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We recently reported that diadenosine tetraphosphate hydrolase (Ap4A hydrolase) plays a critical role in
gene expression via regulation of intracellular Ap4A levels. This enzyme serves as a component of our newly
described lysyl tRNA synthetase (LysRS)-Ap4A biochemical pathway that is triggered upon immunological
challenge. Here we explored the mechanism of this enzyme’s translocation into the nucleus and found its
immunologically dependent association with importin beta. Silencing of importin beta prevented Ap4A hydro-
lase nuclear translocation and affected the local concentration of Ap4A, which led to an increase in micro-
phthalmia transcription factor (MITF) transcriptional activity. Furthermore, immunological activation of mast
cells resulted in dephosphorylation of Ap4A hydrolase, which changed the hydrolytic activity of the enzyme.

Diadenosine tetraphosphatase (Ap4A hydrolase) is a Nudix
type 2 (nudt2) gene product. This enzyme hydrolyzes Ap4A
into AMP and ATP (Ap4A3 ATP � AMP). Ap4A hydrolase
belongs to the Nudix hydrolase (or MutT) family, which is a
group of enzymes containing the Nudix consensus motif GX5

EX5[UA]XREX2EEXGU, where X is any amino acid and U is
a bulky aliphatic residue (25). Other than the Nudix signature,
the enzymes share another common feature—they all hydro-
lyze nucleoside diphosphate linked to another moiety, X.

In order for Ap4A to be established unambiguously as a
second messenger, several criteria had to be fulfilled, including
the presence of a metabolizing enzyme in the context of a
stimulus. In a previous work, we provided evidence that Ap4A
hydrolase is responsible for Ap4A degradation following im-
munological activation of mast cells (6). We further described
the critical role in transcriptional regulation played by Ap4A
hydrolase as a component of our newly described lysyl tRNA
synthetase (LysRS) biochemical pathway, which is activated
upon immunological challenge. Knockdown of Ap4A hydro-
lase modulated Ap4A accumulation, resulting in changes in the
expression of the microphthalmia transcription factor (MITF)

and upstream stimulating factor 2 (USF2) target genes. Thus,
we provided concrete evidence establishing Ap4A as a second
messenger in the regulation of gene expression (6).

In addition to the increased interest in Ap4A hydrolase as
the main hydrolyzer of this novel second messenger, a recent
paper emphasized the value of this protein not only as an
enzyme but also as a potent prognostic factor in human breast
carcinoma associated with cell proliferation (29).

In Ehrlich ascites tumor cells, it was found that more than
75% of the whole cellular content of Ap4A hydrolase’s sub-
strate (Ap4A) is localized in the nucleus (37). In G1-phase and
early S-phase cells of synchronized BHK fibroblast cultures,
approximately 90% of the intracellular Ap4A pool is confined
to the nuclear compartment. In contrast, Ap4A is distributed
nearly equally between the cytoplasm and the nucleus during
mid-S phase (37). In light of these findings, the intracellular
location of Ap4A hydrolase is of major importance.

Despite extensive studies of eukaryotic Ap4A hydrolase, to
date there are only two previous studies—using tomato (14)
and Drosophila (39) cells—indicating that Ap4A hydrolase is
located in the nucleus. The Caenorhabditis elegans NUDT2
orthologue, Ndx-4, on the other hand, appears to be ribosome
associated, similar to Escherichia coli YgdP (23). There are no
reports in the literature on the subcellular localization of mam-
malian Ap4A hydrolase.

Nuclear transport of proteins is mediated by a superfamily of
transport receptors known collectively as karyopherins (im-
portins and exportins) (reviewed in reference 30). In the first
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and best-described mechanism for nuclear import, proteins
destined for transport into the nucleus contain amino acid
targeting sequences called nuclear localization signals (NLSs)
(reviewed in reference 21). The best-characterized transport
signal is the classical NLS for nuclear protein import, which
consists of either one (monopartite) or two (bipartite)
stretches of basic amino acids (19, 32).

Importin beta (karyopherin beta) is a helicoidal molecule
constructed of 19 HEAT repeats. Many nuclear pore proteins
contain Phe-Gly (FG) sequence repeats that can bind to
HEAT repeats within importins, which is important for impor-
tin beta-mediated transport (2, 16).

Members of the importin beta family either can bind or
transport cargo themselves or can form heterodimers with im-
portin alpha. As part of a heterodimer, importin beta mediates
interactions with the nuclear pore complex, while importin
alpha acts as an adaptor protein to bind the NLS on the cargo.
Most importin beta proteins, however, bind directly to cargoes
and therefore do not rely on an adapter (10, 38). NLSs recog-
nized by importin beta are more difficult to identify (30).

