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The nuclear PP1 interacting protein ZAP3 (ZAP) is a putative nucleoside
kinase that complexes with SAM68, CIA, NF110/45, and HNRNP-G

Annegret Ulke-Lemée a, Laura Trinkle-Mulcahy b, Steve Chaulk c, Nina K. Bernstein c,
Nick Morrice d, Mark Glover c, Angus I. Lamond b, Greg B.G. Moorhead a,⁎

a Department of Biological Sciences, University of Calgary, 2500 University Drive NW, Calgary, Alberta, Canada T2N 1N4
b School of Life Sciences, University of Dundee, Dundee, Scotland DD1 5EH

c Department of Biochemistry, 4-74 Medical Sciences Building, University of Alberta, Edmonton, Alberta, Canada T6G 2H7
d MRC Protein Phosphorylation Unit, School of Life Sciences, University of Dundee, Dundee, Scotland DD1 5EH

Received 16 May 2007; received in revised form 13 July 2007; accepted 26 July 2007
Available online 15 August 2007
Abstract

The targeting of protein kinases and phosphatases is fundamental to their roles as cellular regulators. The type one serine/threonine protein
phosphatase (PP1) is enriched in the nucleus, yet few nuclear PP1 targeting subunits have been described and characterized. Here we show that the
human protein, ZAP3 (also known as ZAP), is localized to the nucleus, that it is expressed in all mammalian tissues examined, and docks to PP1
through an RVRW motif located in its highly conserved carboxy-terminus. Proteomic analysis of a ZAP3 complex revealed that in addition to
binding PP1, ZAP3 complexes with CIA (or nuclear receptor co-activator 5) and the RNA binding proteins hnRNP-G, SAM68 and NF110/45, but
loses affinity for SAM68 and hnRNP-G upon digestion of endogenous nucleic acid. Bioinformatics has revealed that the conserved carboxy-
terminus is orthologous to T4- and mammalian polynucleotide kinases with residues necessary for kinase activity maintained throughout
evolution. Furthermore, the substrate binding pocket of uridine-cytidine kinase (or uridine kinase) has localized sequence similarity with ZAP3,
suggesting uridine or cytidine as possible ZAP3 substrates. Most polynucleotide kinases have a phosphohydrolase domain in conjunction with
their kinase domain. In ZAP3, although this domain is present, it now appears degenerate and functions to bind PP1 through an RVRW docking
site located within the domain.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Protein phosphatase 1 (PP1) is an abundant serine/threonine
protein phosphatase and its activity, sub-cellular localization
and substrate specificity is conferred by a vast array of inter-
acting proteins or regulatory subunits. Most regulatory subunits
interact with PP1 via an RVXF motif, short for [KR]-x(0–1)-
[VI]-[X]-[FW] with X being any amino acid except proline
[1–4]. Currently, greater than 60 regulatory subunits are known
for PP1[5]. PP1 is enriched in the nucleus compared to the
cytosol, and even though several new nuclear PP1 regulatory
subunits have been identified recently, only a handful of nuclear
PP1 interactors are known [6–9]. Since PP1 function is governed
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by its regulatory subunits, the exact description of these subunits
is vital to the understanding of PP1 function in the nucleus. The
two most abundant nuclear PP1 regulatory subunits are NIPP1
(nuclear inhibitor of PP1) and PNUTS (PP1 nuclear targeting
subunit)/p99. The RNA binding protein NIPP1 has been impli-
cated in both transcription and splicing and it binds, in addition to
PP1, a protein kinase, two splicing factors and a transcriptional
regulator [10–14]. PNUTS, together with PP1,may play a role in
chromosome decondensation [15–17]. Interestingly, PNUTS
associates with RNA via its arginine–glycine–glycine (RG/G)
boxes [18]. More recently, Repo-Man was described, which
recruits PP1 to chromatin and functions in the maintenance of
chromosome architecture during mitosis [6,19].

In an attempt to identify novel nuclear protein phosphatase
complexes we utilized microcystin-affinity purification from
mammalian nuclear extract [7]. One of the identified proteins,
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termed ZAP3 (also ZAP, ZAP113, C14orf170 or YLPM1), has
an apparent molecular mass of 240 kDa and 180 kDa on SDS-
PAGE [7]. ZAP3 was first identified by Misawa et al. [20] and
subsequently by Sutherland et al. [21] as a novel protein with a
nuclear foci localization [21]. Trinkle-Mulcahy et al. found
ZAP3 as a protein co-purifying with EGFP-PP1α and EGFP-
PP1γ using stable isotope labeling and proteomics [6] and a
yeast two hybrid screen for PP1 interactors in Drosophila
identified multiple carboxy-terminal ZAP3 fragments [22].
Large-scale proteomic characterization of HeLa cell phospho-
proteins detected ZAP3 as being phosphorylated on serine 829
and 1119 [23,24]. Whether these phosphorylation sites are
constitutive or regulated has not been addressed.

Since ZAP3 has been detected as a nuclear protein that inter-
acts with PP1 by several studies and purifies on a microcystin-
affinity matrix from a nuclear extract, we hypothesized that ZAP3
is a nuclear PP1 regulatory subunit. Here we show that ZAP3 is a
nuclear protein that binds to PP1 through its carboxy-terminal
RVXF motif. Investigation of ZAP3s amino acid sequence using
an in silico approach defined a highly conserved sequence at
ZAP3s carboxy-terminus present in all higher eukaryotes and
suggests ZAP3 is a nucleoside kinase with polynucleotide kinase/
phosphohydrolase-like modular domains. Co-immunoprecipita-
tion combinedwithmass spectrometry established four additional
ZAP3 binding partners. The results predict ZAP3 to be a
nucleoside kinase that functions as a scaffold for PP1 and Sam68
(src associated inmitosis, 68 kDa), CIA (coactivator independent
of AF-1), hnRNP-G (heterogenous ribonucleoprotein-G) and the
NF110/NF45 dimer (nuclear factor of 110 kDa/45 kDa).

2. Materials and methods

2.1. Materials

All chemicals were purchased from Sigma-Aldrich, EMD Biosciences or
BDH if not otherwise stated in parentheses. Peptides were synthesized by Dr.
Denis McMaster (Peptide Synthesis Core Facility, University of Calgary) using
N-9-fluorenylmethoxycarbonyl chemistry on an Applied Biosystems 431A
peptide synthesizer. The peptides were purified by Sephadex G-10 chromatog-
raphy and the peptide purity (N95%) and composition were verified by HPLC
and amino acid analysis, respectively.

