cells.
These latter ARTs include members of three different
families of proteins: the well characterised arginine-spe-
cific ecto-enzymes (ARTCs), two sirtuins, and some
members of the poly(ADP-ribose) polymerase (PARP/
ARTD) family. In the present study, we demonstrate that
human ARTCI is localised to the endoplasmic reticulum
(ER), in contrast to the previously characterised ARTC
proteins, which are typical GPI-anchored ecto-enzymes.
Moreover, using the “macro domain” cognitive binding
module to identify ADP-ribosylated proteins, we show here
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that the ER luminal chaperone GRP78/BiP (glucose-regu-
lated protein of 78 kDa/immunoglobulin heavy-chain-
binding protein) is a cellular target of human ARTC1 and
hamster ARTC2. We further developed a procedure to
visualise ADP-ribosylated proteins using immunofluores-
cence. With this approach, in cells overexpressing ARTCI,
we detected staining of the ER that co-localises with
GRP78/BiP, thus confirming that this modification occurs
in living cells. In line with the key role of GRP78/BiP in
the ER stress response system, we provide evidence here
that ARTC1 is activated during the ER stress response,
which results in acute ADP-ribosylation of GRP78/BiP
paralleling translational inhibition. Thus, this identification
of ARTCI as a regulator of GRP78/BiP defines a novel,
previously unsuspected, player in GRP78-mediated ER
stress responses.
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Macro domain - Endoplasmic reticulum - GRP78/BiP -
Dithiothreitol - Thapsigargin - Chaperone

Abbreviations
ART ADP-ribosyltransferase

CHO cells Chinese hamster ovary cells

DTT Dithiothreitol

ER Endoplasmic reticulum

GST Glutatione S-transferase

HeLa cells Human cervix adenocarcinoma cells
Introduction

Post-translational modifications of cellular proteins by
ADP-ribosylation have been associated with a number of
cellular processes. In addition to the nuclear role of the
poly-ADP-ribose polymerase PARP1, which regulates
cellular pathways that are critical for genome stability and
mitosis [1-5], mono-ADP-ribosylation reactions have been
shown to be important in mitochondrial activity, stress-
responses, intracellular trafficking, and cell signalling [6—
11]. The mono-ADP-ribosylation reaction consists of the
transfer of a single ADP-ribose moiety from BNAD™ to a
specific amino-acid residue of various cellular protein tar-
gets. This modification is catalysed by the enzymatic
actions of the mono-ADP-ribosyltransferases (mARTS),
and can be reversed by ADP-ribosyl hydrolases, which
cleave this covalent bond to release the target protein [12—
15].

In mammals, two groups of mARTSs have been identified
and classified: the ARTDs (diphtheria toxin like) and the
ARTC:s (clostridia toxin like) [16]. Recently, we and others
have demonstrated that some members of the ARTD
family are active mARTs [17, 18]. In contrast to the
mARTSs of the ARTD family, those of the ARTC family
have been known for longer. The ARTC family is rela-
tively small and includes four human subtypes (hARTCI,
3, 4, 5) and six murine subtypes (ARTCI, 2.1, 2.2, 3, 4, 5)
that are glycosylphosphatidylinositol (GPI)-anchored or
secreted proteins [19]. ARTCI, 2 and 5 have been char-
acterised as arginine-specific mARTSs. The catalytic
domain of the ARTCs is coded by a single exon that is
present in all of these ARTCs, and it contains an arginine-
serine-glutamate (R-S-E) triad of amino-acid residues,
where the glutamate residue is conserved, and is crucial for
the catalytic activity. The motif R-S-EXE is typical of
these arginine-specific ARTs, although it is missing in
ARTC3 and ARTC4, which may be inactive as enzymes
[19]. The arginine-specific ARTCI1, 2, and 5 have been
reported to modify soluble and plasma-membrane-asso-
ciated protein targets on arginine residues, including the
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P2X; purinergic receptor, human neutrophil protein 1, and
o7 integrin [20-22], and thus they can affect cellular pro-
cesses such as intercellular signalling, immune responses,
and inflammation [13, 19, 23, 24]. We recently cloned a
hamster orthologue of ARTC2 from CHO cells, which we
named cARTC2.1, and we have shown that it is an argi-
nine-specific ARTC that is characterised by the R-S-EKE
motif. We have also shown that the double mutation of
Glu-207 and Glu-209 of the cARTC2.1 EKE -catalytic
sequence leads to its complete loss of activity [25].

In the present study, we extended our search for target
proteins that are ADP-ribosylated in cells overexpressing
the ARTCs, and we demonstrate that the endoplasmic
reticulum (ER) luminal chaperone GRP78 (glucose-regu-
lated protein of 78 kDa) is a cellular target for cARTC2.1,
and more importantly, for hARTCI.

GRP78 is also known as BiP (immunoglobulin heavy
chain-binding protein), and it was initially described in
1977 [26]. It is a luminal ER molecular chaperone that is
ubiquitously expressed in mammalian cells [27-29].
GRP78/BiP is a member of the 70-kDa heat-shock protein
(HSP70) family that is characterised by a conserved
ATPase domain and a peptide-binding domain, and it has a
central role in ER-mediated cellular processes [30].
GRP78/BiP associates transiently with nascent peptides,
facilitates their co-translational translocation from the
ribosome to the ER, and mediates the folding and transport
of the newly synthesised proteins through the ER, to pre-
vent non-specific aggregation of misfolded or unfolded
proteins. Moreover, GRP78/BiP targets misfolded proteins
for ER-associated protein degradation [31-33]. Thus, as
well as its role in the folding and assembly of proteins,
GRP78/BiP can trigger the unfolded protein response
(UPR) [34]. Indeed, when protein production exceeds a
certain threshold, or when unfolded proteins are generated,
GRP78/BiP dissociates from its interactors, which include
PERK (double-stranded RNA-dependent protein kinase
(PKR)-like ER kinase), ATF6 (activating transcription
factor 6) and IRE1a (inositol-requiring 1o); this then leads
to the activation of ER stress responses [35, 36]. These
three GRP78/BiP interactors are transmembrane proteins
that have an ER-lumen domain that can sense unfolded
proteins, a transmembrane domain through which they can
associate with the ER membrane, and a cytosolic domain
that transmits signals to the transcriptional or translational
apparatus. In resting cells, all three of these ER-stress
sensors are maintained in an inactive state through their
association with GRP78/BiP [35, 36]. Among the chemical
activators of the UPR, dithiothreitol (DTT) and thapsigar-
gin are known to cause acute inhibition of the synthesis of
all cellular proteins (which occurs with 10-20 min of
treatment), with the exception of GRP78/BiP [37]. The
subsequent recovery of protein synthesis and induction of
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GRP78/BiP require a minimum of 2 h, and plateau within
12-18 h, depending on the cell type (reviewed in [37]).
The increased levels of GRP78/BiP and of other chaper-
ones enhance the ER protein folding capability. Thus,
GRP78/BiP is a central mediator of both acute inhibition of
translation initiation and its subsequent recovery.