As mentioned above, LysRS, which produces Ap4A, can
bind directly to the transcription factor where Ap4A is ex-
pected to act as a second messenger in a local environment.
Therefore, it seems that local regulation of Ap4A levels is
extremely important for its efficient activity. Indeed, it was
previously shown that local concentration of another second
messenger, such as cyclic AMP (cAMP), is essential for its
activity. This is achieved mainly through compartment-specific
activity of the phosphodiesterase degrading cAMP (15).

In this study, Ap4A hydrolase was found to translocate into
the nuclei of mast cells following immunological activation, as
do LysRS and MITF. Using a database of putative interacting
protein domains, the Nudix motif of Ap4A hydrolase was pre-
dicted to interact with importin beta of the karyopherin family.
We then obtained evidence that Ap4A hydrolase and importin
beta interact in the cell and, moreover, do so in an IgE-antigen
(Ag) activation-dependent manner. The Ap4A hydrolase se-
quence does not contain any predicted NLS. Here we describe
a noncanonical mechanism by which this translocation occurs.

In addition, we found that immunological challenge led to
dephosphorylation of Ap4A hydrolase, which affected the hy-
drolytic activity of the enzyme. Thus, by means of nonconven-
tional, Ag-induced regulation, Ap4A hydrolase modulates the
transcriptional activity of MITF.

MATERIALS AND METHODS

Cell culture. RBL-2H3 cells were maintained in RPMI 1640 medium as pre-
viously described (31). Bone marrow was isolated from 5- to 6-week-old mice,
and bone marrow-derived mast cells (BMMC) were cultured in RPMI medium
supplemented with 20 ng/ml interleukin-3 (IL-3) and 20 ng/ml SCF as previously
described (33). Cells were generally grown for a minimum of 4 weeks and used
when �90% of the population expressed FcεRI. BMMC and rat basophilic
leukemia (RBL) cells were sensitized first with anti-DNP IgE monoclonal anti-
body (SPE-7; Sigma-Aldrich Corp., St. Louis, MO) and then challenged with
DNP (Sigma-Aldrich Corp.). IgE antibody was centrifuged (18,000 � g, 5 min)
before use to remove aggregates. Cell activation was verified by demonstrating
an increased phosphorylation of extracellular signal-regulated kinase (ERK)
following the Ag challenge.

Ap4A hydrolase activity assay. The assay mixture contained 35 mM HEPES-
KOH (pH 7.8), 5 mM magnesium acetate, 10 �M Ap4A (Sigma), 15 �l recon-
stituted ATP monitoring reagent (Perkin-Elmer), and 15 �l of extract and was

incubated at room temperature. The initial rate of increase in luminescence was
measured using a luminometer as previously described (1).

Gel electrophoresis and Western blotting. Protein concentration was deter-
mined using a Tecan microplate reader (Tecan, Research Triangle Park, NC).
Equal amounts of protein from each sample were resolved by either 10% or 15%
SDS-PAGE under reducing conditions and transferred to polyvinylidene di-
fluoride (PVDF) membranes. Visualization of reactive proteins was performed
by enhanced chemiluminescence.

The antibody to Ap4A hydrolase was custom-made using a specially designed
determinant (FKEMKATLQEGHQFLC) (Hy Laboratories Ltd., Israel). Anti-
body against importin beta was purchased from Abcam (Cambridge, MA). An-
tibody against the Myc tag was purchased from Santa Cruz Biotechnology.

Immunoprecipitation. Immunoprecipitation of specific proteins from RBL
cells was carried out as previously described (22).

siRNA. Cells were transfected with a small interfering RNA (siRNA) duplex
consisting of two complementary 21-nucleotide RNA strands with 3�-dTdT over-
hangs (Qiagen Inc., CA) in order to downregulate Ap4A hydrolase, importin
beta, importin 5, and importin 7. siRNAs were designed to be complementary to
nucleotide sequences found in rat mRNA for Ap4A hydrolase, and a nontarget-
ing nucleotide sequence was used as the control (NT siRNA).

Transfection. Amaxa Nucleofector technology (Amaxa, Cologne, Germany)
was used to transfect cells. A total of 2 � 106 cells were transfected with 3 �g of
the selected siRNA oligonucleotide according to the manufacturer’s protocol.
Briefly, the cells were resuspended in 100 �l Ingenio solution (Mirus, WI), either
DNA (plasmid) or RNA was added, and the mixture was transferred to an
electroporation cuvette. Electroporation was performed using the T-20 program.