2.2. Proteins and antibodies

PP1α was purified as described [7]. Antibodies detecting Sam68 (sc-333)
and hnRNP G (sc-14581) were purchased from Santa Cruz. Antibodies
detecting NF110/NF90 (DRBP76, D39920), PP1 (P35220) and PP2A (P47720)
were obtained from BD Transduction Laboratories™. ASYM24 (07-414) was
purchased from Upstate and Saf-B antibodies from Abcam. Antibodies detecting
NIPP1 and PNUTS were described previously [17,25]. Other antibodies were
kindly provided by the following individuals, diluted as indicated and blots
washed with TBS if not otherwise noted: CIA (H. Xiao, Nebraska Medical
Center, 1000× dilution [26]), CPSF (S. Barabino, Università Vita-Salute San
Raffaele, 500× dilution), PRP40 (FBP11, T. Takenawa, University of Tokyo,
1000× dilution), NF45 (S. Lees-Miller, University of Calgary, 1000× dilution).
Western blotting was performed as described in [7].

2.3. Generation of ZAP3 polyclonal antibody

A human ZAP3 fragment (amino acids 1632–2146) was amplified by
PCR using the human cDNA clone ID LIFESEQ 3268641 (Open Bio-
systems, Huntsville) and cloned into the pDEST17 vector of the Gateway®
cloning system. The resulting 6His-ZAP1632 was expressed in Escherichia
coli. The insoluble protein was solubilized in urea and purified on Ni-NTA-
Sepharose using manufacturer's instructions (Qiagen). The purified protein
was dialyzed into water, freeze dried and used for polyclonal antibody
production in a New Zealand White rabbit as described [27]. The University
of Calgary Core DNA Services confirmed DNA sequences, and the identity
of recombinant ZAP3 fragments were confirmed by mass spectrometry.
The ZAP3 antibody was affinity purified by several rounds of adsorp-
tion to nitrocellulose membrane with immobilized 6His-ZAP1632 protein.
Pre-immune serum IgG was purified using protein A-Sepharose beads
(Sigma).

2.4. Extract preparation

Rat liver nuclear extract was prepared as described [7] and the HeLa cell
nuclear extract was prepared according to [28]. Other cell line extracts were
kindly provided by D. Alessi, University of Dundee, UK and were prepared by
washing cells once in PBS, and scraping in lysis buffer A: 1% (v/v) Triton X-
100, 25 mM Tris pH 7.5, 1 mM EDTA, 0.1 mM EGTA, 150 mM NaCl,
270 mM sucrose, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM sodium
vanadate and complete protease inhibitors (Roche Diagnostics Ltd.). After
10 min on ice, extracts were vortexed and clarified by centrifugation
(13,000 rpm×15 min at 4 °C). Rat tissues were excised, frozen in liquid
nitrogen, thawed in lysis buffer A, blended at high speed and clarified by
centrifugation as above. A sample of rat liver was snap frozen in liquid
nitrogen, crushed and 1× SDS-cocktail added. During thawing, the sample was
further homogenized with mortar and pestle, followed by Dounce homoge-
nization and boiling. To remove insoluble matter, the sample was centrifuged
for 10 min×13,000 rpm at 4 °C. Protein was determined using the Bradford
assay with BSA as standard.

2.5. Mass spectrometry

For protein identification by mass spectrometry bands were excised from
Coomassie stained gels, digested with trypsin and LC-MS/MS was performed
as in [29]. Peak lists (.tmp files) were generated using the Mascot macro within
Analyst 1.4.1 (MDS-Sciex). Charge states 2–4 were considered, deisotoped,
centroided and for ms/ms filtering a minimum of 10 ms/ms peaks were
required for spectral quality. Peak lists were searched against the CDSmam-
mals database (Applera ; KBMS 3.0.20040121 with 255641 sequences) with
Mudpit scoring using Mascot v 2.0 (Matrixscience significance threshold of
pb0.05) with a mass tolerance of 1 Da for precursors and 0.6 Da for daughter
ions allowing for cleavage with trypsin (1 missed cleavage), a fixed modi-
fication of carbamidomethylation of cysteines and a variable modification of
oxidation of methionine. The machine was set to ESI-TRAP. All proteins
identified were confirmed by western blotting with specific antibodies. Pro-
teins with multiple names in databases are listed in Supplementary Table 1
with known names and acronyms.

2.6. Protein phosphatase assay

For the phosphorylase phosphatase assay, ZAP3 was immunoprecipitated
from rat liver nuclear extract, the beads pre-incubated with the indicated amount
of RVXF (GKKRVRWADLE), RARA (GKKRARAADLE) or scrambled
(KLRGEVAKDWR) peptide and phosphorylase phosphatase activity measured
as described [30]. Briefly, assays were performed at 30 °C in a total volume of
30 μl that included 10 μl of protein phosphatase diluted as required into buffer
A (50 mM Tris–HCl, pH 7.5 (20 °C), 0.1 mM EGTA, 0.1% (v/v) β-
mercaptoethanol, 1 mg/ml BSA) plus 10 μl buffer B (50 mM Tris–HCl, pH 7.5
(20 °C), 0.1 mM EGTA and 0.03% (v/v) Brij-35, plus peptides as required). The
assays were initiated with 10 μl of 30 μM 32P-labeled glycogen phosphorylase
a. One unit (1 U) is defined as the amount of enzyme that catalyzed the release of
1 μmol of phosphate in 1 min. In all cases the dephosphorylation of substrates
was kept less than 20% to ensure the linearity of the assay. All assays were done
in duplicate. One unit of phosphorylase phosphatase releases 1 nmol of phos-
phate from phosphorylase a per minute at 30 °C.
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2.7. Immunocytochemistry

Analysis of cellular localizationwas performed as described in [31]. The ZAP3
antibody was affinity purified and used at a 50-fold dilution. Control blots were
performed using secondary antibody andDAPI alone (see Supplementary Fig. S2).