It was previously shown that mono-ADP-ribosylation
of GRP78/BiP can regulate the availability of functional
GRP78/BiP; indeed, this post-translational modification
has been detected in response to nutritional stress, and it
appears to provide a buffering system that allows the
rates of protein processing to be balanced with those of
protein synthesis [38—40]. More recently, it has been
shown that mono-ADP-ribosylation of GRP78/BiP occurs
on two arginine residues (R470, R492) in the substrate-
binding domain of GRP78/BiP, and analysis of the
mutated protein is in line with the concept that this post-
translational modification can interfere with substrate
binding [41].

We previously postulated that an arginine-specific
enzyme of the ARTC family would be needed to modify
GRP78 [13]. Macro-domains can interact with monomeric,
polymeric, or both forms of ADP-ribose, or with other
NAD derivatives [42-44]; thus based on our recent dis-
covery that the ‘macro domain’ Af1521 (mAf1521) can be
used as selective bait for high-affinity purification of ADP-
ribosylated proteins [42], we demonstrate here that human
ARTCI1 ADP-ribosylates GRP78, suggesting that this post-
translational modification represents the cellular strategy
for the rapid regulation of the activity of this important ER
chaperone.

Materials and methods
Cell culture and fractionation

Human cervix adenocarcinoma (HeLa) cells (European
Collection of Cell Cultures, UK) were grown in Eagle’s
minimal essential medium (Lonza, Basel, Switzerland)
supplemented with 100 U penicillin, 100 pg/ml strepto-
mycin, 1 % minimal essential medium non-essential amino
acids, 10 % foetal calf serum, and 4 mM L-glutamine (Life
Technologies, Monza, Italy). Chinese hamster ovary
(CHO) cells were grown as previously described, in Dul-
becco’s modified Eagle’s medium (Lonza, Basel,
Switzerland) supplemented with 100 U penicillin, 100 pg/
ml streptomycin, and 10 % foetal calf serum (Life Tech-
nologies, Monza, Italy) [45]. Human embryonal kidney
(HEK293T) cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 2 mM L-Glutamine,
1 mM Sodiumpyruvate, 10 mM HEPES and non-essential
aminoacids, and 5 % foetal calf serum. The cells were

grown under a controlled atmosphere in the presence of
5 % CO, at 37 °C. Total membranes and post-nuclear
fractions were prepared as previously described [42, 46].
Cell lysates were prepared as previously described [47].
Protein concentrations were determined with the Bio-Rad
protein assay (Bio-Rad).

Plasmids, transfection and silencing

The plasmids for the cDNAs for CD8-Flag-hARTC1, CD8-
Flag-hARTC4, CDS8-Flag-cARTC2.1, CDS8-Flag-cART
C2.1-E207G/E209G, and Flag-hARTCI1-E238G/E240G
were produced as previously described [25, 48]. CHO cells
were transfected using Lipofectamine reagent, as instructed
by the supplier (Invitrogen Corporation, Carlsbad, CA,
USA). HeLa and HEK293T cells were transfected using
the jetPEI transfection reagent (Polyplus-Transfection SA,
Ilikirch, France). To silence hARTCI1, HelLa cells were
transfected with a pool of three siRNAs (30 nM), using
jetPRIME (Polyplus). The following siRNAs (Sigma) were
used: 1) AUGCAUGAGACACGGGACA; 2) ACACGGA
GUUCCAGGCCAA; 3) GCGAGUACAUCAAAGACAA.
Here, 70 % of endogenous hARTC1 was knocked-down
after 48 h (as evaluated by Quantitative real-time (qRT)-
PCR). To silence GRP78, HeLa cells were transfected with
siGENOME Human HSPAS siRNA reagents (100 nM;
Thermo Scientific Dharmacon), using jetPRIME (Poly-
plus). As control, the following scrambled oligonucleotides
(Sigma) were used: (1) GGUAAUCAACUAAUCUUAA;
(2) UUAAGAUUAGUUGAUUACC.

Immunoprecipitation and ADP-ribosylation assay

HEK?293T cells were either untransfected (control), or
transfected with Flag-GRP78 or co-transfected with Flag-
GRP78 and Flag-hARTC1 [49]. After 24 h, the cells were
lysed in Dulbecco’s phosphate-buffered saline containing
1 % Triton X-100, 1 mM ADP-ribose, 1 mM AEBSF, and
0.1 U PI-PLC (Life-Technologies) for 20 min at 37 °C.
The lysates were cleared by centrifugation (16.000x g for
10 min at 4 °C) and subjected to immunoprecipitation with
an agarose immobilised anti-Flag monoclonal antibody
(M2-Affinity Gel, Sigma) for 1 h at 4 °C (106 cells/20 pl).
The resins was centrifuged and washed four times with
Dulbecco’s phosphate-buffered saline containing 1 % Tri-
ton X-100. The bound proteins were eluted with 100 mM
glycine, pH 2.7 (20 pl). The pH of the eluted protein
solution was neutralised by addition of 1 M Tris, pH 9
(2 ul). The eluted proteins were incubated with
[**P]-NAD™ for 15 min at 37 °C and then separated by
SDS-PAGE. Radiolabelled proteins were detected using
autoradiography, by exposure of an X-ray film (Hyperfilm,
GE-Healthcare) for 3 h at —80 °C.
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Western and far-Western blotting

Cell lysate were prepared as described in [41]. Cell
lysate proteins (70 pg) were separated by 8 % SDS-
PAGE (unless otherwise indicated) and transferred to
nitrocellulose filters (Perkin Elmer). For Western blot-
ting, the filters were incubated with the primary
antibodies diluted in T-TBS for 1 h at room temperature,
or overnight at 4 °C. The following primary antibodies
were used: rabbit and mouse anti-Flag, rabbit anti-actin,
mouse anti-tubulin, and rabbit anti-ARTCI1 from Sigma-
Aldrich; mouse anti-GRP78 (BD Bioscience); and mouse
anti-GAPDH (Santa Cruz). Western blotting with the
anti-ARTCI1 antibody revealed at least four major bands
that would reflect different degrees of glycosylation of
hARTCI. For far-Western blotting, the filters were first
incubated with 20 ng/ml glutatione S-transferase (GST)-
tagged mAf1521 in binding buffer (50 mM Tris—HCI, pH
7.4, 100 mM NaCl, 1.5 mM MgCl,, 0.5 mM DTT, 10 %
foetal bovine serum) for 1 h at room temperature. The
filters were then washed and incubated with a polyclonal,
rabbit anti-GST antibody (generated by us against human
GST and affinity-purified using GST as immunogen) for
3 h at room temperature. After washes with T-TBS,
the filters were incubated with horseradish-peroxidase-
conjugated anti-mouse or anti-rabbit antibodies (Calbio-
chem). Protein bands were visualised with the ECL
western blotting detection reagents (GE-Healthcare),
according to manufacturer’s instructions. Densitometric
evaluation was carried out with the public domain Ima-
gel software.