Real-time quantitative PCR. MITF-responsive gene transcription was mea-
sured using real-time quantitative PCR. mRNAs of the target genes were quan-
tified by SYBR green incorporation (ABgene SYBR green ROX mix; ABgene).
Real-time PCR was performed on a Rotor-Gene sequence detection system
(Corbett, Australia). The genes whose mRNA levels were quantified by real-time
PCR were the rat Kit, granzyme B (GrB), and �-actin genes.

TC-FlAsh-based protein detection. TC-FlAsH in-cell tetracysteine tag (TC
tag) detection uses biarsenical labeling reagents to bind and detect proteins
containing a tetracysteine motif (11). The biarsenical labeling reagents are non-
fluorescent until they bind the tetracysteine motif, at which time they become
highly fluorescent. The FlAsH-EDT2 labeling reagent binds the TC tag through
four covalent bond formations—the two arsenic groups of the FlAsH-EDT2
reagent each bind two thiols in the TC tag sequence. Upon binding, the FlAsH-
EDT2 reagent is converted to a highly fluorescent state that can be detected at
the appropriate emission peak.

The TC tag (Cys-Cys-Pro-Gly-Cys-Cys) is encoded in the pcDNA6.2/TC-Tag-
DEST vector. When fused to a gene of interest, the TC tag allows the expressed
fusion protein to be recognized specifically by a biarsenical labeling reagent.

Cloning of the gene of interest into the vector is performed using Gateway
technology, which is a universal cloning method that takes advantage of the
site-specific recombination properties of bacteriophage lambda.

Briefly, BMMC were transiently transfected with the TC tag expression con-
struct and plated on the day prior to the experiment at �90% confluence in a
chambered coverslip. On the day of the experiment, growth medium was aspi-
rated, replaced with Opti-MEM I containing 2 �M FlAsH, and incubated for 1 h.
After incubation, cells were washed 3 times with BAL buffer (supplied by Invit-
rogen in the labeling kit).

ImageStream flow cytometry. An ImageStream instrument automatically ac-
quires up to six different spatially registered images (bright-field, dark-field, and
four fluorescent images) per cell at rates on the order of thousands of objects per
minute, using a digital charge-coupled device (CCD) camera. The digital imagery
obtained is analyzed using the IDEAS statistical image analysis program, which
provides tools for the objective numerical scoring and discrimination of cells
based on the characteristics of their imagery. The ability to numerically score
large numbers of automatically acquired images is ideally suited to the analysis
of nuclear translocation within primary immune system cells.

2D electrophoresis. Two-dimensional (2D) electrophoresis was performed as
previously described (13).

Cells were solubilized in 2D lysis buffer {7 M urea, 2 M thiourea, 4% (wt/vol)
3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 100
mM dithiothreitol (DTT)}. Cell lysates were loaded onto immobilized pH gra-
dient (IPG) strip gels (linear pH gradient of pH 3 to 10; 7 cm). Isoelectric
focusing (IEF) was performed at 4,000 V until the total volt-hours reached 10
kV-h, using a Protean IEF cell (Bio-Rad). Following two-step equilibration with
375 mM Tris-HCl (pH 8.8), 6 M urea, 2% SDS, 20% glycerol, 2% DTT, and
2.5% iodoacetamide, the IPG strips were embedded on top of 8% SDS-PAGE
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gels and sealed with 2% agarose. Proteins were separated based on their mo-
lecular weight.

Nuclear protein extraction. Subcellular protein fractionation was performed
using a ProteoJET cytoplasmic and nuclear protein extraction kit (Fermentas)
following the procedures suggested by the manufacturer. Briefly, 10 volumes of
cell lysis buffer (containing protease inhibitors, phosphatase inhibitors, and
DTT) was added to 1 volume of packed cells. Cells were vortexed for 10 s and
then set on ice for 10 min. The cytoplasmic fraction was separated from nuclei by
centrifugation at 500 � g for 7 min at 4°C. Isolated nuclear pellets were washed
twice with 500 �l of nuclear washing buffer. Nuclear pellets were resuspended
with ice-cold nuclear storage buffer (containing protease inhibitors, phosphatase
inhibitors, and DTT), and a 1/10 volume of nuclear lysis reagent was added to the
suspension. Separation of the nucleus and the cytosol was verified using anti-
tubulin as a cytoplasmic marker and antilamin as a nuclear marker.

Statistical analysis. Analysis of variance (ANOVA) was performed when
appropriate, with differences being considered significant at P values of �0.05.