2.8. Immunoprecipitation

50 μg of the indicated antibody was covalently coupled to 50 μl protein-A-
Sepharose (Sigma) with dimethyl-pimelimidate (Sigma). Up to 20 mg of nuclear
extract (plus 20 μg/ml pepstatin, 20 μg/ml leupeptin, 0.5 mM PMSF, 1 mM
benzamidine) was added to the beads, incubated end over end for 2 h at 4 °C,
washed extensively with PBS and bound proteins eluted with SDS-cocktail.

2.9. GST-ZAP1835; cloning, purification and pulldowns

A fragment of ZAP3 comprising its carboxy-terminal domain (amino acids
1835–2146) was inserted into the pDEST15 vector of the Gateway® cloning
system to provide an amino-terminal glutathione S-transferase tag to create GST-
ZAP1835. The protein was expressed in the E. coli strain BL21-GOLD, purified
using glutathione–agarose, concentrated using a centricon10 and dialyzed into
PBS plus 200 mM KCl. To generate GST-ZAP1835-RARA, the 2098RVRW2102

motif of pDEST15-GST-ZAP1835 was mutated to an RARA sequence motif
using a QuikChange® Site-Directed Mutagenesis Kit following the manufac-
turer's instructions with the following primers: forward: CCT GGG AAG AAG
AGG GCC AGA GCG GCA GAC CTG GAA GAG and reverse: CTC TTC
CAG GTC TGC CGC TCT GGC CCT CTT CTT CCC AGG. The underlined
bases are changed to achieve the desired amino acid mutation. For both
expression vectors, the sequences were confirmed by DNA-sequencing at the
University of Calgary Core DNA Services, and the identity of the recombinant
proteins was confirmed by peptide mass fingerprinting (University of Calgary).

To determine if GST-ZAP1835 can bind endogenous PP1, rat liver nuclear
extract, purified GST-ZAP1835, GST-ZAP1835-RARA or DSP-GST [32] (dual
specificity protein phosphatase) (50 μg) was adsorbed onto 15 μl glutathione-
Sepharose in PBS. Rat liver nuclear extract (2 mg, plus 0.5 mM PMSF, 1 mM
benzamidine, 20 μg/ml leupeptin, 20 μg/ml pepstatin) was added to the beads and
incubated for 1 h at 4 °C. The beads were washed extensively with PBS plus
protease inhibitors and eluted in 1× SDS-cocktail.
Fig. 1. The human ZAP3 (ZAP) sequence with identified sequence motifs. Within th
and covalent modifications are indicated as follows: YLP (YLXP) motifs are boxed, t
bold and italics, and the RVXF (or RVRW) motif is in bold and underlined.
To bind purified PP1 to GST-ZAP3, purified GST-ZAP1835 or GST-
ZAP1835-RARA (10 μg) in PBS was adsorbed onto 10 μl glutathione-
Sepharose beads. Purified PP1α (25 μg) in PBS was added and the beads
incubated for 1 h at 4 °C. The beads were washed extensively with wash buffer
(50 mM Tris, pH 7.5, 5 mM EDTA, 150 mM NaCl, 0.25% (v/v) Triton X-100)
and eluted in 1× SDS-cocktail.

2.10. RNA binding studies

For binding to homopolymer ribonucleotide, polyadenylic acid-Sepharose,
polyguanylic acid-agarose, polyuridylic acid-agarose and polycytidylic acid-
agarose (Sigma) were swollen and washed according to the manufacturer's
instructions. Naked Sepharose 4B (Sigma) was used as negative control.
Following the protocol used for RNA binding studies of PNUTS [18], 1 mg rat
liver nuclear extract was diluted with binding buffer (50 mM Tris–HCl pH 7.5,
10 mM EDTA, 0.1% (v/v) β-ME, 0.5 mM PMSF, 1 mM benzamidine, 20 μg/ml
leupeptin, 20 μg/ml pepstatin) to obtain a salt concentration of 166 mM NaCl
and added to 50 μl polyadenylic acid-agarose, polyguanylic acid-agarose,
polyuridylic acid-agarose and polycytidylic acid-agarose and incubated for 1 h
at 4 °C with end-over-end mixing. The beads were then washed in binding buffer
plus 250 mM NaCl and eluted in 50 μl 1× SDS-cocktail.

2.11. Bioinformatics

All sequences were obtained from SwissProt or NCBI. Proteins were aligned
in ClustalW and GeneDoc by visual inspection. The tertiary structure of ZAP3
was predicted using the PHYRE server and secondary structure of ZAP3 was
calculated with JPRED [33,34] or deduced from the crystal structure for T4PNK
(PDB:1RC8), respectively.

3. Results

3.1. ZAP3 sequence, expression and localization

Previously, we utilized microcystin-affinity purification and
peptide mass fingerprinting to isolate and identify protein
e human ZAP3 sequence (XP_945663/XP_935580) the known sequence motifs
he identified phosphoserines are marked with an asterisk, the RG/G boxes are in
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phosphatase regulatory subunits from rat liver nuclear extract
[7]. One of the identified proteins with an apparent molecular
mass of 180 kDa and 240 kDa was termed ZAP180 and ZAP240,
respectively (Fig. 1). The observedmolecularmass, ESTcoverage
and identified peptides from peptide mass fingerprinting
suggested that ZAP240 is identical to the predicted protein in
the NCBI database “similar to YLP motif containing protein 1
(Nuclear protein ZAP)”, isoform 9 (XP_945663)with a calculated
molecular weight of 241 kDa (Fig. 1 and data not shown). Human
ZAP240 is encoded by a 92 kb gene on chromosome 14, covering
22 exons. The ZAP3 sequence has repeats of the YLP motif (also
YLXP; see interpro: IPR004019 YLP motif) in its amino-
terminus and has identified phospho-serines at residue 829 and
1119 (Fig. 1) [23,24]. The carboxy-terminal 1/5 of the protein is
highly conserved and present in all higher eukaryotes, except
fungi and worms (Supplementary Fig. S1).