Macro-GST pull-down assay

The macro-domain-based pull-down assay and protein
identification by matrix-assisted laser desorption/ionisation
time-of-flight mass spectrometry (MALDI-TOF-MS) were
performed as previously described, using the GST-tagged
mAf1521 (wild type) and mAf1521-G42E (which does not
bind ADP-ribosylated proteins) macro modules [45].
Briefly, total cell lysates (3 mg per sample) were solubi-
lised in RIPA buffer (100 mM Tris/HCI, pH 7.5, 1 %
Igepal, 0.5 % deoxycholate, 0.1 % SDS, protease inhibi-
tors) with constant rotation for 30 min at 4 °C. The mixture
was briefly sonicated on ice and clarified by centrifugation
at 16,000xg for 45 min at 4 °C. The supernatant was
incubated with GST resin that had been previously cross-
linked with the mAf1521-G42E. The supernatant under-
went sequential pull-down with GST resin cross-linked
with the mAf1521. Then the resin was washed five times
with RIPA buffer, and finally both the washed resins were
diluted in 100 pl of Laemmli buffer, boiled and analysed
by 12 % SDS-PAGE. The gels underwent colloidal
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Coomassie blue staining (blue code, Pierce), and the bands
of interest were analysed by MALDI-TOF-MS, as descri-
bed previously [32].

Immunofluorescence and confocal microscopy

Cells were grown on coverslips in 24-well plates and
transfected either with Lipofectamine-Plus (Invitrogen) or
with the jetPEI transfection reagent (Polyplus-Transfection
SA, IlIkirch, France). After 24 h, the cells were washed
with phosphate-buffered saline (PBS), fixed in 4 % para-
formaldehyde (in PBS) for 10 min, and then permeabilised
in blocking solution (0.05 % saponin, 0.5 % bovine serum
albumin, 50 mM NH,CI, in PBS). The overexpressed
ARTC proteins were detected with a mouse anti-Flag
antibody (M2-Sigma; 1:500 in blocking solution); and
GRP78 was stained with a rabbit anti-GRP78 antibody
(Santa Cruz; 1:100 in blocking solution). The endogenous
protein disulfide isomerase (PDI) protein was detected with
an anti-PDI antibody (Stressgen; 1:200 in blocking solu-
tion); the endogenous hARTC1 was stained with a rabbit
anti-ART1 antibody (AbCam; 1:70 in blocking solution);
the endogenous protein calnexin was detected with a
mouse anti-Calnexin antibody (BD Transduction Labora-
tories; 1:50 in blocking solution). The cells were washed
twice with PBS then once briefly with water. The cover
slips were mounted on glass slides with Mowiol 4-88 and
dried at 4° C overnight. The samples were analysed under a
confocal microscope (Zeiss LSM 510; Zeiss, Thornwood,
NY, USA). The co-localization analysis of ARTC enzymes
with PDI or with other proteins in the cells was performed
with LSM510-3.2 software (Zeiss). To assess the co-
localization we removed the background immunofluores-
cence by adjusting the threshold levels and used the histo
and co-localization functions of the above software. This
software provides two co-localization coefficients that
range from 0 (no co-localization) to 1 (complete co-
localization). The co-localization coefficients indicate the
amount of pixels of the channel A that co-localises with
pixels from channel B and viceversa. Finally, we expressed
the co-localization extent as a percentage over the total
immunofluorescence per channel.

GST-mAf1521 immunofluorescence staining

The macro-domain-based immunofluorescence was per-
formed as described in the previous section, with the
difference that the cells were fixed, permeabilised and
then incubated for 1 h with mAf1521 or mAf1521-G42E
(6 ng/ul in blocking solution). The cells were washed
with PBS, and the ADP-ribosylated proteins were detec-
ted with the rabbit anti-GST antibody (1:1,000 in
blocking solution).
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Table 1 List of primers used in this study

Primer name Primer sequence

ARTCI1qRT For GGCCTCATGGAAGCACTTCA
ARTCI1gRT Rev GAGAAGAGGTCTCGTCGTGTGA
GRP78/BiPqRT For ACGTGGAATGACCCGTCTGT

GRP78/BiPqRT Rev
GAPDHqRT For
GAPDHqRT Rev

AACCACCTTGAACGGCAAGA
CAACTTTGGTATCGTGGAAGGAC
ACAGTCTTCTGGGTGGCAGTG

Quantitative real-time PCR

Quantitative real-time (qRT)-PCR was performed as
described previously [25]. The primer sequences for the
human ARTCI1, GRP78 and glyceraldeyde-3-phosphate
dehydrogenase (GAPDH) genes (Table 1) were designed
using the Primer Express 3.0 software (Applied Biosys-
tems). The quantitative normalisation of the cDNA in each
sample was carried out using GAPDH (accession number:
X52123.1) amplification as the internal control. The rela-
tive quantification was determined using the comparative
AACT method.

Statistical analysis

Data are expressed as mean =+ standard deviation.
Unpaired Student’s ¢ tests were performed on the means,
and the p values were calculated using GraphPad PRISM
software version 4.0b. A p < 0.05 was considered statis-
tically significant, unless otherwise indicated. For the co-
localization  analysis, values are expressed as
mean =+ standard error of the mean (SEM) and analysed by
one-way analysis of variance (ANOVA), calculated using
GraphPad PRISM software version 4.0b. A p < 0.05 was
considered significant unless otherwise indicated.

Results

cARTC2.1 and hARTC1 mediate ADP-ribosylation
of GRP78

We recently cloned and characterised a GPI-anchored,
arginine-specific, mART from CHO cells, which we named
cARTC2.1 [25]. In the present study, we extended our
search for target proteins that are ADP-ribosylated by
cARTC?2.1, taking advantage of our previous demonstra-
tion that the mAf1521 specifically recognises and binds
ADP-ribosylated proteins, which can then be identified by
mass spectrometry [42].