RESULTS

Ap4A hydrolase translocates into the nuclei of BMMC. We
recently showed that LysRS, the main enzyme that produces
Ap4A, translocates into the nucleus in activated mast cells (40).
We hypothesized that Ap4A production occurs in the nuclei of
activated mast cells, with concurrent Ap4A accumulation and
LysRS nuclear localization. Evidence has previously been pre-
sented for a predominantly nuclear location of Ap4A itself
(37). Since we have previously shown that Ap4A hydrolase is
part of the transcriptional network regulating MITF and
USF2, we examined whether aggregation of FcεRI by IgE-Ag

causes translocation of Ap4A hydrolase from the cytosol to the
nuclear compartment.

In order to determine whether Ap4A hydrolase nuclear
translocation occurs in activated mast cells, murine Ap4A hy-
drolase was cloned into pcDNA6.2/TC-Tag-DEST, which en-
codes the six-amino-acid TC tag, by using the unique Gateway
recombination system. By means of the FlAsh labeling system,
as described in detail in Materials and Methods, we deter-
mined the localization of Ap4A hydrolase-TC tag in BMMC.
The FlAsh reagent remained nonfluorescent in control cells
but gained significant fluorescence in cells which were trans-
fected with the Ap4A hydrolase-TC tag vector (Fig. 1A).

BMMC were transiently transfected with Ap4A hydro-
lase-TC tag, plated on chambered coverslips, and stained with
the biarsenical dye FlAsH. Distinct localization patterns were
observed for Ap4A hydrolase-TC-FlAsh (green), as can be
seen in Fig. 1B. Ap4A hydrolase was found solely in the cyto-
plasm in quiescent cells and in cells activated for 5 min,
whereas 30 min following activation, Ap4A hydrolase was also
found in the nucleus (Fig. 1B). While the subcellular localiza-
tion of Ap4A hydrolase was cytoplasmic both in quiescent cells
and in cells activated for 5 min, different distribution patterns
were observed. In cells activated for 5 min, Ap4A hydrolase
was closer to the cell membrane and nonuniformly distributed,
with accumulations at specific foci.

In order to verify the entrance of the Ap4A hydrolase into

FIG. 1. Ap4A hydrolase translocates into the nuclei of immunologically activated BMMC. (A) BMMC were transfected with an Ap4A
hydrolase-TC tag-expressing vector. Transfected cells exhibited fluorescence at the predicted wavelength, while no fluorescence was detected in
nontransfected cells. (B) BMMC were transfected with Ap4A hydrolase-TC tag. The cells were immunologically activated for specific times, plated
on chambered coverslips, and labeled with 2 �M FlAsH. The cell nuclei were stained with Hoechst stain. Confocal microscopy was used to evaluate
Ap4A hydrolase subcellular localization. One representative field of three is presented. (C) BMMC were transfected with Ap4A hydrolase-TC tag
and activated for 30 min. z-Stack analysis of Ap4A hydrolase was performed using confocal microscopy to obtain sequential z-axis images.

VOL. 31, 2011 Ap4A HYDROLASE REGULATION OF MITF TRANSCRIPTION 2113
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FIG. 2. Identification of Ap4A hydrolase nuclear translocation in RBL cells following IgE-Ag activation. (A) RBL cells were either quiescent
or sensitized with IgE and then were challenged with antigen for 20 or 60 min. Immunostaining was performed with anti-Ap4A hydrolase. The cells
were analyzed by confocal laser scanning microscopy. Images for one representative experiment of three are presented. (B) One representative
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the nuclei of activated mast cells, 12 sequential z-stack images
of the same field are presented. It is clear that 30 min after
activation, Ap4A hydrolase was present within the nuclei of
BMMC rather than surrounding the nuclei from the outside
(Fig. 1C).

Similarly, Ap4A hydrolase was found to translocate into the
nucleus in immunologically activated RBL cells (Fig. 2A and
B). In order to quantitatively assess this nuclear internalization
of Ap4A hydrolase, ImageStream imaging flow cytometry was
used. The ImageStream instrument has been utilized previ-
ously by others to demonstrate quantitative measurement of
nuclear translocation events with regard to NF-	B (12), IRF-7
(12), RAF1 (35), and others.

In this study, cell nuclei were stained with propidium iodide
(PI) while Ap4A hydrolase was stained with anti-Ap4A hydro-
lase, using a fluorescent Cy3-conjugated antibody as a second-
ary antibody. To assess Ap4A hydrolase nuclear translocation,
the localization of Ap4A hydrolase and PI was measured and
compared (giving a similarity score) for each RBL cell, with
areas positively stained for PI considered nuclear. The “Hyd
translocation” gate represents positive correlation for the PI-
Cy3 similarity score, and the relative population size of cells
that fall within this gate is indicated in the upper right corner
of the plots (Fig. 2C). Representative images of cells that fall
within and to the left of the gate are shown (Fig. 2D). As shown
in Fig. 2C, the localization of Ap4A hydrolase in the nuclei was
increased 2-fold 15 min following activation.