We generated an antibody against a carboxy-terminal, 6His-
tagged fragment of ZAP3 (6His ZAP1632–2146). This anti-
body detected protein in mouse, rat and human tissues and cell
lines with apparent molecular weights of 170 to 240 kDa
(Fig. 2A and B). In rat liver, ZAP3 antibodies only recognize
nuclear proteins of 180 and 240 kDa and do not bind any cytosolic
proteins [7] and Supplementary Fig. S2. In HeLa cell extracts the
only antibody binding proteins noted are of mass 180 and
240 kDa (Fig. 2A and Supplementary Fig. S2) suggesting that the
immunoreactive bands observed between 170 and 240 kDa are
ZAP3 gene products. The precise identity of ZAP180 remains
obscure. Peptides identified by mass spectrometry of ZAP180
Fig. 2. Cell line expression, tissue distribution and intracellular localization of ZAP3 (Z
nuclear extract (HeLa) were separated by SDS-PAGE, blotted and ZAP180 and ZAP24
(B)Distribution of ZAP3 in various cell lines and tissues. In the top panel 30μg ofwho
blotting with affinity pure antibody. The indicated cell lines are: Mn90 (human neuro
SH5y (human neuroblastoma),MEF (mouse embryonic fibroblasts), HEK293 (human
60 μg of rat whole tissue extract (as indicated) was separated by SDS-PAGE, blotted an
markers are indicated on the left, and the position of ZAP180 andZAP240 on the right.
to accumulate in nuclei when stained with affinity pure anti-ZAP3 antibodies in para
antibodies. It is also found in as yet unidentified foci within the nucleoplasm (arrowh
(green). These proteins accumulate both at splicing speckles (arrow) and in Cajal bod
migration of a pool of ZAP3 (red) to perinucleolar caps (arrowheads), while Sm protein
a hashed arrow. Scale bars are 10 μM.
cover the amino-, as well as carboxy-terminus of the ZAP240
sequence, suggesting ZAP180 is likely a splice variant of
ZAP240 (Supplementary Table 1). The antibody detects ZAP3 of
various masses in rat tissues and cell lines, with ZAP240 being
present in most (Fig. 2B). The highest expression of ZAP3
appears to be in brain, adipose tissue, heart and kidney, with low
expression in muscle, spleen and lung (Fig. 2B, lower panel).

Using isolated nuclear and cytoplasmic fractions we dem-
onstrated ZAP3 to be localized to the nucleus [7]. To further
define its nuclear localization, we performed immunocytochem-
istry with our affinity-purified ZAP3 specific antibody. Fig. 2C
shows that during interphase, ZAP3 is predominantly nucleo-
plasmic, with additional accumulations in small nuclear foci. It
does not co-localize with the Y12 antibody, which detects small
nuclear ribonucleoprotein particles accumulated at splicing
speckles (Fig. 2C, upper panel) [35]. Upon inhibition of tran-
scription with actinomycin D, a pool of ZAP3 re-localizes to the
nucleolar periphery, where it is found in cap structures (Fig. 2C,
lower panel). These ZAP3-containing nucleolar caps, which are
distinct from those containing fibrillarin or p80 coilin, colo-
calize with nucleolar accumulations of PP1 found after
actinomycin D treatment [36].

3.2. ZAP3 binds PP1 through its RVRW motif

ZAP3 is specifically retained and eluted from the protein
phosphatase affinity matrix microcystin-Sepharose, but not a
control matrix, consistent with association with a phosphatase
AP). Rat liver nuclear extract (NE) and rat liver crude extract (Crude) or HeLa cell
0 were detected by western blotting using an affinity purified ZAP3 antibody (A).
le cell extract was separated by SDS-PAGE, blotted and ZAP3 detected bywestern
nal cell line), rat2 (rat fibroblast), PC12 (rat adrenal gland phaeochromocytoma),
embryonic kidney), andNIH 3T3 (mouse embryo fibroblast). In the bottom panel
d ZAP3 detected by western blotting with affinity pure antibody. Molecular mass
(C) Intracellular localization of endogenous ZAP3. Top: ZAP3 (red) was observed
formaldehyde-fixed HeLa cells and detected with TRITC-conjugated secondary
ead). For comparison, Sm splicing proteins were stained with the Y12 antibody
ies (hashed arrow). Bottom: inhibition of transcription by actinomycin D leads to
s (green) accumulate in enlarged speckles (arrows). The nucleolus is indicated by
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complex (Fig. 3A). During immunoprecipitation the ZAP3
antibody was capable of highly enriching ZAP3 protein and PP1
from a rat liver nuclear extract (Fig. 3B). In contrast, the closely
related PP2A catalytic subunit was not detected supporting the
idea of complex formation with PP1. Many PP1 regulatory
subunits suppress PP1 activity when the general protein phos-
phatase substrate phosphorylase a is used. Initially, no phos-
phorylase phosphatase activity could be detected in ZAP3
immunoprecipitates (Fig. 3C). We showed previously that an
RVXF, or in this case an RVRW peptide based on ZAP3s
putative PP1 dock site (GKKRVRWADLE), blocks the ability to
Fig. 3. ZAP3 (ZAP) binds to PP1 through an RVRW motif. Rat liver nuclear extrac
(Blank), incubated, washed and bound protein was eluted with 3 M sodium isothiocy
was detected by western blotting (A). In (B) ZAP3 was immunoprecipitated (IP) with
SDS-loading buffer. An equal amount of pre-immune serum (PIS) IgG was used as ne
(C) ZAP3 along with its binding proteins was immunoprecipitated from rat liver nuc
using phosphorylase a as substrate. RVRW (–⋄–, GKKRVRWADLE), scrambled (–
was added to the reaction mixture 10 min prior to initiating the reaction. Pre-immu
(D) equal amounts of GST tagged, recombinant protein were adsorbed to glutathione-a
and retained protein eluted with SDS-cocktail. The eluted proteins were probed with
GST-ZAP1835-RARA mutant (ZAP-RARA) or GST-tagged dual specificity prote
(ZAP3) or GST-ZAP1835-RARA (ZAP-RARA) were adsorbed to glutathione-agaro
bound protein eluted with SDS-cocktail. PP1 was detected by western blotting. Pri
amounts of GST-ZAP1835 and its RARA mutant.
interact with ZAP3 in an overlay blot [7]. Addition of RVRW
peptide to the immunoprecipitate to dissociate PP1 from ZAP3
revealed phosphorylase phosphatase activity suggesting that
PP1 docks through this site. No effect was seen when the peptide
was changed to RARA (GKKRARAADLE) or scrambled.