To this end, we initially analysed CHO cells transfected
with Flag-cARTC2.1 (as the wild-type) or with its inactive

double mutant Flag-cARTC2.1-E207G/E209G (Fig. 1a).
The cell lysates were subjected to two-step pull-down with
the GST-tagged macro domains: the first pull-down was
performed using the GST-tagged mAf1521/G42E mutant,
which does not bind ADP-ribosylated proteins [42]. Then,
the unbound material underwent a second pull-down with
wild-type GST-mAf1521, to specifically retain ADP-ri-
bosylated proteins. The pulled-down proteins obtained
following this two-step procedure were separated by 10 %
SDS-PAGE and revealed by colloidal Coomassie blue
staining. A significant band of ca. 78 kDa was detected in
the Flag-cARTC2.1 transfected CHO cells and was iden-
tified by MALDI-TOF-MS analysis as the highly
conserved ER chaperone protein GRP78/BiP (referred to
here now as GRP78; Fig. 1a). No band corresponding to
GRP78 was detected when the same pull-down assay was
performed with cells transfected with the inactive
cARTC2.1-E207G/E209G (Fig. la, dm). Thus, GRP78 can
be ADP-ribosylated by cARTC2.1. We next investigated
whether hARTCI, the closest functional human homologue
of ARTC2.1, can induce GRP78 ADP-ribosylation. To this
end, CHO cells transfected with Flag-hARTC1 were ana-
lysed by the two-step pull-down assay (Fig. 1b). Although
to a lower extent compared with cARTC2.1, GRP78 was
also pulled-down from cells transfected with Flag-hARTC1
(Fig. 1b), while it was not pulled-down from cells trans-
fected with the empty vector alone (pME.CDSLF; Fig. 1b,
control) or with the inactive hARTC4 (data not shown).
These findings indicate that catalytically active
cARTC2.1 and hARTCI1 can specifically induce ADP-
ribosylation of GRP78, suggesting that these arginine-
specific mARTSs are involved in the previously described
intracellular GRP78 mono-ADP-ribosylation [42].

Use of the macro module to visualise ADP-ribosylated
proteins by immunofluorescence microscopy

The finding that the mAf1521 specifically pulled down
GRP78 in cells transfected with hARTC1 and cARTC2.1
prompted us to investigate whether the mAf1521 can be
used to visualise ADP-ribosylated proteins by
immunofluorescence.

Here, we first set up the conditions for immunofluores-
cence using the GST-tagged wild-type and mutant
mAf1521 (see Methods, Fig. 2). We detected ADP-ri-
bosylated proteins in cells that had been previously fixed
and permeabilised and then incubated with the macro
domain. Under these experimental conditions, the macro
domain bound to ADP-ribosylated proteins that were then
detected using an anti-GST antibody. HeLa cells were
initially transfected with the empty vector (pME.CD8LF;
Fig. 2a, b, controls) and analysed by immunofluorescence.
The staining with GST-mAf1521 (wild-type) was mainly
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Fig. 1 Macro-domain-based pull-down assay coupled to MALDI-
TOF-MS analysis identifies GRP78 as a substrate of the ARTCs. a,
b Representative pull-down from CHO cells transfected with
hARTCI and cARTC2.1. wt, enzymatically active wild type; dm,
enzymatically inactive double mutant. Cell lysates (3 mg protein)
underwent non-specific pull-down step using the GST-tagged
mAf1521/G42E mutant (with abrogated binding of mAf1521 ADP-
ribosylated proteins [32]). Unbound material underwent a second
pull-down with wild-type GST-mAf1521, to specifically retain ADP-

nuclear (Fig. 2a), which suggested that in these cells under
basal condition, nuclear ADP-ribosylation can be detected.
The specificity of this labelling was confirmed by the lack
of cell staining when the GST-tagged mAf1521/G42E
(mutant) was used (Fig. 2b). Moreover, there was no
detectable Flag staining in mock-transfected cells. Thus,
this represented a very efficient method to visualise ADP-
ribosylated proteins by immunofluorescence.

HeLa cells were then transfected with Flag-hARTCI1
(wild-type; Fig. 2¢, d), Flag-hARTC4 (inactive control;
Fig. 2e, f), Flag-cARTC2.1 (wild-type; Fig. 2g, h), or the
cARTC2.1 double mutant Flag-cARTC2.1-E207G/E209G
(inactive control; Fig. 2i, j, cARTC2.1-dm). They were
then analysed by immunofluorescence microscopy with an
anti-Flag antibody to detect the overexpressed enzymes,
and with the GST-tagged mAf1521 and anti-GST antibody
to visualise ADP-ribosylation. The immunofluorescence
images showed clear peri-nuclear staining of hARTCl1
(Fig. 2¢, d). Minimal peri-nuclear staining was seen for
hARTC4 (Fig. 2e, f). The staining of cARTC2.1 (Fig. 2g,
h) and its double mutant (Fig. 2i, j) showed that they were
correctly localised to the cell periphery, as previously
reported [25]. Of note, GST-mAf1521 revealed a peri-
nuclear staining in cells transfected with enzymatically
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ribosylated proteins. This two-step procedure resulted in separation of
specific proteins that were revealed by colloidal Coomassie blue
staining and identified by MALDI-TOF analysis (NCBI acc. Number:
AAAS52614; Score: 209; Matched peptide no.: 21; Sequence cover-
age: 35 %; Molecular mass: 72 kDa; Protein scores =65 are
significant (p < 0.05). Western blotting (WB) shows the levels of
expression of the indicated Flag-tagged proteins, as performed by
immunoblotting with an anti-Flag antibody. The data shown are
representative of at least five independent experiments

active hARTCI1 (Fig. 2c) or with enzymatically active
cARTC2.1 (Fig. 2g), in line with ADP-ribosylation events
occurring at the ER level. In contrast, cells transfected with
the inactive proteins, hARTC4 and cARTC2.1-E207G/
E209G, showed nuclear staining with GST-mAf1521
(Fig. 2e, i, respectively), as in control cells (Fig. 2a).
Finally, the mutated GST-mAf1521/G42E that cannot bind
ADP-ribosylated proteins showed no staining in transfected
cells (Fig. 2d, f, h, j), as expected. As a further control,
HeLa cells were transfected with a hARTC1 double
mutant, as the catalytically inactive Flag-hARTC1-E238G/
E240G. The immunofluorescence images show nuclear
staining with GST-mAf1521 (Supplementary Fig. S1A), as
in the control and in Flag-hARTC4-transfected cells.