Ap4A hydrolase associates with importin beta upon immu-
nological activation. Though molecules smaller than �20 to 40
kDa can passively diffuse through the nuclear pore complex
(NPC) (reviewed in references 27 and 30), the movement of
Ap4A hydrolase into the nuclei of activated cells seems to be
regulated tightly, as it is stimulus dependent and demonstrates
specific kinetics. Since Ap4A hydrolase does not contain any
known NLS and all attempts to identify this type of motif in the
Ap4A hydrolase sequence by use of bioinformatic tools of NLS
prediction were in vain, we hypothesized that following mast
cell activation, Ap4A hydrolase may not directly associate with
one of the importins but may use a third party as a carrier
protein to enter the nucleus in a “piggyback” process. There is
almost no literature regarding Ap4A hydrolase-associated pro-
teins in cells, so we used another bioinformatic tool, InterDom,
to predict which proteins might interact with Ap4A hydrolase
(28). As shown in Fig. 3A, we found that the Nudix motif of
Ap4A hydrolase was predicted to interact with the N-terminal
domain of importin beta (IMP_B) of the karyopherin family.
The Nudix motif (Nudix box) is comprised of the 23-amino-
acid sequence GX5EX5[UA]XREX2EEXGU, where U is an
aliphatic, hydrophobic residue (PROSITE accession no.
PS00893). This sequence is located in a loop-helix-loop struc-
tural motif, and the Glu residues in the core of the motif play
an important role in binding essential divalent cations.

In order to experimentally confirm the existence of an in vivo
Ap4A hydrolase-importin beta complex, coimmunoprecipita-

cell from the field is shown at high magnification. Using Photoshop picture-editing software, the percent brightness parameter was determined at
specific intervals along the x axis. (C) RBL cells were activated (or not) with IgE, challenged with Ag for specific times, and then stained for Ap4A
hydrolase by anti-Ap4A hydrolase followed by Cy3-conjugated anti-rabbit, together with PI staining to visualize nuclei. Nuclear translocation was
evaluated by ImageStream flow cytometry. For each treatment, 5,000 cells were collected. Positive single cells were gated, and nuclear translocation
of Ap4A hydrolase was plotted. The relative translocated population size is indicated in the upper right corner. (D) Representative images of
untranslocated (left) and translocated (right) Ap4A hydrolase (Cy3 column), as well as PI and merged images, for the 15-min treatment.

FIG. 3. Substantial association between Ap4A hydrolase and importin beta in RBL cells. (A) The protein sequence of Ap4A hydrolase was
subject to domain-domain association prediction analysis using bioinformatic tools. The Nudix domain was predicted to associate with the importin
beta N-terminal domain (IBN_N) by the putative interaction database InterDom (http://interdom.i2r.a-star.edu.sg/). (B) Coimmunoprecipitation
analysis demonstrating the time course of Ap4A hydrolase-importin beta interaction following IgE-Ag stimulation, using anti-Ap4A hydrolase
antibody for immunoprecipitation (IP) and either anti-importin beta or anti-Ap4A hydrolase for immunoblotting. The specific Ap4A hydrolase
band was verified by a control experiment using siRNA to knock down Ap4A hydrolase (right lanes). Data for one representative experiment of
six are shown.
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tion of Ap4A hydrolase with importin beta was performed in
quiescent and activated cells (Fig. 3B). The recovered and
resolved immune complexes showed that Ap4A hydrolase was
associated with importin beta in an IgE-Ag activation-depen-
dent manner. The observed association between the two pro-
teins peaked 15 to 60 min after stimulation. Knockdown of
Ap4A hydrolase by an RNA interference (RNAi) silencing
approach (siRNA) abolished coimmunoprecipitation of im-
portin beta.

Nuclear translocation of Ap4A hydrolase in activated mast
cells is mediated by importin beta. In order to verify the
essential role played by importin beta in nuclear translocation
of Ap4A hydrolase, we used an siRNA approach to target
expression of importin beta. Cells were transfected with vari-

ous siRNA oligonucleotides, each targeting a different mem-
ber of the importin family, and the nuclear extracts from the
respective cells were analyzed for the presence of Ap4A hy-
drolase by using anti-Ap4A hydrolase. While silencing of either
importin 5 or 7 as well as transfection with a nontargeting (NT)
siRNA did not interfere with translocation to the nucleus,
Ap4A hydrolase was not detected in nuclei of cells that were
treated with siRNA against importin beta (Fig. 4A).