To further confirm that ZAP3 binds directly to PP1 via its
RVRW motif, we generated recombinant glutathione S-transfer-
ase–tagged ZAP3, encompassing amino acids 1835 to 2146,
termed GST-ZAP1835 and we mutated ZAP3s RVRW motif to
RARA to generateGST-ZAP1835-RARA.After incubationwith a
rat liver nuclear extract, followed bywashing and elution, PP1was
t (NE) was loaded onto microcystin-Sepharose (MC) or onto blank-Sepharose
anate [30]. The eluted proteins were separated by SDS-PAGE, blotted and ZAP3
ZAP3 antibody from rat liver nuclear extract (NE), beads washed and eluted in

gative control. The eluted proteins were detected with the indicated antibodies. In
lear extract as in (B). Protein phosphatase activity of the complex was measured
▴–, KLRGEVAKDWR) or RARA mutated peptide (–●–, GKKRARAADLE)
ne serum with RVRW peptide added (··♦··) was used as a negative control. In
garose and rat liver nuclear extract (NE) was passed through the column, washed
antibody detecting PP1. The GST-tagged proteins were: GST-ZAP1835 (ZAP3),
in phosphatase (DSP). In panel (E) equal amounts of purified GST-ZAP1835
se and, after washing, recombinant PP1α was passed through the column and
or to probing, total protein was visualised with Ponceau S stain to show equal
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identified in the glutathione-Sepharose pulldown (Fig. 3D). Only
GST-ZAP1835 had the ability to bind PP1 from rat liver nuclear
extract while the mutant GST-ZAP1835-RARA or the unrelated
GST-DSP did not (Fig. 3D). When purified GST-ZAP1835 or
GST-ZAP1835-RARA were incubated with purified PP1α, only
GST-ZAP1835 was able to retain PP1 (Fig. 3E) confirming that
ZAP3 and PP1 bind directly to each other through the RVRW
motif.

3.3. ZAP3 binding proteins

To gain information on ZAP3 function in the mammalian
nucleus, we immunoprecipitated ZAP3 along with its binding
Fig. 4. ZAP3 (ZAP) binding proteins. ZAP3 was immunoprecipitated from rat liver n
sodium pyrophosphate, 25mM sodium fluoride, 0.5 μMmicrocystin) using ZAP3 antib
on a 4–12%gradient gel (Invitrogen) and stainedwith Coomassie blue. ZAP240 and ZAP
indicated on the left. The small arrows on the left indicate IgG light and heavy chains.Mol
was performed (ZAP3 antibody (ZAP), rabbit IgG (PIS); NE, nuclear extract) and the
(C)NF90/NF110 (NF), hnRNP-G (hnRNP) or Sam68 (SAM68)were immunoprecipitated
were detected by western blotting with the indicated antibodies. The negative controls we
hnRNP-G antibody and rabbit pre-immune-sera (PIS) for the CIA antibody. In panel (D),
and the column divided in two equal parts. One part was eluted with RVXF-peptide (GK
second columnwas elutedwith RARA-peptide (GKKRARAADLE), followed by elution
PAGE, blotted and proteins were detected by western blotting with the indicated antibod
partners and identified them using LC-MS/MS. Fig. 4A shows a
typical result from co-immunoprecipitation with proteins that were
highly enriched compared to the control. To investigate if the
phosphorylation status of ZAP3 or its binding partners alter the co-
immunoprecipitation pattern, we performed the same experiment
with the inclusion of protein phosphatase inhibitors. Only one band
of approximately 96 kDa was different between conditions (Fig.
4A), although we were unable to identify this protein. The ZAP3
complex partners identified by mass spectrometry were confirmed
by western blotting using appropriate antibodies. Saf-B (scaffold
attachment factor B) and CPSF (cleavage and polyadenylation
specificity factor) were initially identified by mass spectrometry
but could not be confirmed as binding partners by western blotting
uclear extract without (no inhibitor) or with protein phosphatase inhibitors (5 mM
ody (IP) or purified rabbit pre-immune serum IgG (PIS). The proteins were resolved
180 aswell as the proteins identified bymass spectrometry andwestern blotting are
ecularmassmarkers are shown on the right (A). In (B) the same immunoprecipitation
eluted proteins detected by western blotting with the indicated antibodies. In panel
from rat liver nuclear extract (NE)with the respective antibodies. The eluted proteins
re: naked beads for affinity purified NF90/NF110 antibody (beads), goat IgG for the
rat liver nuclear extract (NE) was loaded onto microcystin-Sepharose (MC), washed
KRVRWADLE), followed by elution with 3 M sodium isothiocyanate (SCN). The
with 3M sodium isothiocyanate (SCN). The eluted proteins were separated by SDS-
ies. Molecular weight markers are indicated on the left.
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(Fig. 4B). PRP40 (PRP40_HUMAN, pre-mRNA-processing
factor 40, homolog A) and PP1 binding to ZAP3 was suggested
by large-scale yeast two hybrid screening and published in the
BIND database [22,37,38]. However, no co-purification of PRP40
with ZAP3 could be found in our study. On the other hand, we
could confirm five proteins identified by mass spectrometry as
ZAP3 binding partners by western blotting. PP1 and CIA
(coactivator independent of AF-1) were detected by ZAP3 co-
immunoprecipitation and by yeast two hybrid screening. The other
proteins detected were Sam68 (src associated in mitosis, 68 kDa),
hnRNP-G (heterogenous ribonucleoprotein-G) and the NF110/
NF45 dimer (nuclear factor of 110 kDa/45 kDa), but not NF90.
Binding protein synonyms, accession numbers and further details
are found in Supplementary Tables 1 and 2.

To further confirm that ZAP3 associates with these proteins,
we performed co-immunoprecipitation from nuclear extracts
using antibodies against NF90/NF110, hnRNP-G, CIA and
Sam68, respectively. Fig. 4C shows that ZAP3, NF110, NF45,
CIA, Sam68 and PP1 co-purify when immunoprecipitated with
an antibody specific for NF90/NF110. Furthermore, when im-
munoprecipitation was performed with antibodies specific for
hnRNP-G, ZAP3, NF110, Sam68, CIA and PP1 were enriched.
Immunoprecipitation with CIA antibody enriched NF110, PP1
and Sam68. The interaction between immunoprecipitated CIA
and ZAP3 was weak, but discernable (Fig. 3C). Conversely,
immunoprecipitation with Sam68-antibody enriched CIA, but
failed to enrich any other ZAP3 binding proteins (data not
shown). The lack of co-immunoprecipitation in some cases can
be explained by insufficient affinity of the respective antibody
to its epitope, steric hindrance or disruption of the complex
by antibody binding. However, co-immunoprecipitation could
establish that PP1, NF110/NF45, Sam68, CIA and hnRNP-G all
form one complex together with ZAP3.