These data provide a technological advance in the study
of ADP-ribosylation by immunofluorescence microscopy.
A prominent GST-mAf1521-dependent perinuclear stain-
ing of cells was seen upon transfection with the active
enzymes hARTC1 and cARTC2.1, but not with their
inactive counterparts. Thus, GST-mAf1521 perinuclear
staining  correlates  with  hARTCl-mediated and
cARTC2.1-mediated GRP78 ADP-ribosylation occurring
using endogenous NAD™ within the lumen of the ER,
where GRP78 is known to reside.
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Fig. 2 The mAf1521 macro module can be used to visualise ADP-
ribosylated proteins. Representative immunofluorescence images of
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hARTC1 localises to the ER and co-localises
with GRP78

To further investigate whether the perinuclear staining
revealed by immunofluorescence with GST-mAf1521 in
cells overexpressing hARTC1 and cARTC2.1 was due to
ADP-ribosylated GRP78, HeLa cells were transfected with
Flag-hARTCI, Flag-hARTC4, Flag-cARTC2.1, and Flag-
cARTC2.1-E207G/E209G, as indicated (Figs. 3, 4), and
then analysed by immunofluorescence microscopy with an
anti-GRP78 antibody in combination with either GST-
mAf1521 and an anti-GST antibody (Fig. 3), or an anti-
Flag antibody (Fig. 4).

Immunofluorescence images of cells overexpressing
hARTC1 and cARTC2.1 showed that the staining with
GST-mAf1521 co-localised with GRP78 staining (Fig. 3a,

W 1'201HVvo

wp 1'g01dvo

incubated with GST-mAf1521 (a, c, e, g, i) or GST-mAf1521/G42E
(b, d, f, h, j), and stained with anti-Flag and anti-GST antibodies, as
indicated, and analysed by immunofluorescence. Bar 10 pm. The data
shown are representative of at least ten independent experiments

e). As expected, there was no co-localisation between
GRP78 and GST-mAf1521 when the cells were transfected
with the inactive proteins hARTC4 or cARTC2.1-E207G/
E209G (Fig. 3c, g), consistent with the notion that GRP78
is ADP-ribosylated as a consequence of either hARTC1 or
cARTC2.1 overexpression. GST-mAf1521/G42E did not
stain transfected cells (Fig. 3b, d, f, h), as expected.

The immunofluorescence analysis with the anti-GRP78
and anti-Flag antibodies indicate that hARTCI resides in
the same peri-nuclear area where GRP78 also resides, thus
suggesting that these two proteins can co-localise at the ER
(Fig. 4a). When overexpressed in Hela cells, Flag-
hARTC1-E238G/E240G shows a similar distribution to the
Flag-hARTC1 wild-type protein, as it also co-localises
with GRP78 (Fig. S1A). Of note, although cARTC2.1 was
physically separated from GRP78 (Fig. 4c), it can induce
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Fig. 3 The mAf1521 macro module staining co-localises with
GRP78. Representative immunofluorescence images of HelLa cells
that were transiently transfected with the indicated constructs and
incubated with GST-mAf1521 (a, c, e, g) or GST-mAf1521/G42E
(b, d, f, h), and stained with anti-GST and anti-GRP78 antibodies, as
indicated, and analysed by immunofluorescence. Bar 10 um. The data
shown are representative of at least five independent experiments

GRP78 ADP-ribosylation (Figs. 1-3), in line with its action
as an arginine-specific ART, and noting that as a GPI-
anchored protein, it is transiently present into the ER.
Finally, we developed macro-domain-based far-Western
blotting (see Methods; Fig. 5) to directly visualise
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Fig. 4 hARTCI co-localises with GRP78. Representative immuno-
fluorescence images of HeLa cells that were transiently transfected
with the indicated constructs and stained anti-GRP78 or anti-Flag
antibodies, as indicated, and analysed by imunofluorescence. Bar
10 pm. The data shown are representative of at least five independent
experiments

Fig. 5 GRP78 can be ADP-ribosylated by the ARTCs. a Represen-p
tative far-Western blotting (FAR-WB) with GST-tagged mAf1521 for
HeLa cells transfected with the empty vector (control) or with the
indicated constructs. The solubilised proteins were separated by SDS-
PAGE, transferred to nitrocellulose filters, and incubated with GST-
tagged mAf1521 (see “Methods”). Representative Western blotting
(WB, bottom) showing that the indicated band in (a, fop) was
recognised by a specific anti-GRP78 antibody. The levels of
expression of the indicated Flag-tagged proteins and the actin loading
control are also shown. The data shown are representative of at least
three independent experiments. b Cell lysates from HEK293 cells
transfected with empty vector (control) or Flag-GRP78/BiP, or co-
transfected with Flag-GRP78/BiP and Flag-hARTC1 were immuno-
precipitated with the Sepharose-immobilised M2 anti-Flag antibody.
The eluted proteins were incubated with [32P]-NAD (15 min), then
separated by SDS-PAGE, and analysed by autoradiography (AR) and
by Coomassie staining. ¢, d Representative far-Western blotting
(FAR-WB) with GST-tagged mAf1521 of both control (scrambled)
and hARTCl-silenced (¢) or GRP78/BiP-silenced HelLa cells (d). The
solubilised proteins were separated by SDS-PAGE, transferred to
nitrocellulose filters, and incubated with GST-tagged mAf1521 (see
“Methods”). The Western blotting (WB) shows the hARTCI1 (c¢) or
GRP78/BiP knock-down (d). Western blotting with the anti-ARTC1
antibody revealed at least four major bands that would reflect
different degrees of glycosylation of hARTC1. The Western blotting
also shows the levels of expression of GRP78, and of GAPDH (c¢) and
tubulin (d). The data shown are representative of at least three
independent experiments. Asterisk significantly different from the
relevant control (p < 0.05)
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ADP-ribosylated GRP78. Cell lysates from HeLa cells
previously  transfected with the empty vector
(pME.CDSLF; control), a GFP-GPI construct, or Flag-
tagged hARTC1, hARTC4, cARTC2.1, and cARTC2.1-
E207G/E209G (Fig. 5a, as indicated) were separated by
SDS-PAGE, and the proteins transferred to nitrocellulose
filters that were then incubated with GST-mAf1521.
Numerous protein bands, including a protein band with the
predicted molecular weight of GRP78 were visualised with
the anti-GST antibody (Fig. Sa, Far-WB) only in cells
transfected with the enzymatically active ARTsS,
cARTC2.1 and hARTCI. A band at the same height was
recognised by an anti-GRP78 antibody (Fig. 5a, WB). No
band was visualised with the anti-GST antibody in far-WB
when HeLa cells were transfected with the inactive Flag-
hARTC1-E238G/E240G (Fig. S1B). When the filters were
incubated with GST-mAf1521/G42E no signal was detec-
ted at all (data not shown).