Nuclear translocation of Ap4A hydrolase via association
with importin beta plays a role in the regulation of MITF
transcriptional activity. We previously provided evidence that
Ap4A hydrolase is responsible for Ap4A degradation in immu-
nologically activated mast cells and, moreover, that Ap4A hy-
drolase plays a critical role in the transcriptional regulation of

FIG. 4. Importin beta-mediated Ap4A hydrolase nuclear translocation is involved in MITF transcriptional activity regulation. (A and B) RBL
cells were transfected with siRNA oligonucleotides against importin beta, 5, and 7. NT siRNA was used as a control. Nuclear fractions were isolated
from cells activated with IgE and antigen for 30 min. Nuclear extracts (A) and cytosolic extracts (B) were analyzed by Western blotting with
anti-Ap4A hydrolase antibody. Silencing of importin beta was verified by Western blotting with anti-importin beta. Each lane represents an
independent experiment. (C) RBL cells were transfected with either importin beta siRNA or NT siRNA. Control and transfected cells were
activated with IgE-Ag. Twenty-four hours later, cells were lysed and mRNA quantitation for GrB and Kit was performed by SYBR green
incorporation into real-time PCR with RBL cells. Expression levels were normalized to those of the �-actin housekeeping gene. Results are
presented as relative quantities, with the untreated cell level arbitrarily set to 1. The means and standard errors of the means for three experiments
are shown.

2116 CARMI-LEVY ET AL. MOL. CELL. BIOL.
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MITF (6). Here we further explored the effect of Ap4A hydro-
lase nuclear translocation on MITF transcriptional activity.

The transcript levels of two MITF target genes, encoding
GrB (17) and Kit (36), were measured in immunologically
activated RBL cells in which importin beta was knocked down
by siRNA. A significant accumulation of GrB mRNA and a
moderate increase in Kit mRNA were observed in RBL cells,
concurrent with reduced expression of importin beta and re-
duced nuclear translocation of Ap4A hydrolase (Fig. 4B).
Thus, nuclear translocation of Ap4A hydrolase via its associa-
tion with importin beta is clearly involved in the regulation of
MITF transcriptional activity.

Ap4A hydrolase is subject to dephosphorylation upon im-
munological activation. Recently, we found that LysRS trans-
locates into the nuclei of activated mast cells in a serine phos-
phorylation-dependent manner (40) via the mitogen-activated
protein kinase (MAPK)/ERK pathway. In order to determine
whether the phosphorylation status of Ap4A hydrolase changes
upon IgE-Ag activation, we used 2D gel electrophoresis. Ap4A
hydrolase was immunoprecipitated from nonstimulated or
IgE-Ag-activated mast cells, and its phosphorylation was iden-
tified by a more acidic pI compatible with phosphorylation (as
seen by a shift to the left of the gel). This species was detected
in unstimulated cells and cells that were activated for short
periods (up to 15 min), whereas in cells activated with IgE-Ag

for 30 min the enzyme appeared to be dephosphorylated (Fig.
5A). This phosphorylation was totally blocked by the presence
of alkaline phosphatase (AP) (Fig. 5A). Thus, Ap4A hydrolase
is dephosphorylated upon immunological activation.

We then determined whether the dephosphorylation of
Ap4A hydrolase (Fig. 5A) correlated with the enzyme’s nuclear
translocation. Nuclear and cytoplasmic fractions were isolated
from IgE-Ag-activated RBL cells. The subcellular extracts
were analyzed by 2D gel electrophoresis with anti-Ap4A hy-
drolase antibody. No significant difference in phosphorylation
status was detected in the cytosolic and nuclear fractions. Sim-
ilar to the case with whole-cell lysates, phosphorylation was
detected in both the cytosol and nuclei of nonactivated cells as
well as in cells that were activated for less than 30 min, while
the dephosphorylated form of the hydrolase was detected in
both the cytosol and nuclei of cells 30 and 60 min following
activation (Fig. 5B).

We subsequently determined the amino acid residue(s) sub-
ject to the dephosphorylation process. Immunoprecipitation of
potential phosphorylated proteins with phospho-specific anti-
bodies and immunoblot analysis with anti-Ap4A hydrolase
demonstrated dephosphorylation of Ap4A hydrolase on serine
residues, but not on threonine residues, 60 min after cell acti-
vation.