Having established that the ZAP3–PP1 complex contains at
least 4 other partners, we predicted they should elute from
microcystin-Sepharose with ZAP3. To test this, we eluted PP1
binding proteins from microcystin-Sepharose with the RVRW
peptide. Fig. 3D shows that NIPP1 and ZAP3, both PP1 binding
proteins that bind via the RVXFmotif, are eluted specifically when
microcystin-Sepharose was incubated with the RVRW peptide.
We eluted the microcystin-Sepharose subsequently with sodium
isothiocyanate, which shows that a majority of the PP1 binding
proteins elute with the RVRW peptide. When a microcystin
column is run in parallel, these proteins do not elute when the
RVRW peptide was replaced with a RARA-peptide, instead, they
were found in the subsequent sodium isothiocyanate elution
(Fig. 3D). Accordingly, PP1 eluted only with sodium isothiocya-
nate. Sam68 as well as NF110 elute in the same fractions as ZAP3,
indicating that these proteins form one large complex. Unfortu-
nately, detecting CIA, NF45 and hnRNP-G was not possible since
they have a similar molecular mass as abundant proteins that elute
with the RVRW peptide, including NIPP1 [7,39].

3.4. ZAP3 binds polyA RNA and is arginine methylated

NF110, Sam68 and hnRNP-G are RNA-binding proteins,
and it is possible that their association with the ZAP3 complex
changes in the absence of RNA [40–44]. To investigate this, we
pre-incubated rat liver nuclear extract with increasing concen-
tration of a nonspecific endonuclease (benzonase) to digest
RNA and DNA and then immuno-purified ZAP3 and its
binding proteins [45]. As is evident from Fig. 5A, the affinity
between ZAP3 and most of its binding proteins does not change
significantly when RNA and DNAwas digested. However, the
association of Sam68 and hnRNP-G to ZAP3 was drastically
decreased by the degradation of RNA/DNA while NF45 asso-
ciation slightly decreased.

Inspection of ZAP3s amino acid sequence reveals a region that
is rich in arginine–glycine–glycine (RG/G) boxes (Fig. 1) that are
known contributors to RNA binding activity [46,47]. This,
together with the RNA binding ability of some of ZAP3s asso-
ciated proteins prompted us to test whether ZAP3 can associate
with RNA. For this, nuclear extract was added to ribonucleotide
homopolymer matrix and retained proteins examined for the
presence of ZAP3. As can be seen in Fig. 5B, both ZAP180 and
ZAP240 are retained specifically on polyadenylic acid-Sepharose
but do not bind to any of the other ribonucleotide homopolymers
or naked beads, although the interaction could be indirect and
through the other RNA binding proteins. PNUTS is a known
RNA binding protein with preference for polyadenylic acid and
polyguanylic acid [18]. As expected, PNUTS was present in
eluants from polyA- and G-Sepharose (Fig. 5B). Many single-
stranded RNA binding proteins, such as PNUTS, also bind single
stranded DNA [18]. Thus, it was tested if ZAP3 binds to single
stranded DNA-cellulose using the same conditions under which
ZAP3 bound to RNA, however, no binding of ZAP3 to single
stranded DNA-cellulose was detected (data not shown).

In addition to contributing to RNA binding, the RG/G boxes
are often methylated by protein arginine-methyl-transferases
[46,47]. We probed immunoprecipitated ZAP3 with an antibody
specific for di-methyl-arginine (DMA). As can be seen in
Fig. 5C, ZAP3 is detected by this antibody when ZAP3 is first
enriched by immuno-precipitation. When PP1 binding proteins
were eluted from microcystin-Sepharose, ZAP3, as well as
PNUTS, an RG/G box rich protein, could be detected with the
antibody specific for di-methyl-arginine (Fig. 5D). Prior to
DMA antibody probing, blots were stained for protein with
Ponceau S showing that ZAP3 was barely detectable on the
membrane, while NIPP and PNUTS were very abundant and
easily stained (data not shown). Other proteins visible by
Ponceau S staining were not detected with the DMA antibody.

3.5. Is ZAP3 a dual-activity polynucleotide kinase/phosphatase
or a nucleoside kinase?

Initial investigation showed that the carboxy-terminal do-
main of ZAP3 is highly conserved in all higher eukaryotes while
the N-terminal domain is much less conserved (Fig. S1). The
carboxy-terminal region contains a nucleotide binding P-loop
(also called a Walker A motif) characterized by the sequence
GxxxxGK (S/T) [48,49] as well as the PP1 binding RVXF motif
(2098RVRW2101). In order to find possible structural homologues
of ZAP3, the ZAP3 sequence (1833–1997) was submitted to the
PHYRE server, an automatic fold recognition program [50].