In order to directly assess whether hARTC1 can ADP-
ribosylate GRP78, we performed a [*?P]-ADP-ribosylation
assay using purified proteins and exogenously added [**P]-
NAD™. To this end, HEK293T cells were co-transfected
with Flag-GRP78 and Flag-hARTCI1. For controls, cells
were not transfected or transiently transfected with Flag-
GRP78 alone. The Flag-tagged proteins in lysates from
these cells were immunoprecipitated with the M2 anti-
FLAG antibody, and the eluted proteins were then incu-
bated with [**P]-NAD™" and analysed by autoradiography
(Fig. 5b, AR). Three bands were revealed in Flag-GRP78
and Flag-hARTC1 co-transfected sample: a lower band
with a molecular mass of ca. 25, which corresponds to the
light chain of the M2 antibody, an intermediate band of ca.
38 kDa that corresponds to hARTC1, and a higher band of
ca. 78 kDa that corresponds to GRP78. These results show
that ARTC1 might, indeed, ADP-ribosylate GRP78.

Furthermore, when lysates of untransfected HeLa cells
were subjected to far-Western blotting with GST-tagged
wild-type mAfl521, a distinct band corresponding in size to
GRP78 could be detected in longer exposures (Fig. Sc, d).
This staining of this band was reduced by approximately 40
and 65 % when endogenous hARTC1 (Fig. 5¢) or GRP78
(Fig. 5d), respectively, were knocked-down by siRNA.

These results support the notion that hARTCI is the
endogenous enzyme responsible for the ADP-ribosylation
of GRP78.

ARTCI is an ER-resident protein

Immunofluorescence microscopy of ARTCI-transfected
cells suggested that hARTCI1 is preferentially located in the
ER (Figs. 3, 4). To further investigate the cellular locali-
sation of hARTC1, immunofluorescence was carried out in
the presence of cycloheximide, to inhibit new protein
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synthesis and hence to ensure that no fluorescence was
preferentially gained by the ER compartment due to new
protein synthesis. Here, HeLa cells expressing hARTCI,
hARTC4, cARTC2.1, and cARTC2.1-E207G/E209G
(Fig. 6, as indicated) were incubated for 3 h in the absence
(Fig. 6, Control) or in the presence (Fig. 6, Chx) of
cycloheximide and then analysed by immunofluorescence
microscopy.

The ER compartment was stained with an antibody
against the endogenous protein disulfide isomerase (PDI),
which is one of the most abundant ER-associated proteins.
hARTC1 co-localised to a larger extent with PDI in both
control and cycloheximide-treated cells (Fig. 6a, c), as
opposed to cARTC2.1 and cARTC2.1-E207G/E209G, for
which co-localisation with PDI was reduced even further as
a consequence of the cycloheximide treatment (Fig. 6b, c).
Quantification of these immunofluorescence analyses
(Fig. 6¢) indicates that 55 % (£4 %) and 6 % (£1 %) of
hARTC1 and cARTC2.1, respectively, co-localise with
PDI in transfected, non-treated cells. When the cells were
treated with cycloheximide, 61 % (£6 %) and 3 %
(£0.8 %) of hARTCI1 and cARTC2.1, respectively, co-
localise with PDI.

Under conditions that block new protein synthesis, as
here with cycloheximide, proteins that are not ER-resident
will exit the ER compartment, thus reaching their final
destination. Our results demonstrate that this is the case for
hARTC4, cARTC2.1, and cARTC2.1-E207G/E209G. On
the contrary, the treatment with cycloheximide had no
effect on the localisation of hARTCI, thus confirming that
hARTCI1 is located mainly in the ER. Accordingly, the
quantification of the immunufluorescence analysis of non-
transfected HeLa cells stained with an anti-ARTCI anti-
body indicates that 51 £ 2 % of hARTCI co-localises with
the ER protein calnexin (Fig. 6d).

This localisation of hARTC1 was further analysed using
additional markers for the ER, Golgi, lysosome and plasma
membrane compartments (Supplementary Fig. S2). In
addition to its main location at the ER, hARTCI co-
localised with wheat germ agglutinin (WGA; 21 + 3 %)
and to a lower extent with giantin (9 £ 0.8 %) and lamp
(7 £ 0.9 %). Quantification of these immunofluorescence
analyses (Fig. S2) indicates that only approximately 10 %
of ARTC2.1 co-localises with ER proteins, while most of
ARTC2.1 co-localises with the plasma membrane (WGA;
53 £+ 2 %), as expected.

hARTCI1 is an ER stress-sensing protein in mammalian
cells

Considering that hARTC1 when located in the ER can
induce mono-ADP-ribosylation of GRP78, and considering
that GRP78 is a central regulator of ER homeostasis and a
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Fig. 6 hARTC1 is located in the ER. a, b Representative immuno-
fluorescence images of HeLa cells transiently transfected with the
indicated constructs and either untreated (control) or incubated with
cycloheximide (Chx; 100 pg/ml), stained with anti-Flag or anti-PDI
antibodies, as indicated, then analysed by immunofluorescence. Bar
10 um. The data shown are representative of at least three indepen-
dent experiments. ¢ Quantification of at least 50 cells per experiment
of three independent experiments is shown in the graph as per cent
(mean + SEM) of the different ARTC enzymes that co-localise with

well-recognised sensor of ER stress, we evaluated whether
cell stresses that are known to induce GRP78 can also
modulate hARTCI levels. To this end, we exposed HeLa
cells to different stress-inducing treatments, including
2 mM DTT for 2 h, thapsigargin for 2 h, 18 h, and 24 h,
heat shock at 42 °C for 24 h, and hypoxia induced by
0.1 % O, for 24 h. The mRNA and protein levels of both
GRP78 and hARTC1 were determined by quantitative real-
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PDI and the per cent of PDI co-localising with the ARTC enzymes.
d Representative immunofluorescence image of HeLa cells stained
with anti-hARTC1 or anti-calnexin antibodies, as indicated. Bar
10 pm. The data shown are representative of at least three indepen-
dent experiments. The quantification of at least 50 cells per
experiment of three independent experiments is shown in the graph
as per cent (mean = SEM) of hARTCI that co-localise with calnexin
and the per cent of calnexin co-localising with the hARTC1. Asterisk
significance (p < 0.0001)

time (qRT)-PCR or by Western blotting using antibodies
against GRP78 and hARTCI, respectively (Fig. 7).
Compared to control cells, there was strong induction of
hARTC1 mRNA (Fig. 7a, left) and protein (Fig. 7b, c: left)
levels as a consequence of the DTT and thapsigargin
treatments, both of which are well-characterised treatments
for the induction of ER stress and GRP78 expression. In
line with a well-characterised situation in the field [38], the
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Fig. 7 hARTCI1 and GRP78
RNA and protein levels are
induced by the cell stressors
DTT and thapsigargin.