FIG. 5. Ap4A hydrolase is subject to dephosphorylation upon IgE-Ag activation. (A) Lysates from IgE-Ag-activated and nonactivated RBL
cells were subjected to 2D electrophoresis on a pH 3 to 10 gradient in an 8% polyacrylamide gel. The gel was blotted with anti-Ap4A hydrolase
antibody. WB, Western blot. (B) Nuclear and cytoplasmic fractions were isolated from RBL cells activated with IgE and antigen. The subcellular
extracts were analyzed by 2D electrophoresis with anti-Ap4A hydrolase antibody.
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Ser108 phosphorylation of Ap4A hydrolase increases its en-
zymatic activity. In order to specifically predict which serine
residues may be subject to phosphorylation, the web-based tool
NetPhos was used (3). Only one serine residue, S108, in the
human Ap4A (hAp4A) hydrolase sequence was significantly
predicted to be phosphorylated (Fig. 6A). Based on this ob-
servation, fused Myc-tagged constructs of mutated hAp4A hy-
drolase were constructed (S108A and S108D mutants). Each of
the constructs was administered to the cells after the endoge-
nous Ap4A hydrolase was silenced by siRNA. Under these
conditions, no loss of the exogenous hAp4A hydrolase oc-
curred (Fig. 6B). Assessment of Ap4A hydrolytic activity was
carried out on extracts derived from immunologically activated
RBL cells that were transfected with each of the constructs. As
shown in Fig. 6C, the S108A mutant hAp4A hydrolase, in
which the residue at position 108 was not phosphorylated,
exhibited reduced Ap4A degradation in these transfected RBL
cells, suggesting that phosphorylation of this residue is critical
for Ap4A hydrolase enzymatic activity.

DISCUSSION

We previously demonstrated that LysRS forms a complex
with MITF and its repressor Hint-1, which is released from the
complex by its binding to the LysRS product Ap4A, enabling
MITF to transcribe its target genes (40).

Recently, we also provided evidence that Ap4A hydrolase is
responsible for Ap4A degradation following immunological ac-
tivation of mast cells and thus established Ap4A as a novel
second messenger (6). In that study, we described the key role
played by Ap4A hydrolase in regulation of both MITF and
USF2 transcriptional activity.

The intracellular compartmentalization of Ap4A in mamma-
lian cells during various growth and cell cycle stages has been
studied, and the majority of cellular Ap4A is localized in the
nuclei, especially during G1 and early S phase (37). As men-
tioned above, we previously reported the nuclear function of
Ap4A in the transcription regulation network in activated mast
cells. Moreover, we showed that the nuclear translocation ki-
netics of the main Ap4A producer, LysRS, corresponded with
the synthesis of this nucleotide (40). Therefore, we hypothe-
sized that at least some of the Ap4A hydrolase, which in this
context is the major degrading enzyme of Ap4A, also changes
its subcellular localization upon immunological challenge.

Though bioinformatic analysis did not predict an NLS for
Ap4A hydrolase, in the present work we characterized the
mechanism of its nuclear import. We found that the 17-kDa
Ap4A hydrolase translocates to the nucleus following immu-
nological activation of mast cells (Fig. 1 and 2). Proteins
smaller than 40 kDa have been proposed to diffuse freely
through the nuclear pores. However, we showed in mast cells
that Ap4A hydrolase actively translocates to the nucleus in a
stimulus-dependent manner rather than passively diffusing into
this compartment.

Stimulus-dependent nuclear translocation of signaling pro-
teins is critical for time-regulated processes such as cell cycle
and transcription. In the first and best-described mechanism
for nuclear import, proteins destined for transport into the
nucleus contain amino acid targeting sequences called nuclear
localization signals (NLSs) (reviewed in reference 21), which

consist of either one (monopartite) or two (bipartite) stretches
of basic amino acids (19, 32).

Unexpectedly, however, many of the proteins involved in the
aforementioned functions, including cyclins (26), ERKs (41),
SMAD transcription factors (24), and Ap4A hydrolase, do not
contain the canonical NLS. ERKs, MEKs, and SMADs were
recently found to contain a specific 3-amino-acid motif, SPS,
which was termed the nuclear translocation sequence (NTS).
Upon stimulation, this motif is phosphorylated, resulting in
nuclear translocation of these proteins in an importin 7-depen-
dent manner (8). Though the sequence of Ap4A hydrolase
does not contain either SPS or the similarly functioning TPT
motif, the description of the above-mentioned mechanism led
us to hypothesize that it was possible that Ap4A hydrolase
translocated in a nonclassical (non-NLS) manner via an im-
portin family member.