Fig. 5. RNA binding of the ZAP3 (ZAP) complex. Association of ZAP3 to its binding proteins is inhibited by benzonase treatment. ZAP3 together with its binding
proteins was immunoprecipitated from rat liver nuclear extract (NE) after pre-incubation for 30 min at 4 °C without (0), or with 10 or 100 units/ml benzonase. The
proteins eluted from the ZAP3 immunoprecipitate were detected with the indicated antibodies by western blotting. In panel (B) rat liver nuclear extract was loaded onto
the indicated ribonucleotide homopolymer or naked Sepharose beads (−), washed and eluted with SDS-cocktail. ZAP3 and PNUTS were detected by western blotting
with the respective antibodies. NE: rat liver nuclear extract. In (C) ZAP3 was immunoprecipitated (IP) from rat liver nuclear extract, the beads washed and eluted
protein was probed with an antibody against ZAP3 or di-methyl-arginine (DMA). PIS, pre-immune serum. For panel (D) ZAP3 was enriched by elution from
microcystin-Sepharose (MC-elution) and protein was detected by western blotting with antibodies for ZAP3, PNUTS, NIPP1 or di-methyl-arginine (DMA). Molecular
mass markers are indicated on the left.
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Among the proteins selected were the kinase domains of bac-
teriophage T4 polynucleotide 5′-kinase/3′-phosphatase (T4PNK)
and mammalian polynucleotide kinase (Mus musculus, mPNK),
human 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase,
E. coli pantothenate kinase and human and mycobacterial
adenylate kinase. These proteins share the common function of
binding ATP or other nucleoside triphosphate and transferring its
γ-phosphate to the hydroxyl group of a substrate. These enzymes
also possess similar architectures, where the active site is located
in a long cleft between the core α/β-domain and a lid structure
consisting of 2 α-helices. At one end of the cleft is the NTP
binding site, which comprises the Walker A motif, and frequently
a Walker B motif, and an Asp at the C-terminus of a hydrophobic
β-strand. In the centre of the cleft is the catalytic Asp, which
serves as a general base to activate the substrate hydroxyl group
for nucleophilic attack on the γ-phosphate of ATP. At the other
end of the cleft is the substrate-binding site, which governs the
substrate specificity, and therefore varies among the kinases.

Sequence comparison of ZAP3 to T4PNK, its predicted closest
structural analogue, with 22% identity and 36% sequence
similarity in the kinase domain, shows that while the ATP binding
site is well conserved, the substrate binding sites differ sig-
nificantly. T4PNK accepts a variety of kinase substrates, ranging
from ss- and dsDNA and RNA to mononucleotide-3-phosphates.
Crystal structures of T4PNK alone and in complex with 3 oligo-
nucleotide substrates have been solved [51,52]. The catalytic Asp
35 in T4PNK, which aligns with Asp 1872 in ZAP3, forms a
hydrogen bond with the 5′-OH of the nucleic acid substrate
(Fig. 6A). In addition, the backbone phosphate 3′ to the 5′-OH
binds in a pocket defined byArg 38 andThr 86. The corresponding
pocket in ZAP3 is predicted to have amore hydrophobic character,
as Arg 38 and Thr 86 of T4PNK align with Phe 1875 and Ile 1934
in ZAP3 (Fig. 6A). Finally, in T4PNK a loop (Gln 39–Ile 59;
labeled ‘loop’ in 6A) extends over the cleft, enclosing the active
site in a tunnel that can only fit a single-stranded polynucleotide. It
is interesting to note that the corresponding loop in mPNK is
shorter, leaving a more open active site, specific for the much
bulkier double strandedDNAwith a 5′-recessedOH [53]. In ZAP3
this loop (Ile 1876–Thr 1908; Fig. 6A) is even longer than in
T4PNK, which implies a smaller substrate. Taken together, the
results of this sequence analysis suggest thatwhile ZAP3may have
kinase activity, its substrate may not be a polynucleotide, which
may account for the lack of observed kinase activity for ZAP3 on a
variety of polynucleotide substrates (data not shown).



Fig. 6. Alignment of ZAP3s (ZAP3s) carboxy-terminus with related proteins suggest nucleoside kinase activity. (A) ZAP3 (ZAP, amino acids 1833–2146), T4PNK
(amino acids 1–301) and human PNK (HSPNK, amino acids 1–301 for PNK domain and 364–492 for phosphohydrolase domain) were aligned in ClustalW and
GeneDoc by visual inspection. Amino acids important in PNK or phosphohydrolase activity are numbered for T4PNK/ZAP3 and indicated with black arrowheads.
T4PNK residues are italicized. Highlighted in pink are the Walker A (P-loop) and the Walker B motifs, and (B) in yellow the DXDX(T/V) signature sequence of the
HAD-type phosphohydrolases and in green the RVRW PP1 binding motif. In (C) several uridine kinases were aligned to ZAP3 using ClustalW and GeneDoc. The
organisms and proteins are the following: ZAP3: human ZAP3; hsUCK: human uridine–cytidine kinase 2; liUDK: Listeria innocua, uridine kinase; bsUDK: Bacillus
subtilis, uridine kinase; drUDK: Deinococcus radiodurans, uridine kinase; ypUDK: Yersinia pestis, uridine kinase; spUDK: Schizosaccharomyces pombe,
hypothetical protein SPCC162.11c; tmUDK: Thermotoga maritima, uridine kinase-related protein. Amino acids important in hsUCK activity and in defining substrate
specificity are numbered for hsUCK/ZAP3 and indicated with black arrowheads. UCK residues are italicized. The alignments are shaded according to the percentage
of conservation amongst all sequences (conservative substitutions allowed according to the BLOSUM62 matrix [55]), black: 100%, dark grey: above 80%, light grey:
above 60% conserved.

1347A. Ulke-Lemée et al. / Biochimica et Biophysica Acta 1774 (2007) 1339–1350
An NCBI Blast search of full-length human ZAP3 vs. the
non-redundant database located a uridine kinase (UDK) domain
in residues 1828 to 2071 of ZAP3 (Fig. 6B and C). UDK
catalyzes the first and rate-determining step in the pyrimidine
salvage pathway, the 5′-phosphorylation of uridine or cytidine.
The structure of human uridine–cytidine kinase (UCK) has
been determined alone and in complexes with substrates, prod-
ucts and inhibitors [54]. In addition to the Walker A, Walker B



1348 A. Ulke-Lemée et al. / Biochimica et Biophysica Acta 1774 (2007) 1339–1350
and catalytic Asp (62), UCK has localized sequence similarity
with ZAP3 in the substrate binding pocket. Phe 1875 and Ile
1934 in ZAP3 correspond to Tyr 65 and Ile 137 in UCK,
respectively (Fig. 6C). In UCK Tyr 65 and Ile 137 make Van der
Waals contacts with the ribose ring of the substrate, cytidine.
Therefore, uridine or cytidine may represent a possible kinase
substrate for ZAP3.