a Quantification of the levels of
endogenous ARTC1 and GRP78
transcripts determined by qRT-
PCR, normalised to GAPDH
RNA, and then reported as
arbitrary units relative to the
ARTC1 or GRP78 transcript in
HeLa cells (taken as 1.0). Data
are means (£SD) of three
independent experiments, each
performed in triplicate. Asterisk
significantly different from the
relevant control (p < 0.01).

b Representative Western
blotting showing endogenous
ARTCI1, GRP78, and tubulin
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higher GRP78 mRNA levels were observed in HeLa cells
treated for 18 h with thapsigargin and were maintained
through to 24 h (Fig. 7a, right). Of note here, the greater
increase in hARTC1 mRNA was observed after 2 h of 0.3
UM thapsigargin treatment, while levels similar to
untreated cells were measured after 18-24 h of 0.3 uM
thapsigargin treatment (Fig. 7a, left; also as when 1 pM
thapsigargin was used). There were little or no changes in
hARTC1 and GRP78 mRNA levels for the other stress
treatments (heat shock, hypoxia).

The evaluation of the GRP78 and hARTCI protein
levels under these same incubation conditions (Fig. 7b, c)
confirmed that there were increased levels of both GRP78
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and hARTCI1 as a consequence of the DTT and thapsi-
gargin treatments and confirmed faster kinetics upon ER
stress of hARTCI induction with respect to GRP78. Thus,
during the longer term exposure that is suitable for the
induction of GRP78, the basal, low hARTCI protein levels
were restored. In line with the acute increased levels of
endogenous hARTCI, endogenous ADP-ribosylation of
GRP78 was also induced by the treatments with DTT
2mM, 20-120 min) and thapsigargin (1 uM,
20-120 min; as also with thapsigargin 0.3 uM), as detected
by far-Western blotting using the macro domain (Fig. 8a).
Of note, in agreement with previous data [40] and with our
data showing that hARTCI is rapidly down-regulated with
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longer treatments with thapsigargin (0.3 pM, 18-24 h),
longer treatments with thapisgargin were accompanied by
reduced staining of the 80 kDa and other protein bands, as
evaluated by far-Western blotting with the macro domain
(Fig. 8b). Thus, the same stressors that have previously
been shown to induce ER stress can also induce hARTCl1
and ADP-ribosylation of GRP78 with more rapid timing
than the activation of GRP78, which suggests that induc-
tion of hARTC1 and the consequent GRP78 ADP-
ribosylation are the first cell responses to these stress
conditions and that they are probably associated with a
reduced flow of proteins into the ER.

Discussion

Endogenous mono-ADP-ribosylation is believed to have
important roles in cell signalling and regulation; however,
identification of the enzymes that are responsible for this
intracellular post-translational modification has remained
elusive. Here, we report on the characterisation of
hARTCI1, and we unveil its ER localisation and its modi-
fication of the ER chaperone GRP78.
Mono-ADP-ribosylation of GRP78 has been reported
previously, with the suggestion that this post-translational

modification can regulate the availability of functional
GRP78 [38]; indeed, mono-ADP-ribosylation has been
detected in response to nutritional stress, and it appears to
provide a buffering system that allows the rates of protein
processing to be balanced with those of protein synthesis
[38]. Despite the physiological relevance of this modifi-
cation, the enzyme(s) involved have not been characterised
to date.

We have previously hypothesised that an enzyme loca-
ted in the lumen of the ER catalyses this mono-ADP-
ribosylation. This is because of the luminal localisation of
GRP78, and thus from a topological point of view, this
reaction might be catalysed by an ARTC family member
[13]. Recently, we discovered that the macro domain can
be used to bind and pull-down ADP-ribosylated proteins
[38]. Performing the macro-domain-based pull-down
assays, we show here that when either arginine-specific
hARTC1 or cARTC2.1 is overexpressed in mammalian
cells, this leads to GRP78 mono-ADP-ribosylation.
Recently, the Arg470 and Arg492 in the substrate-binding
domain of the hamster GRP78 chaperone were mapped as
the sites of ADP-ribosylation [41], in line with our dem-
onstration that arginine-specific ARTC1 can catalyse [**P]-
ADP-ribosylation of GRP78 (Fig. 5b). It was previously
reported that GRP78 oligo- or poly-ADP-ribosylation can
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also occur in cells, although to a lower extent as compared
to its mono-ADP-ribosylation (4.5 vs. 79 %) [50]. Thus,
while the mono-ADP-ribosylation of GRP78 can be
induced by the arginine-specific mono-ADP-ribosyl-
transferase hARTCI, different cellular enzyme(s) can
contribute to the ADP-ribosylation of GRP78.

Importantly, here we have further developed the use of
the macro domain for application in immunofluorescence
microscopy, thus allowing visualisation of ADP-ribosylat-
ed proteins in intact cells. Using the mAf1521, perinuclear
staining that co-localised with GRP78 was seen upon cell
transfection with the active enzymes hARTCI1 and
cARTC2.1, but not with their inactive counterparts
(hARTC4 and cARTC2.1-E207G/E209G, respectively).
Considering that hARTC1 and cARTC2.1 ADP-ribosylate
various proteins (Fig. 5a), it is likely that other ADP-ri-
bosylated proteins in addition to GRP78 contribute to this
ER-associated macro-domain staining. Our results imply
that the ARTC substrate NAD™ is present in the ER pos-
sibly also in downstream compartments. This is consistent
with previous reports showing that forced expression of the
enzymatic domain of PARPI results in spontaneous for-
mation of luminal poly-ADP-ribose polymers [25].