As shown in Fig. 3, the Nudix motif of Ap4A hydrolase was
indeed predicted to interact directly with the N-terminal do-
main of importin beta. This association was verified using co-
immunoprecipitation of the two proteins, and moreover, si-
lencing of Ap4A hydrolase prevented coimmunoprecipitation
of importin beta (Fig. 3B) and silencing of importin beta pre-
vented Ap4A hydrolase nuclear translocation (Fig. 4A).

Importin beta has previously been described to mediate the
nuclear translocation of numerous components of cyclin-de-
pendent kinase (Cdk)/cyclin complexes, such as cyclin B1 (26)
and Cdc7 protein (20). Cyclin B1 performs cardinal roles in the
eukaryotic cell division cycle by phosphorylating key cellular
substrates, and Cdc7 is essential for the initiation of DNA
replication (4). It has been reported that importin beta binds
directly to Cdc7, which does not have a classical NLS, via the
kinase insert II domain, promoting its nuclear import. Immu-
nodepletion of importin beta, but not importin alpha, abro-
gated Cdc7 nuclear import (20).

In addition to interfering with Ap4A hydrolase nuclear
translocation, silencing of importin beta led to an increase in
MITF transcriptional activity (Fig. 4). This finding adds
strength to the notion that the LysRS-Ap4A pathway is central
in the regulation of MITF transcriptional activity.

Posttranslational modifications, e.g., the phosphorylation of
nuclear import substrates, is required for optimal interaction
with importin alpha (7, 9). ERK phosphorylation at the SPS
motif was found to be critical for its association with importin
7 (8). Additionally, for Trx, it was demonstrated that specific
S-nitros(yl)ation of the Cys residue is critical for its nuclear
import (34).

We recently showed that LysRS nuclear translocation oc-
curred as a result of serine 207 phosphorylation via the MAPK/
ERK pathway. Furthermore, phosphorylation of the serine 207
residue was found to be a prerequisite for Ap4A synthesis, as
a LysRS S207A variant that was linked to a strong NLS did not
cause induction of Ap4A synthesis, despite its nuclear localiza-
tion (40).

Here we hypothesized that Ap4A hydrolase may also be
subject to a posttranslational modification, such as phosphor-
ylation, which modulates its intracellular location and/or activ-
ity. We found that Ap4A hydrolase was phosphorylated in
resting mast cells, while dephosphorylation was observed in
activated cells (Fig. 5). Moreover, the phosphorylated form of
Ap4A hydrolase was found to have a higher Ap4A hydrolysis
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FIG. 6. Phosphorylation status of serine 108 in Ap4A hydrolase is involved in the enzymatic activity of Ap4A metabolism. (A) Putative serine,
threonine, and tyrosine phosphorylation sites in the Ap4A hydrolase protein sequence, as predicted by the NetPhos 2.0 program (www.cbs.dtu
.dk/services/NetPhos/). (B) RBL cells were transfected with rat Ap4A hydrolase siRNA. Twenty-four hours later, cells were transfected with human
Ap4A hydrolase S108A and S108D variants. Next, the cells were incubated with IgE and challenged with DNP for 30 min. The cell extracts were
analyzed by Western blotting with anti-Myc or anti-Ap4A hydrolase antibodies. (C) RBL cell lysates from panel B were subjected to an enzymatic
activity assay. Ap4A hydrolase hydrolytic activity was determined as the rate of synthetic Ap4A degradation, which was evaluated by chemilumi-
nescence detection of ATP as described in Materials and Methods. Data for one representative experiment of three are shown.
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rate than the nonphosphorylated form, suggesting that its de-
phosphorylation is involved in the maintenance of the Ap4A
level in cells upon activation. It is important that although the
S108A mutant of Ap4A hydrolase also exhibited hydrolytic
activity, it was observed to be 2-fold lower than that of the
S108D mutant, suggesting that phosphorylation of Ser108 only
partially affects the enzyme’s activity and that it may be regu-
lated by additional modifications which have yet to be investi-
gated.

Ap4A hydrolase phosphorylation seems to peak 15 min after
activation. The positive correlation between phosphorylation
status and Ap4A hydrolysis rate is in accordance with the Ap4A
level, which drops rapidly 15 min after exposure to Ag (6).

In summary, this study demonstrates nonconventional, Ag-
induced regulation of Ap4A hydrolase (Fig. 7). As the impor-
tance of Ap4A as a second messenger and as a signaling mol-
ecule involved in gene transcription is uncovered, a better
understanding of the mechanisms regulating its cellular levels
is important to shed light on its function(s). The findings re-
ported herein may also contribute to future emphasis on the
manipulation of Ap4A levels in diseases.
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