Many of the kinases with which ZAP3 shares sequence
similarity have an associated phosphohydrolase domain. For
instance, both T4PNK and mPNK also possess a 3′-DNA
phosphatase domain with a haloacid dehalogenase (HAD) fold
[53]. The dual catalytic activities are significant for the cellular
roles of these enzymes in RNA and DNA repair, respectively.
Since the biological function of ZAP3 is currently unknown,
it is difficult to speculate if this protein might need a phos-
phohydrolase domain. However, the region C-terminal to the
proposed kinase domain possesses some sequences that are
conserved in the HAD-type phosphohydrolases. Most notably,
ZAP3 contains the DXDX(T/V) sequence (2015DFDAN2019),
which is invariant in vertebrates, but is variable or absent in
lower organisms. The catalytic mechanism of the HAD-type
phosphohydrolases has been extensively studied, and the
structural determinants for the active site are well known. The
first Asp in the conserved sequence nucleophilically attacks the
substrate phosphate, forming a phosphoaspartate intermediate
with the assistance of a Mg2+ion. The phosphoaspartate is
generally highly unstable, and is rapidly hydrolyzed, releasing a
phosphate and regenerating the aspartate group. The second
Asp in the conserved sequence provides general acid/base as-
sistance during catalysis. In addition to the DXDX(T/V) motif,
the phosphohydrolase active sites contain a conserved Ser/Thr
(211 in T4PNK), Lys (253 in T4PNK) and two Asp residues
(277 and 278 in T4PNK) all of which contribute to catalysis
(Fig. 6B). Ser 211 and Asp 278 of T4PNK align with Asp 2058
and Asp 2111 in ZAP3, respectively. However, there does not
appear to be a counterpart to Asp 277 of T4PNK (Fig. 6B). A
highly conserved Lys 2097, immediately preceding the RVXF
motif, may align with the T4PNK Lys 253. The presence of the
RVXF motif so close to the potential phosphohydrolase active
site raises the intriguing possibility of PP1 binding as a regulator
of phosphohydrolase activity or that the potential phosphohy-
drolase domain is defunct and this region simply docks the
necessary PP1 protein.

4. Discussion

Consistent with mass spectrometric data suggesting that
protein phosphorylation preferentially targets nuclear proteins
[24], PP1 is enriched in this cellular compartment [9,25]. Al-
though PP1 is concentrated here, fewer nuclear PP1 targeting
subunits have been identified compared to cytosolic PP1 inter-
actors and undoubtedly many more exist than are currently
characterized. We had previously identified ZAP3 or ZAP as a
putative PP1 interacting protein, a notion that is now supported by
two separate large-scale protein interaction datasets [6,22]. Here
we show that ZAP3 targets PP1 through its highly conserved
carboxy-terminal RVRW sequence. Using the highly conserved
carboxy-terminus of ZAP3 we have been able to identify a likely
ZAP3 ortholog in all eukaryotic genomes examined, except fungi
and nematodes. ZAP3 protein is expressed in all mammalian
tissues examined, with higher expression in brain and kidney.
Numerous discrete bands of different sizes ranging from 170 to
240 kDa were observed by western blotting of various rat tissues.
Although the presence of ZAP3 bands less then 240 kDa could be
the result of rapid proteolysis during sample preparation, we did
find that the 180 and 240 kDa microcystin-Sepharose purified
ZAP3 proteins from rat liver had peptide coverage during mass
spectrometry consistent with alternative splicing to generate the
two forms. Whether splicing does occur, and if multiple gene
products are produced, the potential role of alternative forms of
ZAP3 awaits further examination.

Consistent with isolation of the ZAP3–PP1 complex from
purified nuclei, we demonstrated by immunocytochemistry with
affinity purified antibody that ZAP3 is localized exclusively to
the nucleus, but migrates to nucleolar caps upon blockage of
transcription. This phenomenon of relocalization from the
nucleoplasm to nucleolar caps during transcriptional inhibition
is known for many nucleoplasmic and subnuclear body proteins,
most of which have been characterized as RNA-binding
suggesting a role for ZAP3 in RNA metabolism or modification
[36].

The ZAP3 complex contains in addition to PP1 and CIA,
three RNA binding proteins, SAM68, NF110/45 and hnRNP-G.
Digestion of DNA/RNA before an immunoprecipitation exper-
iment results in the loss of the RNA binding proteins SAM68
and hnRNP-G from the complex, suggesting that these proteins
make no direct interaction with ZAP3 or CIA and PP1. This is
consistent with a large two-hybrid screen, which indicated that
CIA and PP1 are the sole direct ZAP3 interacting proteins [37].
Any complex formation through a nucleic acid would not be
detected in such a screen. The targeting of ZAP3 to RNA or
specifically mRNA, as suggested by retention on polyA-
agarose, may be a means to direct specific RNA molecules to
ZAP3 for modification, as bioinformatics show ZAP3 to have
domains of primary sequence like a polynucleotide kinase, but
likely functions as a nucleoside kinase (see below).

One of our most compelling observations is that the highly
conserved carboxy-terminus of ZAP3 is much like mammalian
and T4 polynucleotide kinases and the nucleoside kinase, UDK.
Due to the detailed biochemical, structural and sequence anal-
ysis studies on these enzymes we can predict with reasonable
confidence from conserved catalytic residues and structural
prediction tools that the carboxy-terminus of ZAP3 has the
modular architecture of a polynucleotide kinase. Furthermore,
the same region of ZAP3 contains 2 key residues that map to
equivalent amino acids in uridine kinase that bind the ribose ring
of its substrate, cytidine or uridine, suggesting these as likely
target substrates for ZAP3 that can be accommodated in its
putative active site [54]. Potentially even more intriguing is the
possibility that the phosphohydrolase domain has become
obsolete in ZAP3 function and has evolved solely to dock
PP1, while the kinase domain/function is maintained. This is
evidenced by the degeneracy of catalytic residues in all ZAP3
phosphohydrolase domains and even the loss of the defining
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DXDXT/V motif in lower organisms (Fig. S1), while the PP1
docking RVRW signature is strictly maintained. Perhaps by
analogy with the other bifunctional kinases/phosphatases, whose
dual activities work on related molecules, elucidation of a kinase
substrate will provide clues to a precise function of ZAP3.

In conclusion, we have identified a nuclear localized PP1
complex with ZAP3 acting as a scaffold and likely functioning
as a nucleoside kinase to modify RNA. We must also go back to
our original question and consider why PP1 is docked at this
location. Many PP1 substrates are the PP1 binding proteins
themselves and we have noted that ZAP3 is phosphorylated on
at least two sites in vivo. Further studies are necessary to
precisely define the function(s) of this PP1 docking protein.
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