We have previously shown that cARTC2.1 is well
expressed in mammalian CHO cells and that it has high
ART activity and localises to cell membranes [25]. Thus, a
possible explanation for its modification of GRP78 is its
transient presence en-route to the plasma membrane, while
the absence of detectable peripheric staining with GST-
mAf1521 can be explained considering that there is not
sufficient extracellular NAD™ to sustain ADP-ribosylation
events. Of note, our results indicate that hARTCI is pref-
erentially located in the ER in transfected cells and that this
localisation of hARTCI is not modified by cycloheximide
treatment (Fig. 6a—c); moreover, the 51 & 2 % of the
endogenous hARTC1 co-localises with the ER protein
calnexin (Fig. 6d). Although this new finding counteracts
the dogma that has asserted that hARTC1 is an ecto-
enzyme, it is in line with previous data that have suggested
that in rabbit skeletal muscle, 70 % of the ARTC1 activity
is localised to the sarcoplasmic reticulum [51]. Moreover,
the localisation of the NAD™ that is required to sustain the
ADP-ribosylation reaction in the ER was solved by elegant
experiments that allowed the visualisation of an ER-
localised NAD™ pool, by means of the targeted expression
of the catalytic domain of poly(ADP-ribose)polymerase
(PARP) in the ER [52]. This thus led to the conclusion that
all of the components of the machinery for GRP78 mono-
ADP-ribosylation (the ARTC and both of the substrates)
localise to the ER. In conclusion, we show here that
hARTCI is located in the ER and that it can ADP-ri-
bosylate GRP78. Moreover, silencing of the hARTCI
enzyme reduces the basal level of ADP-ribosylated
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GRP78, thus providing the direct demonstration that
hARTCI is responsible for the long-known modification of
GRP78.

In terms of the biological function of this modification,
it has previously been reported that mono-ADP-ribosyla-
tion of GRP78 occurs in response to nutritional stress and
to environmental conditions that can result in reduced
protein synthesis, and thus in a reduced flux of proteins into
the ER [38]. Here, we show that endogenous hARTC1 is
rapidly induced by acute treatments of cells with the
stressors DTT and thapsigargin (Fig. 7a, c¢) and that this
results in increased levels of ADP-ribosylated GRP78
(Fig. 8a). It is possible that this increase in the levels of
modified GRP78 are underestimated, considering that
ADP-ribosylation is a reversible reaction, and, therefore,
the modified GRP78 might become the substrate of a
specific hydrolase that can regenerate the non-modified
form. Both DTT and thapsigargin are well-characterised
inducers of the UPR in human cells, as they affect correct
protein folding. Specifically, treatment with DTT results in
the ER retention of newly synthesised proteins that cannot
fold correctly as they cannot form disulfide bonds [53],
while the treatment with thapsigargin inhibits the ER Ca®"-
ATPase, thus causing depletion of the ER calcium [54],
which is associated with a slowed rate of protein process-
ing. Of note here, both thapsigargin and DTT have been
reported to inhibit translation: 10 min treatments are
enough to inhibit the synthesis of almost all proteins (see
[37] and reference therein). We have also confirmed these
data in HeL a cells (not shown). However, mammalian cells
can adapt to this translational inhibition: during longer term
exposure to both thapsigargin and DTT, for 2-3 h, protein
translation is recovered and GRP78 is expressed [54].
Thus, our data demonstrate that acute treatment (from
20 min to 2 h) with the ER stressors DTT and thapsigargin
induces mono-ADP-ribosylation of GRP78. In line with
previous data [41], we also found that a prolonged treat-
ment with these stressors is not associated with mono-
ADP-ribosylation of GRP78. These data thus link the
activation of hARTC1 and the ADP-ribosylation of GRP78
to the acute treatments with these ER stressors that have
been reported to induce a reduction in the protein flow into
the ER, and this is in line with previous observations
showing that the ADP-ribosylated form of GRP78 accu-
mulates when protein flow to the ER is decreased. This last
is a condition in which the cell does not require the GRP78
activity, which is needed to fold newly synthesised proteins

The interaction of GRP78 with newly synthesised pro-
teins is regulated by the nucleotide (ADP or ATP) bound to
the chaperone. The Hsp70 chaperones are characterised by
an amino-terminal ATPase domain and by a carboxy-ter-
minal substrate-binding domain. The nucleotide occupancy
of the amino-terminal domain of GRP78 controls the
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peptide-binding affinity of the carboxy-terminal substrate-
binding domain where ADP-ribosylation occurs [41].
According to the current model, the ATP-bound chaperone
interacts with a newly synthesised polypeptide through its
substrate-binding domain in an open, low-affinity confor-
mation. The ATP hydrolysis then generates the ADP-
bound chaperone, which binds polypeptides with high
affinity. Then, ADP is released, and the consequent binding
of ATP opens the substrate-binding domain, with the
release of the polypeptide. Thus, cycles of ATP binding,
hydrolysis, and nucleotide exchange regulate this substrate
binding and release [55]. Chambers and colleagues showed
that GRP78 mutations that mimic the negative charge of
ADP-ribose can destabilise the chaperone binding to its
substrate without affecting its ability to hydrolyse or
exchange nucleotides [41], thus providing evidence that
ADP-ribosylated GRP78 is integral but inactive with
respect to its binding to polypeptides, a condition that is
compatible with the need for cells to rapidly reactivate
GRP78. The ER stressors thapsigargin and dithiothreitol
initially depress protein synthesis, which makes GRP78
unnecessary; however, when translation is restored, these
chemical disruptors also induce the accumulation of
unfolded proteins, which is a condition that requires
GRP78. A reversible, post-translational modification, such
as mono-ADP-ribosylation, will allow the rapid regulation
of the activity of GRP78 based on the needs of the cell. Our
data demonstrate that short treatments with these ER
stressors, thapsigargin and DTT, but not with hypoxia or
heat shock (which do not affect translation), upregulates
expression of hARTC1 (Fig. 7a, c¢) and induces the ADP-
ribosylation of GRP78 (Fig. 8a). This is in line with the
proposed model that suggests that rapid ADP-ribosylation
of GRP78 is a way to inactivate the chaperone, and thus to
avoid its degradation, which will allow the cell to rapidly
reactivate GRP78 through its deribosylation. Intriguingly,
hARTC1 is only transiently up-regulated by the ER
stressors; indeed, through GRP78 ADP-ribosylation,
hARTCI1 can lead to the accumulation of the unfolded
protein and the loss of the recovery of the cell from the
stress, which is a condition that is not compatible with cell
survival.

Thus, our data are consistent with the hypothesis that,
when the protein load into the ER is reduced, GRP78 is
ADP-ribosylated. However, it remains to be defined whe-
ther the increased levels of ADP-ribosylated GRP78 can
also result in the release of GRP78 interactors, which has
been suggested because this modification occurs at the
carboxy-terminal substrate-binding domain. If this is the
case, then this ADP-ribosylation of GRP78 can also be
regarded as a facilitator of the UPR. Altogether, these data
place hARTC1 within the ER stress response scenario.
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